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Abstract: The activities of pyruvate kinase (PK), pyruvate:
formate-lyase (PFL), pyruvate dehydrogenase (PDH),
and citrate synthase (CS) involved in the anaerobic glyc-
erol conversion by Klebsiella pneumoniae were studied
in continuous culture under conditions of steady states
and sustained oscillations. Both the in vitro and in vivo
activities of PK, PFL, and PDH are strongly affected by
the substrate concentration and its uptake rate, as is the
in vitro activity of CS. The flux from phosphoenolpyru-
vate to pyruvate is found to be mainly regulated on a
genetic level by the synthesis rate of PK, particularly at
low substrate concentration and low growth rate. In con-
trast, the conversion of pyruvate to acetyl-CoA is mainly
regulated on a metabolic level by the in vivo activities of
PFL and PDH. The ratio of in vitro to in vivo activities is in
the range of 1 to 1.5 for PK, 5 to 17 for PFL and 5 to 80 for
PDH under the experimental conditions. The regulation
of in vivo activity and synthesis of these enzymes is sen-
sitive to fluctuations of culture conditions, leading to os-
cillations of both the in vitro and in vivo activities. In
particular, PFL is strongly affected during oscillations; its
average in vitro activity is only about half of its corre-
sponding steady-state value under similar environmen-
tal conditions. The average in vitro activities of PDH and
PK under oscillations are close to their corresponding
steady-state values. In contrast to all other enzymes mea-
sured for the glycerol metabolism by K. pneumoniae PFL
and PDH are more effectively in vivo utilized under os-
cillations than under steady state, underlining the pecu-
liar role of pyruvate metabolism in the dynamic re-
sponses of the culture. © 1998 John Wiley & Sons, Inc. Bio-
technol Bioeng 60: 617–626, 1998.
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INTRODUCTION

Pyruvate metabolism is a key step in the central energy and
anabolic metabolisms of most microorganisms. It supplies
the cells with the intermediate acetyl-CoA. Under aerobic

conditions acetyl-CoA is usually channeled into the tricar-
boxylic acid (TCA) cycle for the generation of energy in
the form of NADH2 and ATP and building blocks of bio-
synthesis such as amino acids and fatty acids. Under an-
aerobic conditions acetyl-CoA is mainly converted into fer-
mentation products such as ethanol, acetic acid and lactic
acid by many bacteria. The formation of these products
supplies the cells also with energy or reducing power, which
are needed for biosynthesis and/or formation of other prod-
ucts such as 1,3-propanediol in a number of microorganisms
anaerobically grown on glycerol (Streekstra et al., 1987;
Zeng et al., 1993; Zeng et al.,1997). The channeling of
pyruvate into the different routes strongly depends on the
metabolic pathways of the microorganism and the cultiva-
tion conditions.

The diversity of pyruvate metabolism gives cells flexibil-
ity to regulate the energy and intermediate fluxes under
varied environmental conditions. However, it also often
presents problems when using microorganisms for indus-
trial production of bioproducts. The formation of acetic acid
in Escherichia coliis, for example, a well-known phenom-
enon which hinders the achievement of a high cell density in
conventional cultivation processes and can cause instability
or incompatibility in cells overexpressing foreign proteins.
In other processes such as microaerobic cultures (Zeng and
Deckwer, 1996), lactic acid production (Cocaign-Bousquet
et al., 1996; de Vos, 1996) and lysin production (Vallino
and Stephanopoulos, 1994) the conversion of pyruvate to
acetyl-CoA and TCA cycle intermediates can impair the
formation of the desired products. On the other hand, the
lack of pyruvate flux into the TCA cycle is the main reason
for the production of lactate in animal cell culture (Neerman
and Wagner, 1996). In the past, we have studied the kinetics
and pathways for the bioconversion of glycerol to 1,3-
propanediol (PD) byKlebsiella pneumoniae(Menzel et al.,
1996, 1997a, b; Zeng et al., 1993, 1996,1997). The micro-
bial production of PD is of industrial interest and is beingCorrespondence to:A.-P. Zeng
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commercially exploited (Deckwer, 1995; Potera, 1997;
Stinson, 1995). It was shown that pyruvate metabolism is an
important step affecting the yield and final concentration of
PD (Zeng et al., 1993). Furthermore, unusual dynamic be-
havior such as sustained oscillation and hysteresis has been
observed for the glycerol conversion byK. pneumoniae
(Menzel et al., 1996), which appeared to be strongly asso-
ciated with the pyruvate metabolism (Zeng et al., 1996).
Thus, a more detailed and quantitative understanding of
pyruvate metabolism is of general interest for process op-
timization and control and in the long term, may help in
manipulating this central metabolic step by genetic means.

In bacteria, pyruvate is catabolized by one of the follow-
ing enzymes: pyruvate dehydrogenase (PDH), pyruvate for-
mate-lyase (PFL), and pyruvate:ferredoxin (flavodoxin)
oxidoreductase (PFO) (Karlson, 1988; Knappe, 1990). Py-
ruvate dehydrogenase is usually the enzyme involved in
aerobic pyruvate decarboxylation, while PFL and PFO are
involved in anaerobic pyruvate cleavage. Pyruvate:ferre-
doxin (flavodoxin) oxidoreductase is mainly restricted to
Clostridia and other strict anaerobes. For the anaerobic
glycerol metabolism inK. pneumoniae,Zeng et al.
(1993,1996) postulated that not only PFL, but other enzyme
system(s) must be simultaneously involved. This appeared
to be the case particularly for culture undergoing sustained
oscillations. It was argued that the reason for the occurrence
of oscillation and hysteresis lies in an unstable regulation of
pyruvate metabolism of different enzymes triggered by sub-
strate excess and drastic change(s) of environmental condi-
tions. Recently, Menzel et al. (1997b) provided enzymatic
evidence for the involvement of PDH in this anaerobic cul-
ture. However, information on the regulation of the in vitro
and in vivo activities of these two enzymes (PFL and PDH),
and particularly their dynamic responses under unsteady-
state conditions (oscillation and after perturbation) is still
lacking. Furthermore, no enzyme investigations into the up-
stream of pyruvate formation (i.e., from phosphoenolpyru-
vate) and its channeling into the TCA cycle have been re-
ported for the anaerobic glycerol metabolism. This kind of
information is needed for a more complete understanding of
the pyruvate metabolism and the associated events in the
other route of glycerol conversion leading to 1,3-propane-
diol. The latter is reported in an article by Ahrens et al.
(1998).

In this article, the activities of enzymes associated with
the pyruvate metabolism inK. pneumoniae,i.e. pyruvate
kinase (PK), PFL, PDH, and citrate synthase (CS) are stud-
ied in continuous cultures under both steady-state and os-
cillation conditions. Intracellular concentrations of pyridine
nucleotides (NAD and NADH2) were measured to gain in-
formation on the regulation of enzyme activities. By com-
paring the in vitro and in vivo activities of the enzymes
studied in this work and those in Ahrens et al. (1998) for
glycerol dissimilation and 1,3-PD formation, it is intended
to obtain quantitative and more complete information on the
regulation of the metabolic pathways and fluxes and to iden-

tify possible limiting step(s) in the conversion of glycerol to
1,3-PD.

MATERIALS AND METHODS

Strain, Culture Conditions, Sampling, Preparation
of Cell Free Extract, and Product Analysis

Klebsiella pneumoniaeDSMZ 2026 obtained from the Ger-
man Collection of Microorganism and Cell Culture (DSMZ,
Braunschweig, Germany) was used in this study. Culture
medium composition, cultivation conditions, methods for
the determination of fermentation products, and preparation
of cell free extract were reported previously (Ahrens et al.
1998; Menzel et al. 1996; Menzel et al. 1997b). The sam-
pling methods, inactivation of metabolism and sample treat-
ment are summarized in Figure 1. The special fast sampling
device used (Pec Tec, Mu¨hlacker, Germany; Theobald et
al., 1997) ensured taking anaerobic samples within 0.2 s
residence time in the sampling device for enzyme assays
and the determination of NAD and NADH2.

Enzyme Assays

The pyruvate dehydrogenase (EC 1.2.4.1) activity was mea-
sured aerobically according to Hinman and Blass (1981).
The reaction mixture contained 2.5 mM NAD, 0.2 mM thia-

Figure 1. Sample preparation procedure for analysis and enzyme assays.
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mine pyrophosphate, 0.1mM coenzyme A, 0.3 mM DTT, 5
mM pyruvate, 1 mM magnesium chloride, desalted cell ex-
tract, 1 mg/mL bovine serum albumine, 0.6 mM p-
iodonitrotetrazolium violet (INT), and lipoamide dehydro-
genase (0.1 mg/mL) in 0.05M potassium phosphate buffer
solution (pH 7.8). The assay was initiated by the addition of
pyruvate, and the absorption was measured spectrophotom-
eterally at 500 nm and 30°C. Units of activity were calcu-
lated using an experimentally determined extinction coeffi-
cient of INT of 15.01 L? mmol−1 ? cm−1.

Pyruvate formate-lyase (EC 2.3.1.54) activity was mea-
sured according to Knappe et al. (1974) under strictly an-
aerobic conditions. The assay contained in a volume of 1
mL:10 mM DTT, 0.1 mM Fe(NH4)2(SO4)2, 5 mM L-malate,
1 mM NAD, 10 mM sodium pyruvate, 0.055 mM CoA, 20
mg/mL malate dehydrogenase (1200 u/mg) and 25mg/mL
citrate synthase (120 u/mg) in 0.1M Tris-HCl buffer (pH
7.8). The reaction was started by addition of the desalted
cell extract. NADH2 formed was measured spectrophoto-
metrically at 340 nm.

Pyruvate kinase (EC 2.7.1.40) activity was analyzed ac-
cording to Oszaki and Shiio (1969) with the following assay
composition: 3.3 mM MnSO4, 0.15 mM NADH2, 1 mM
ADP, 27 u lactate dehydrogenase and the desalted cell ex-
tract. The reaction was started by addition of 2 mM phos-
phoenolpyruvate and the decrease of NADH2 was followed
by 340 nm.

One unit is defined as the amount of enzyme required to
reduce 1mmol of substrate (e.g., INT for PDH) per minute
under the conditions specified. Specific enzyme activity is
expressed as units per mg of protein.

Nucleotide Extraction and Assay

The special sampling device mentioned above was used for
sampling directly into a tube containing the precooled ex-
tractive solution [OH or perchloric acid (PCA)], leading to
a desactivation of the metabolism within 0.2–0.5 s (Theo-
bald et al., 1997). NADH2 was extracted with 2M KOH,
NAD with 35% PCA. The acid extraction (pH 1.0) de-
stroyed the reduced forms and the alkaline extraction (pH
12.3), the oxidized forms of pyridine nucleotides (Lilius et
al., 1979). For a better extraction the samples were imme-
diately mixed for 5 s and left on ice for at least 10 min. After
neutralization up to a pH of 7.2–7.4 (NAD) or 7.5–8.0
(NADH2) using 2M KOH or 0.5 N HCl, respectively, the
samples were immediately assayed.

For the determination of NAD and NADH2 the spectro-
photometric ‘‘enzymatic cycling’’ assay of Bernowsky and
Swan (1973) was applied. The assay mixture contained
2000mL buffer (0.15M glycylglycine/nicotinic acid buffer
pH 7.4), 400mL phenanzinium ethylsulfate (PES) (4 mg/
mL), thiazolyl-blue (MTT) (5 mg/mL), 70mL ethanol (p.A.
grade), and 20mL alcohol dehydrogenase (300 U/mL) ac-
cording to Theobald et al. (1997). The reaction was started
by addition of 50mL neutralized sample. Absorption was
spectrophotometrically followed for 15 min at 570 nm.

Calculations

The calculation of specific growth rate, product formation
rates, and substrate uptake rates at steady states and during
oscillations was previously described (Zeng et al., 1996).
The in vitro activities of the enzymes on the basis of bio-
mass were calculated as follows:

Enzymein vitro = Enzymespec× Yprotein/biomass (1)

where Enzymespecis the specific enzyme activity based on
protein (mol h−1 g protein−1) and Yprotein/biomassis the pro-
tein content of the crude cell extract related to the original
biomass (g g−1).

The in vivo enzyme activities (Enzymein vivo) during
steady-state condition in mmol? g−1 ? h−1 can be calculated
according to the pathway as follows:

PFLin vivo = qFor + qH2
(2)

PDHin vivo = qEtOH +qHAc − qFor − qH2
(3)

PKin vivo = qglyc − qPD − qSuc (4)

where qglyc is the specific substrate uptake rate and qFor,
qH2

, qEtOH, qHac, qPD, and qSuc are the specific formation
rates of formate, hydrogen, ethanol, acetate, 1,3-
propanediol, and succinic acid in mmol? g−1 ? h−1.

For comparing the in vitro and in vivo activities of en-
zymes the in vitro activities measured by the enzyme assays
at 30°C have to be extrapolated to the fermentation tem-
perature of 37°C (4 Enzymein vitro) using a correction fac-
tor. This factor was 1.48 for PDH, 1.22 for PFL, and 1.45
for PK according to calibration curves prepared for the in-
dividual enzymes (data not shown).

RESULTS AND DISCUSSION

In Vitro and In Vivo Enzyme Activities Under
Steady-State Conditions

Anaerobic continuous cultivations ofK. pneumoniaewere
carried out at varied dilution rates (D) between 0.10 and
0.40 h−1. For both substrate limitation and substrate excess
conditions, steady states were obtained using the cultivation
strategy described by Menzel et al. (1996) to avoid oscilla-
tions of the culture. The dependence of substrate consump-
tion and product formation on the supply of substrate has
been described in detail by Menzel et al. (1996) and Zeng et
al. (1996). The data were used here to calculate the in vivo
activities of the enzymes according to Eqs. (2)–(4). Further-
more, the in vitro activities of pyruvate kinase, pyruvate
dehydrogenase, pyruvate:formate-lyase, and citrate syn-
thase which channel acetyl-CoA into the TCA cycle were
determined by enzyme assays.

The specific activity of PK (PKspec) as functions of the
glycerol concentration in the culture (CRct

Glyc) and the specific
glycerol uptake rate (qGlyc) at different dilution rates is il-
lustrated in Figures 2A and B. A similar trend was obtained
for the in vitro activity of PK based on biomass, because the
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protein content of cells didn’t change significantly under the
experimental conditions (data not shown). No obvious or
systematic dependence of Yprotein/biomasson growth rate or
substrate concentration could be ascertained. For each dilu-
tion rate, PKspecshowed a kind of saturation curve. It rap-
idly increased at low glycerol concentration (< 2 mmol/L)
but leveled off at higher glycerol concentrations. The maxi-
mum enzyme level correlated with the dilution rate, indi-
cating a growth rate coupled synthesis of the enzyme. As
shown in Figure 2B, PKspec also correlated well with the
specific substrate uptake rate. The ratio of in vitro to in vivo
activities of PK (PKin vitro/in vivo) at different dilution rates is
plotted against CRct

Glyc in Figure 3. It is interesting to note that
at D4 0.15 h−1 PKin vitro/in vivo was close to 1.0 irrespective
of CRct

Glyc, which is the minimum ratio of in vitro to in vivo
activities that implies a complete utilization of the enzyme
capacity. The PKin vitro/in vivo values calculated to be slightly
lower than 1.0 for some of the steady states in Figure 3
might be due to an incomplete cell disruption and/or loss of

enzyme activity during the preparation of cell extracts or an
overestimation of the in vivo activity [Eq.(4)]. In general, it
may be stated that at low dilution rates (ø 0.15 h−1) the
catalysis capacity of PK synthesized was optimally utilized,
and the flux of phosphoenolpyruvate (PEP) to pyruvate was
limited by the total amount of active enzyme. At higher
dilution rates (ù 0.23 h−1) PKin vitro/in vivo was close to 1 at
very low glycerol concentrations, but increased to values of
about 1.5–1.6 as the glycerol concentration increased. These
results indicate that at high growth rates and high glycerol
concentrations the activity of PK was either limited by its
substrate PEP and coenzyme ADP or inhibited by factors
such as intracellular pyruvate and ATP. The flux of PEP to
pyruvate was not only regulated by the enzyme synthesis
but also governed to certain extent by metabolic effects
above a growth rate of 0.15 h−1.

Menzel et al. (1997b) recently showed that in the anaero-
bic pyruvate metabolism ofK. pneumoniaeboth PFL and
PDH are simultaneously involved. The specific activities of
these two enzymes measured at different dilution rates are
shown in Figures 4 and 5 as functions of CRct

Glyc and qGlyc,
respectively. The specific activity of PFL turned out to be
almost exclusively a function of CRct

Glyc, irrespective of the
growth rate. It rapidly increased at low glycerol concentra-
tion and reached a saturation value of about 5.2 u/mg pro-
tein at a glycerol concentration above 5 mmol/L. The spe-
cific activity of PDH was also generally a saturation func-
tion of CRct

Glyc. However, a significant effect of growth rate
was observed. It is interesting that the effect of growth rate
seems to be merely restricted to growth ratesø 0.15 h−1. At
growth rates > 0.15 h−1 the specific activity of PDH fol-
lowed a similar trend as PFL, reaching a saturation value at
a glycerol concentration above 5 mmol/L. The saturation
value of PDH (about 0.5 U/mg protein) was about 10% of
that of PFL, indicating the dominant role of PFL under these
conditions. Significantly higher values of specific PDH ac-
tivity were obtained at D < 0.15 h−1, suggesting an increased
contribution of PDH under these conditions.

Figure 2. Specific activity of pyruvate kinase (PK) as functions of glyc-
erol concentration in the reactor (CRct

Glyc) (A) and specific glycerol uptake
rate (qGlyc) (B) at different dilution rates. Also shown are the mean values
of oscillation cycles at the corresponding dilution rate and average glycerol
concentration or glycerol uptake rate.

Figure 3. Ratio of the in vitro to in vivo activities of PK as a function of
glycerol concentration in culture at different dilution rates.

Figure 4. Specific activity of pyruvate formate lyase (PFL) as functions
of glycerol concentration in the reactor (CRct

Glyc) (A) and specific glycerol
uptake rate (qGlyc) (B) at different dilution rates. Also shown are the mean
values of oscillation cycles at the corresponding dilution rate and average
glycerol concentration or glycerol uptake rate.
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The different behavior of the culture with respect to the
synthesis of PDH at growth rates higher or lower than the
boundary growth rate (about 0.15 h−1) is clearer when plot-
ting PDHSpecagainst qGlyc (Fig. 5B). A plotting of PFLSpec

against qGlyc (Fig. 4B) confirmed that the saturation value of
PFLSpecachieved was independent of the growth rate. How-
ever, it suggests a dependency of PFLSpecon m in the un-
saturated range of PFLSpec. This seemingly contradicting
observation in comparison with Figure 4A is due to the fact
that qGlyc is a function of both growth rate and substrate
concentration (Zeng and Deckwer, 1995). Under substrate-
limiting conditions, it is almost only a linear function ofm.
Under conditions of large substrate excess the effect of
CRct

Glyc becomes dominant, with qGlyc increasing over a rela-
tively wide range of CRct

Glyc. With these two aspects in mind,
the different appearances of Figures 4A and B can be un-
derstood. Because qGlyc is a variable reflecting the physi-
ological state (uptake rate or flux of substrate) of cells, its
use can sometimes give more information (Ahrens et al.
1998). For instance, in addition to what was mentioned
above, Figures 4B and 5B revealed that both PDHSpecand
PFLSpecare very sensitive to the uptake rate of substrate in
their unsaturated ranges. At an identical substrate uptake
rate, both PDHSpecand PFLSpecdrastically increased at de-
creasing growth rates. In contrast, the specific activity of the
preceding enzyme PK increased with increasing growth rate
(Fig. 2B).

To understand the different behavior of the enzymes a
comparison of their in vitro and in vivo activities is helpful.
Figures 6 and 7 compare the in vivo and in vitro activities
of PFL and PDH as functions of CRct

Glyc. Under substrate
limitation, the in vivo activity of PDH was very low while
PFLin vivo linearly increased with the substrate concentration
(Menzel et al., 1997a). Obviously, the whole flux of pyru-
vate to acetyl-CoA was mainly catalyzed by PFL under
substrate limitation. Under substrate excess, however,
PDHin vivo increased and PFLin vivo decreased. Both reached
a stationary level at high glycerol concentrations (> 700

mmol/L) (Menzel et al., 1997b). For both enzymes, their in
vitro activities were significantly higher than the in vivo
activities under substrate excess: the ratio of in vitro to in
vivo activities being higher than 7 for PDH and about 20 for
PFL. These results indicate a decisive regulation of enzyme
activity on a metabolic level. The relatively high ratios of in
vitro to in vivo activities for these enzymes seem to be
partly due to a low intracellular concentration of pyruvate
imposed by the low specific activity of PK (Fig.2) and a
limitation of PEP flux to pyruvate (Fig.3). The increase of
PFLin vitro/in vivo with CRct

Glyc may indicate a decreased intra-
cellular concentration of pyruvate (Fig.6). The change of
PDHin vitro/in vivo is somewhat irregular, probably due to the
fact that PDH is an enzyme complex with multiple subunits,
and a number of other factors such as NAD and NADH2,
that in addition to pyruvate are involved in the activity
regulation of this enzyme complex.

A channeling of acetyl-CoA into citric acid cycle inter-
mediates via citrate synthase will reduce the acetyl-CoA

Figure 7. Ratio of in vitro to in vivo activities of PDH as a function of
glycerol concentration in culture at different dilution rates.

Figure 5. Specific activity of pyruvate dehydrogenase (PDH) as func-
tions of glycerol concentration in the reactor (CRct

Glyc) (A) and specific glyc-
erol uptake rate (qGlyc) (B) at different dilution rates. Also shown are the
mean values of oscillation cycles at the corresponding dilution rate and
average glycerol concentration or glycerol uptake rate.

Figure 6. Ratio of in vitro to in vivo activities of PFL as a function of
glycerol concentration in culture at different dilution rates.
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amount available for the formation of ethanol and acetic
acid and therefore affect the PDHin vivo value calculated by
Eq. (2). To estimate the extent of flux of acetyl-CoA into
citric acid cycle intermediates the specific activity of CS
(CSspec) was measured. The results of CS assays for differ-
ent dilution rates are shown in Figure 8. CSspecseemed to be
a strict function of CRct

Glyc (Fig.8A). Independent of the
growth rate, it decreased from about 0.11 U/mg protein to a
level as low as 0.03–0.04 U/mg protein at high values of
CRct

Glyc (substrate excess). As pointed out above for PFL (Fig.
4), the apparent independence of CSspecon the growth rate
might be falsified by the relationship between CRct

Glyc and
qGlyc. As revealed in Figure 8B, CSspecincreased with D at
a given uptake rate of substrate, reflecting the fact that under
anaerobiosis the intermediates of the TCA cycle are mainly
required for biomass synthesis. The in vivo activity of CS
was not estimated in this work. Assuming a complete in
vivo utilization of CS the acetyl-CoA flux catalyzed by CS
would be in a range of 20% of the sum of the fluxes of
ethanol and acetic acid under substrate limitation (CRct

Glyc <
0.5 mmol/L) and about 4% of the sum of ethanol and acetic
acid fluxes under glycerol excess (CRct

Glyc > 4 mmol/L). Be-
cause most steady states in this work had a CRct

Glyc value
significantly higher that 0.5 mmol/L it can be concluded that
the acetyl-CoA flux to citrate had no significant influence
on the calculation of in vivo activity of PDH.

It is worth mentioning that the culture showed distinc-
tively different dynamic behavior with respect to perturba-
tions of culture conditions at different dilution rates (Menzel
et al., 1996). At pH 7 and dilution rates above 0.15 h−1 K.
pneumoniaeis very sensitive to an increase in substrate
concentration, and responds by sustained oscillations of
growth and product formation upon a certain level of per-
turbations of the substrate concentration. However, no os-
cillations were observed for cells grown at dilution rates
below 0.15 h−1, even after a relatively drastic change of the
substrate concentration. The results shown in Figures 3 and
5 appear to give some clues for this different dynamic be-

havior of the culture. As discussed above, distinct regulation
patterns were found for the in vitro to in vivo ratio of PK
and for the specific activity of PDH around the growth rate
of 0.15 h−1. It seems that both an increased synthesis rate of
PDH and a decreased regulation of PK on a metabolic level
increase the stability of the culture. It may be assumed that
the regulation of enzyme activity on a metabolic level is
more sensitive to substrate fluctuations than the regulation
of enzyme synthesis on a genetic level. Therefore, due to the
different nature of enzyme regulations at different growth
rates cells can display different dynamic behavior. Among
the enzymes studied in this work and in Ahrens et al.
(1998), PK and PDH are the only two enzymes that showed
such distinct activity regulation mechanisms around the
critical growth rate (0.15 h−1) for the occurrence of oscil-
lations, suggesting important roles of these enzymes in de-
termining the dynamic behavior ofK. pneumoniae.The
unique irreversible step of glycolysis catalyzed by PK in
this fermentation process may be of particular importance in
this regard. The other irreversible glycolysis reactions cata-
lyzed by hexokinase and phosphofructokinase are not in-
volved in the glycerol conversion, because glycerol enters
the glycolysis only at the level of dihydroxyacetonephos-
phate (DHAP).

Intracellular NAD and NADH2 Concentrations
Under Steady States

The intracellular concentrations of NAD and NADH2 and
their ratio are involved in the regulation of in vivo activity
of several enzymes in the anaerobic glycerol metabolism.
The activities of PDH, glycerol dehydronase (GDH), and
1,3-propanediol oxidoreductase (PDOR) are known, for ex-
ample, to be enhanced by NAD, but inhibited by NADH2.
To obtain information in this regard, the intracellular con-
centrations of NAD and NADH2 were measured for two
dilution rates at varied glycerol concentration. The results
are summarized in Figure 9. Both the NADH2 and NAD
concentrations appeared to be independent of the growth
rate. They decreased with CRct

Glyc at low concentrations and

Figure 8. Specific activity of citrate synthetase (CS) as functions of
glycerol concentration in the reactor (CRct

Glyc) (A) and specific glycerol up-
take rate (qGlyc) (B) at different dilution rates. Also shown are the mean
values of oscillation cycles at the corresponding dilution rate and average
glycerol concentration or glycerol uptake rate.

Figure 9. (A) Intracellular concentrations of NAD and NADH2, and (B)
ratio of NADH2/NAD as functions of glycerol concentration in the reactor
(CRct

Glyc).
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became relatively constant at CRct
Glyc > 3 mmol/L, being about

5 mmol/g DW for NAD and 4mmol/g DW for NADH2.
Under the experimental conditions the concentration of
NAD in the cells was always higher than that of NADH2,
resulting in a NADH2/NAD ratio lower than 1.0 (Fig. 9B).
The NADH2/NAD ratio also declined with increasing CRct

Glyc

and reached a constant value of 0.8 at CRct
Glyc > 1.5 mmol/l.

Similarly as for the citrate synthetase (Fig. 8B) it can be
shown that the concentrations of NAD and NADH2 and the
NADH2/NAD ratio all declined with qGlyc. From these re-
sults, it appears that the variation of the in vitro to in vivo
ratio as shown in Figure 7 for PDH is not mainly caused by
the pyridine nucleotides. In fact, several other effectors in-
cluding the intracellular concentrations of PEP, pyruvate,
acetyl-CoA, ADP and TCA cycle intermediates are in-
volved in regulating the activity of PDH (Karlson, 1988;
Knappe, 1990). In contrast, for the other two enzymes GDH
and PDOR the decrease of their in vitro to in vivo ratios
with CRct

Glyc (Ahrens et al., 1998) correlates with the decrease
of NADH2/NAD, indicating a possible role of NAD and
NADH2 in the regulation of enzyme activity.

The intracellular concentrations of NAD and NADH2 and
the NADH2/NAD ratio shown above forK. pneumoniaeare
much lower than those found forClostridium butyricum.
Reimann (1997) reported a NAD concentration as high as 9
mmol/g DW and a NADH2 concentration of about 25
mmol/g DW for C. butyricum DSM 5431 anaerobically
grown on glycerol under substrate excess. The NADH2/
NAD ratio was as high as 2.8. Both the pool of
NAD+NADH2 and the NADH2/NAD ratio in this strain can
be significantly reduced by an addition of DL-glyceralde-
hyde into the culture, leading to an increased consumption
of glycerol and an increased formation of 1,3-PD (Petit-
demange, personal communication). For two mutants ofC.
butyricum DSM 5431 that produce more 1,3-PD at high
substrate concentrations than the wild-type strain, the con-
centrations of NAD and NADH2 were found to be much
lower (about 2–3 and 6–8mmol/g, respectively) than those
in the wild-type strain. Considering thatK. pneumoniae
generally has a higher productivity of 1,3-PD thanC. bu-
tyricum(Zeng et al., 1993), these results seem to support the
conjecture that a lower intracellular pool of NAD+NADH2

and/or a lower NADH2/NAD ratio is favorable for the for-
mation of 1,3-PD. However, this conjecture seems to con-
tradict the fact that NADH2 is a cosubstrate for 1,3-PD
formation, and NAD inhibits this reaction (Daniel et al.,
1995). In fact, an evaluation of the experimental data of
Petitdemange et al. (personal communication) and Reimann
(1997) on the basis of specific formation rate of 1,3-PD
(qPD) by cells reveals that theC. butyricumcultures with
addition of DL-glyceraldehyde had lower values of qPD
than the uninfluenced normal culture. TheC. butyricum
mutants studied by Reimann (1997) also had slightly lower
values of qPD than the wild-type strain. The only consistent
conclusion regarding the effect of pyridine nucleotides from
our work and those withC. butyricum (Reimann,1997)
seems to be that a lower intracellular pool of NAD+NADH2

favors the synthesis of biomass, because the biomass
concentration increased with a decreased pool of
NAD+NADH2 in all these cultures. This may be understood
by considering the fact that the regeneration of NADH2

constitutes a problem for cells when anaerobically grown on
glycerol. It may also be one of the reasons whyK. pneu-
moniaegrows much more effectively on glycerol thanC.
butyricumstrains. The effects of nucleotide concentrations
on cell growth deserve more investigation.

In Vitro and In Vivo Enzyme Activities Under
Sustained Oscillations

The activities of enzymes PK, CS, PFL, and PDH were
investigated for cultures undergoing sustained oscillations
at two dilution rates 0.23 and 0.30 h−1. The consumption
rate of substrate and formation rates of biomass and differ-
ent products during the oscillations were exactly the same as
those reported by Menzel et al. (1996) and Zeng et al.
(1996). For the same cultures, Ahrens et al. (1998) mea-
sured the in vitro activities of glycerol dehydrogenase
(GDH), glycerol dehydratase (GDHt), and 1,3-propanediol
oxidoreductase (PDOR) and compared them with the cor-
responding in vivo activities. It was found that both the in
vitro and in vivo activities of GDH, GDHt, and PDOR
oscillated with nearly the same frequencies. Oscillations
have also been found for the activities of PK, CS, PFL, and
PDH as shown in Figure 10 for the oscillation cycle at D4
0.23 h−1. Similar results were obtained for the oscillations at
D 4 0.30 h−1. Again, the oscillation frequency was almost
the same for the four enzymes, reaching their maxima and
minima slightly in advance of the maxima and minima of
CO2 evolution, growth rate (cf. Menzel et al., 1996) and
those of GDH, GDHt, and PDOR (Ahrens et al., 1998). The
amplitude of oscillations was different for the enzymes. PFL
displayed the largest fluctuation of its in vitro activity, hav-
ing a minimum of 1.65 and a maximum of 3.3 U/mg protein.
This corresponded to 100% fluctuation of the enzyme con-
centration. Such a large fluctuation was also observed for
CS, though the absolute in vitro activity of this enzyme was
much lower. Similar, and even larger fluctuations were re-
ported for GDH, GDHt, and PDOR in the same culture
(Ahrens et al., 1998). In contrast, the fluctuations of PK and
PDH in vitro activities were lower, being about 20– 40% of
their absolute values. These results indicate that among the
enzymes tested, PFL synthesis is most significantly affected
during the oscillation. This becomes more obvious when
comparing the average values of in vitro activities during an
oscillation cycle with their corresponding steady-state val-
ues at the same dilution rate and average CRct

Glyc for the
different enzymes. As found for the enzymes associated for
the glycerol dissimilation and 1,3-PD formation (Ahrens et
al., 1998) the average values of PKspec and PDHSpecduring
oscillations were also nearly the same as those of the cor-
responding steady-state values (Figs. 2 and 5 ). However,
the average value of PFLSpec was only half of that under
steady state (Fig. 4). On the other hand, the average value of
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CSspecwas higher under oscillations than under steady state
(Fig. 8). These experimental data of enzyme measurement
confirmed the findings from the analysis of metabolic fluxes
(Zeng et al., 1996), which suggested that pyruvate metabo-
lism is the main step affected under oscillation conditions.
The specific formation rates of all the products originating
from pyruvate metabolism (CO2, H2, formic acid, ethanol,
acetic acid, lactic acid, and 2,3-butanediol) showed signifi-
cant differences under conditions of oscillation and steady
state. It is now clear that these differences are mainly caused
by the alteration of PFL synthesis.

The simultaneous fluctuation of PDH and PFL at the
same pace (Fig. 10) is not expected in the sense that the ratio
of the acetyl-CoA flux catalyzed by PFL to the total acetyl-
CoA flux (a) oscillated as well (Zeng et al., 1996). Thus, the
in vivo activities and/or the ratios of in vitro to in vivo
activities of these two enzymes must oscillate in different
manners. Figure 11 depicts thea value and the ratios of in
vitro to in vivo activities of PFL, PDH, and PK during an
oscillation cycle. Indeed, the oscillations of PFLin vitro/in vivo

and PDHin vitro/in vivo reached their maxima and minima at
almost opposite time points. PDHin vitro/in vivo followed more
closely the oscillation of PKin vitro/in vivo. This means that
with the increase of in vivo PK activity or the increase of
PEP flux to pyruvate the in vivo activity of PDH also in-

creases while the in vivo activity of PFL decreases. This is
in accordance with the experimental observations under
steady-state conditions (Figs. 6 and 7). A comparison of the
average values of ratios of in vitro to in vivo activities as
shown in Figure 11 with those of Figures 6 and 7 reveals
that both PFL and PDH are more effectively utilized under
oscillating conditions. In contrast, the average value of
PKin vitro/in vivo is slightly higher under oscillation than under
steady state, indicating a less effective utilization of the
enzyme capacity. Such a reduced utilization was also found
for GDH and DDOR during oscillations (Ahrens et al.,
1998). These results seem to underline again, the peculiar
role of pyruvate metabolism during the oscillations.

The increased utilization of both PFL and PDH may be a
metabolic response of cells to overcome the metabolic bur-
den imposed by a large perturbation of culture conditions.
The same metabolic burden may also hinder the synthesis of
PFL. The exact nature of the metabolic stress and the
mechanisms of regulation on both metabolic and genetic
levels are not clear. In fact, different regulation mechanisms

Figure 10. CO2 concentration in the effluent gas and specific activities of
enzymes PK, CS, PDH, and PFL during an oscillation cycle in a continuous
culture with feed glycerol concentration4 99 g/l and D4 0.23 h−1. Figure 11. Ratios of in vitro to in vivo activities for enzymes PK, PFL

and PDH during an oscillation cycle in the continuous culture of Figure 10.
Also shown is the ratio of acetyl-CoA flux catalyzed by PFL to the total
acetyl-CoA fluxSa =

qH2
+ qFormate

qEthanol+ qAcetate
D.
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are involved in PFL and PDH apart from the activation by
substrates and inhibition by endproducts. The in vivo activ-
ity of PFL is inhibited by high intracellular concentrations
of dihydroxyacetone (DHA), dihydroxyacetone-phosphate
(DHAP), and acetyl-CoA, while several TCA cycle inter-
mediates, ATP and NADH2 are inhibitors of PDH (Carlsson
et al., 1985). In addition, PDH is activated by PEP and ADP.
For E. coli and Enterococcus faecilisthe most important
factor reducing PDH activity is the NADH2/NAD ratio
(Hansen and Henning, 1966; Snoep et al. 1990). A NADH2/
NAD ratio of about 0.6 was found to inhibit the PDH ac-
tivity in E. faecilis by 50%, and a ratio of 1.65 by 90%
(Snoep et al., 1990). We measured the intracellular concen-
trations of NAD and NADH2 during oscillations. A certain
level of fluctuations was found for both, but no clear pat-
terns of oscillations could be ascertained (not shown). This
might be due to the fact that the regulation of intracellular
nucleotides renders a response on a much shorter time scale,
i.e., minutes rather than hours as observed for the enzyme
concentrations. Nevertheless, results from seven different
samples during an oscillation cycle indicated that the aver-
age concentrations of NAD (7.6mmol/g) and NADH2 (6.6
mmol/g) are obviously higher than those (about 4.8 and 3.9
mmol/g, respectively) at high glycerol concentrations under
steady state (Fig. 9). More experimental data on the intra-
cellular metabolites and cofactors are needed to improve our
understanding of the regulation of in vitro and in vivo ac-
tivities of the enzymes, particularly for the dynamic behav-
ior under nonsteady-state conditions as shown above.

CONCLUSION

The in vitro and in vivo activities of pyruvate kinase, py-
ruvate:formate-lyase, pyruvate dehydrogenase, and citrate
synthase inK. pneumoniaegrown on glycerol are strongly
affected by the substrate concentration and its uptake rate
respectively. The formation of pyruvate is mainly regulated
on a genetic level by the synthesis of PK, particularly at low
substrate concentration and low growth rate. In contrast, the
conversion of pyruvate to acetyl-CoA is mainly regulated
on a metabolic level by the in vivo activities of PFL and
PDH. Distinctive regulation patterns of the in vitro and in
vivo activities of PK and PDH were observed around the
critical growth rate of 0.15 h−1 for the occurrence of oscil-
lations, suggesting that the different stability of the culture
at different dilution rates is due to the different regulation
mechanisms of the activities of these enzymes. Both the
metabolic and genetic networks for the enzymes studied are
sensitive to fluctuations of culture conditions at high dilu-
tion rates, leading to oscillations of their in vitro and in vivo
activities. In contrast to most enzymes involved in glycerol
metabolism, PFL and PDH are more effectively utilized
during oscillations than under steady-state conditions.
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