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Abstract: The initial steps of glycerol dissimilation and
1,3-propanediol (1,3-PD) formation by Klebsiella pneu-
moniae anaerobically grown on glycerol were studied by
quantifying the in vitro and in vivo activities of enzymes
in continuous culture under conditions of steady state
and oscillation and during transient phases. The en-
zymes studied included glycerol dehydrogenase (GDH),
glycerol dehydratase (GDHt), and 1,3-propanediol oxido-
reductase (PDOR). Three conclusions can be drawn from
the steady-state results. First, glycerol concentration in
the culture is a key parameter that inversely affects the in
vitro activities (concentrations) of all three enzymes, but
has a positive effect on their in vivo activities. Growth
rate significantly affects the ratio of in vitro and in vivo
enzyme activities under low glycerol concentrations, but
not under glycerol excess. Second, whereas the flux
through the oxidative pathway of glycerol dissimilation
is governed mainly by the regulation of in vivo enzyme
activity on a metabolic level, the flux through the reduc-
tive pathway is largely controlled by the synthesis of en-
zymes. Third, GDHt is a major rate-liming enzyme for the
consumption of glycerol and the formation of 1,3-PD in
K. pneumoniae at high glycerol concentrations. Results
from oscillating cultures revealed that both in vitro and in
vivo activities of the enzymes oscillated. The average val-
ues of the in vitro activities during an oscillation cycle
agreed well with their corresponding values for nonos-
cillating cultures under similar environmental condi-
tions. Experiments with step changes in the feed concen-
tration of glycerol demonstrated that growth and product
formation are very sensitive to changes of substrate con-
centration in the culture. This sensitivity is due to the
dynamic responses of the genetic and metabolic net-
works. They should be considered when modeling the
dynamics of the culture and attempting to improve the
formation of 1,3-PD. © 1998 John Wiley & Sons, Inc. Biotech-
nol Bioeng 59: 544-552, 1998.
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INTRODUCTION

Under anaerobic conditions glycerol is dissimilatedlab-
siella pneumonia¢hrough coupled oxidative and reductive
pathways (Fig. 1) (Lin, 1976). The oxidation of glycerol is
catalyzed by glycerol dehydrogenase (GDH), which leads to
the formation of dihydroxyacetone (DHA) under the gen-
eration of reducing equivalent (NAD}H Glycerol kinase is
another enzyme for the oxidation of glycerol, which is only
active under aerobic conditions (Forage and Lin, 1982).
Dihydroxyacetone formed by GDH is further metabolized
to various products such as ethanol and acetic acid through
pyruvate. The reducing power is normally regenerated in the
reductive pathway of glycerol dissimilation. The latter con-
sists of two enzyme reactions. First, glycerol is dehydrated
to 3-hydroxypropionaldehyde (3-HPA) by glycerol dehy-
dratase (GDHt). 3-HPA is then converted to 1,3-propane-
diol (1,3-PD) by the enzyme 1,3-propanediol oxidoreduc-
tase (PDOR) under the oxidation of NADHBecause of the
appealing properties of 1,3-PD as a monomer for the pro-
duction of polyesters and heterocycles the fermentative pro-
duction of 1,3-PD has received much attention in the past 10
years (Zeng et al., 1997) and has recently been industrially
commercialized (Stinson, 1995; see also press releases of
the companies DuPont, 1996, and Shell, 1995). From an
economical point of view the yield of 1,3-PD from the
substrate and the final PD concentration are two important
parameters for process optimization (Deckwer, 1995). To
this end, a quantitative understanding of key factors that
influence the enzyme activities and metabolic fluxes is de-
sired, as well as an identification of limiting step(s) of the
pathways. This kind of information will be also useful for
explaining the different performances of microorganisms so
far extensively studied for the microbial production of 1,3-
PD from glycerol (Homann et al., 1990; Zeng, 1996). It has
been reported that the reaction catalyzed by GDHt is the
limiting step for 1,3-PD formation irCitrobacter freundii
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also studied. The in vitro and in vivo activities of enzymes
are compared to gain quantitative information on the regu-
lation of the metabolic fluxes and to identify possible lim-
iting step(s). In an accompanying article, experimental re-
sults concerning the enzymes associated with the formation
and metabolism of pyruvate and acetyl-CoA Kn pneu-
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s moniaeare presented (Menzel et al., 1997¢).

|.3-Propanedio Fermentation, Respiration Strain and Culture Medium
Klebsiella pneumonia®SM 2026 obtained from the Ger-
man Collection of Microorganisms and Cell Cultures
(DSMZ, Braunschweig, Germany) was used in this study.
Culture medium composition was previously reported by
Menzel et al. (1997b). Glycerol solution (87% by weight)
was separately autoclaved and added to the medium reser-
voir according to the glycerol concentration required in the

feed medium.

glycerel kinase
glycerol dehydrogenase
glycerol dehydratase

1:
2
3
4: 1,3-propanediol-oxidoreductase

Figure 1. Initial steps of glycerol dissimilation and 1,3-propanediol for-
mation inKlebsiella pneumoniae.

(Boenigk et al., 1993) an€lostridium butyricum(Abbad-
Andaloussi et al., 1996). No information in this regard is
available forK. pneumoniaghat achieves a higher produc- All fermentations were carried out in a 4-L Setric bioreactor
tivity in continuous culture than botle. freundiiand C.  (Set 4V, Setric Genie Industriel, Toulouse, France) with a
butyricum(Menzel et al., 1997a). working volume of 2 L. The fermentation setup and the

Another noteworthy aspect of the glycerol metabolism ofanalytical methods have been described by Menzel et al.
K. pneumoniaés the dynamic behavior of this microorgan- (1996). The fermenter was additionally equipped with a fast
ism in continuous culture (Menzel et al., 1996; Zeng et al. sampling device (Pec Tec, Miacker, Germany) and was
1996). Sustained oscillations and multiplicity of growth andconnected to a real-time computer control system (Ubicon,
product formation have been observed under a variety oESD, Hannover, Germany) for on-line data acquisition. The
conditions. These phenomena revealed several different patultivation conditions for all fermentations were as follows:
terns and new features compared with those reported in themperature 37°C, pH 7.0 (by automatic control using 20%
literature. They were shown to be bound to genuine fluc;NaOH), and 300 rpm for agitation. To ensure anaerobic
tuations of the metabolic pathways of the microorganismconditions the bioreactor was sparged with nitrogen at a
triggered by substrate excess and drastic change(s) of eniow rate of 0.4 volume per volume per minute. Beginning
ronmental conditions (Menzel et al., 1996). Further analysisyith a relatively low glycerol concentration in the medium,
of the metabolic fluxes under steady-state and oscillationvhich resulted in substrate limitation in the reactor, the
conditions indicated that the instability is mainly encoun-substrate concentration was carefully increased by small
tered in the pyruvate metabolism, whereas the fluxes of theteps until glycerol was in excess in the culture. At each
initial steps of glycerol dissimilation and 1,3-PD formation dilution rate, steady states were obtained in this way at
appeared to be less significantly affected (Zeng et al., 1996}ifferent glycerol concentrations in the medium.

However, it is not known how the metabolic fluxes are
regulated on enzyme levels, particularly under conditions o
oscillation and hysteresis.

In this work, we report on experimental results concern-Culture samples for enzyme assays were taken anaerobi-
ing the effects of culture conditions on the in vitro and in cally with a fast sampling device in —20°C precooled tubes
vivo activities of glycerol dehydrogenase, glycerol dehydra-flushed with nitrogen. The samples were rapidly cooled on
tase, and 1,3-propanediol oxidoreductase under both steadige. All preparation steps afterwards and the determination
state and oscillation conditions. The genes for these threef enzyme activities were done in an anaerobic chamber as
enzymes and the enzyme dihydroxyacetone kinase are edescribed by Menzel et al. (1997b). After cell disruption all
coded in one and the same regulon namkd(Forage and steps were carried out under strict exclusion of light because
Lin, 1982; Tong et al., 1991) and have been cloned andsDHt can form an irreversible complex with the coenzyme
sequenced foK. pneumonia€Cameron et al., 1998; Tong B, in the presence of light and is inactivated in this way.
et al., 1991) ancC. freundii (Daniel and Gottschalk, 1992; After pretreatment the eluate was immediately assayed for
Daniel et al., 1995). The transient behavior of the cultureenzyme activities. Protein concentration was determined ac-
after step changes of substrate concentration in medium &ording to Lowry et al. (1951).

Fermentation Setup and Analytical Methods

F’reparation of Cell Free Extract
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Enzyme Assays dehydrating and 1,2-PD-dehydrating activities by triplicate
1 min assays with both glycerol and 1,2-PD as substrates,
Determination of glycerol dehydrogenase (EC 1.1.1.6, glycaccording to Yakushewa et al. (1974) and Toraya and Fukui
erol:NAD"* 2-oxidoreductase) activity was done as de-(1977). For cell extract oK. pneumoniaehis ratio was
scribed by Ruch et al. (1974). The reaction mixture (1 mL)determined to be 1.41 at pH 7.0.
contained 30 vl ammonium sulfate, 0.8 glycerol, 1.2 The activity of 1,3-PD oxidoreductase (EC 1.1.1.202) is
mM NAD (adjusted to pH 7.0 with M NaOH), and the usually assayed using the reverse reaction rather than the
eluate with enzymes in 0.1 potassium carbonate buffer physiological one due to the instability of 3-HPA, which is
solution (pH 9.8). The assay was initiated by adding the celalso commercially unavailable (Abbad-Andalousi et al.,
extract, and the absorption increase (NADférmation) 1995; Forage and Foster, 1982; Johnson and Lin, 1987).
was followed with a spectrophotometer (Novospec I, PharAccording to Forage and Foster (1982), the reaction mixture
macia Biotech, Freiburg, Germany) at 340 nm and 30°Ccontained, in a volume of 1 mL 30hammonium sulfate,
One unit of activity is the amount of enzyme required t00.1M 1,3-propanediol, 2 i NAD (adjusted to pH 7.0 with
reduce lpmol of substrate per minute under the conditions1 M NaOH), and eluate in 0.M potassium carbonate buffer
specified. Specific enzyme activity (as units per milligram solution (pH 9.0). The reaction was started by adding cell
of protein) was extrapolated to the fermentation temperaturextract and the increase of NADMvas followed photomet-
of 37°C using a correction factor of 1.92, according to arically at 340 nm with a spectrophotometer. Specific en-
calibration curve with pure enzyme (Ahrens, 1997). zyme activity was extrapolated to the fermentation tempera-
Two methods are generally used to determine the activityure of 37°C using a correction factor of 1.82 according to
of glycerol dehydratase (EC 4.2.1.30, glycerol hydrolyase)a calibration curve with eluated enzyme (Ahrens, 1997). To
The method of Yakusheva et al. (1974) couples the glyceroéstimate the ratio of in vitro PDOR activities for the reverse
dehydration reaction to a reduction of the aldehyde formednd physiological reactions we used propionaldehyde,
with alcohol dehydrogenase. A more sensitive method isvhich is known to be a proper substrate of PDOR (Daniel et
based on the reaction of aldehyde with 3-methyl-2-al., 1995). Daniel et al. (1995) showed with PDOR fr@n
benzothiazolinone-hydrazone (MBTH) (Abbad-Andaloussifreundiithat propionaldehyde reached 21% of the activity of
et al., 1996; Forage and Foster, 1979; Honda et al., 198@-HPA. With PDOR fromK. pneumoniaeve determined
Toraya and Fukui, 1977; Toraya et al., 1976). The latter ighe ratio of reduction velocity of propionaldehyde to dehy-
a so-called endpoint measurement after a dehydration timération velocity of 1,3-PD to be 0.83 at pH 7.0. Combining
of about 10 min, and is widely used. A comparison of thesahe results of Daniel et al. (1995) we used a conversion
two methods with cell extract ¢€. pneumoniashowed that  factor of 0.83/0.21= 3.95 to convert the specific activity of
the MBTH method generally gave 15% to 20% higher ac-PDOR from the reverse reaction to the physiological reac-
tivity than the method of Yakusheva (Ahrens, 1997). Thistion.
was mainly because of the inhibition of glycerol on GDHt,
which caused complete cessation of the GDHt aCtiVityCalculations
within about 3 min (Toraya et al., 1976). The inactivation by
glycerol also hinders direct application of the MBTH
method. To overcome this problem, another substrate of? Vitro Activities of Enzymes
GDHt, 1,2-propanediol, is normally used for the enzymerpg i yitro activities of enzymes on the basis of biomass
assay. It has been shown that the initial velocity of dehy<,are calculated as follows:
dration with glycerol is comparable to that with 1,2-PD
(Honda et al., 1980; Toraya et al., 1976). For this reason, we Enzymg, vivo = ENZYMEpecX Yproteinbiomass
also used 1,2-PD as substrate for the assay of GDHt. Tl\ﬁl
reaction was carried out under strict exclusion of light. The
assay mixture contained (in a total volume of 1 mL) OND5
KCl, 0'.2 M 1,2-propangd|ol, 19.M coenzyme 52,'and tein content of the cell extraction to total dry biomass
eluate in 0.039V potassium phosphate buffer solution (pH grams per gram).
7.0). The assay was started by the addition of cell extrac‘
and incubated at 37°C. After 10 min incubation, the reaction
was stopped by adding 1 mL of ONI potassium citrate /n Vivo Activities of Enzymes
buffer (pH 3.6). For developing the color after adding 0.5
mL of 0.1% MBTH solution the mixture was incubated
again for 15 min at 37°C. The colored azin € 13.22 L
mmol* cm™) formed was detected after addition of 1 mL
of distilled water at 305 nm. For all samples repeated de- GDHi, vivo = Ygiye ~ 9pp
terminations were done with different eluate concentrations. GDHt, oo =
To convert the 1,2-PD-dehydrating activity to glycerol- n vivo PD
dehydrating activity we estimated the ratio of glycerol- PDOR; vivo = 9ep

here Enzymg,..is the specific enzyme activity based on
protein (moles per hour per gram of protein) by the assay
methods just described, an,qtein/biomasdh® ratio of pro-

The in vivo activities of enzymes were calculated based on
the metabolic fluxes measured and the stoichiometry of the
pathways as follows:
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whereqg,. is the specific glycerol uptake rate (millimoles and Deckwer, 1995) it can be inferred from Figure 2A that
per gram per hour), ang. the specific formation rate of the in vitro activity of GDH also decreased with increasing
1,3-propanediol (millimoles per gram per hour). Jaiye: @S depicted in Figure 2B. In contrast to Figure 2A,
however, GDH¢.proved to increase with increasiry at
identical qg,y values. For all dilution rates, GOl.. was
very sensitive tag,. at low g, values (glycerol limita-
tion), but reached a relatively constant value (about 2.5
In Vitro and In Vivo Enzyme Activities Under U/mg protein) at highg, values. At a similagg,, value
Steady States in the low range GDH,. rapidly increased withD,
whereas, at high values of;,. (substrate excess), the de-
pendence of GDE}..on D diminished. This is probably due

. g f imitati | in th to the fact thatjg,, is a strong function of growth rate under
concentrations ranging from limitation to large excess in th&.,jitions of substrate limitation, yet it is determined

culture. The concentrations of biomass, substrate, and pro Rainly by glycerol concentration under conditions of sub-
ucts were measured at steady states as well as the enzyme .~ oo (Zeng and Deckwer, 1995). In general, it can
activities. The concentrations, metabolic rates, and yield e stated from Figure 2A and B that the specific in vitro
were similar to those reported by Zeng et al. (1996) an%

M | L (1996). In what foll W th Its of DH activity (i.e., the synthesis of GDH) is not closely
enzel et al. ( )- In what fo ows, only the resuilts o coupled with the glycerol uptake rate. The specific activity
enzyme assays are presented and discussed.

Fi SA sh h fic GDH activities (G of GDH measured in this work is quite high compared with
igure S QWSt € specific L activities (GQ) those reported foK. pneumoniagRuch et al., 1974) and
at different dilution rates as a function of glycerol concen-

. . - other microorganisms such @erobacter aerogene@vic-
trgtlon (ng;c) n the cF:{uIture. S‘?”’T'S'”g'yv GD&A?C de- Gregor et al., 1974)Hansenula ofunaensi§ramada and
clined with mcreasm@ef}fc at all dilution rates, particularly Tani, 1988), andC. butyricum (Abbad-Andaloussi et al
at low glycerol concentrations. Under conditions of obviouslggé) The ’reporte.d values were in the range of 0.4 to”2 4
glycerol excess GDEb.capproached r_elatively constant val- U/mg protein, which are close to those measured for con-
ues petween 2'5 a_nd 5 Ulmg protein. GQA_{!W?S also.a ditions of strong substrate excess in this work (Fig. 2). It
function of the dilution ratel), decreasing with increasing eems that the effect of substrate concentration or uptake

dilution rate. Such a behavior of the enzyme is not expecteéate as shown in this work has often been overlooked in the

in view of the fact that the glycerol flux supported by this literature
; Rt .
enzyme increased witlicjy, (Zeng et al., 1996). The de- Another important issue is that the in vitro enzyme ac-

. . . R t .
crease of GDlewith D.at identicalCgiy. values' IS also tivity measured under optimum assay conditions gives only
unex_pected be_cause a_hlgherflux of the glycolysis is needeﬂformation on the maximum possible enzyme activity or
for bl_osynthe5|s _at a hlgh_er growth rate. The need of eg'the enzyme concentration. A comparison of the in vitro and
COIy?'S qu_x for biosynthesis may be better_ _reflected by them vivo activities can give useful information on the intra-
refationship between .GDJéeCar.]d fche specmc.uptake rate ceular regulation of synthesis and activity of the enzyme.
of glycerol @) at different dilution rates (Fig. 2B). Be- Figure 3A shows the ratio of in vitro and in vivo activities

cause the uptake rate of glycergkf,.) is a strong function of GDH (GDH, viroin wive) @S @ function Ongch for dif-

of the residual glycerol concentration in this strain (Zengferent dilution Irates. At low glycerol concentrations, GPH

vitro/in vivo reached values as high as 30 to 50 at high growth
rates and 100 at a dilution rate of 0.23"hindicating that

b oah! only a small portion of the catalysis capacity of the enzyme
0=023h" (0sc) was utilized, due to either substrate limitation or inhibition

ooz of the enzyme by inhibitors such as NADHind DHA

D=0.30h"(Osc.
S (McGregor et al., 1974). GDH itrosin vivo Significantly de-
proson creased with increasinggfy. and reached values as low as
2 at high residual glycerol concentrations and high growth
rate, implying an increased utilization of the enzyme syn-
. thesized under these conditions. In general, it may be stated
oo ' that the flux from glycerol to DHA is not limited by the
oL - , R synthesis rate of GDH, but rather by substrates and/or dif-
et 2 3 500 0 50 100 150 200 ferent effectors of this enzyme.
Caye  (mmol/l) Ugye (MMole g'eh™) The effects of glycerol concentration and dilution rate on
the in vitro activities of GDHt and PDOR are summarized in

Eigure 2. Specific activit)_/ of _glycerol dehydrogenase (GDH)_ as a func- Figures 4 and 5, respectively. Although the specific activi-
tion of glycerol concentration in the ree_tctngfytc) (A) and specific glyc- ties of these two enzymes were much lower compared with
erol uptake rateds,,;) (B) at different dilution rates. Also shown are the

mean values of oscillation cycles at the corresponding dilution rate andn€ Specific activity of GDH they showed similar trends

average glycerol concentration or glycerol uptake rate. with respect to the effects (ﬂfgf;c and D. Quantitatively,

RESULTS AND DISCUSSION

Continuous cultures were carried out at five different dilu-
tion rates between 0.13 and 0.5hunder varied glycerol

D=0.13n"

25 A B

N
S
>
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o 3]
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4>+ 0 x em

GDHyg,, (U/mg protein)
w
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E S 7 AN Figure 4. Specific activity of glycerol dehydratase (GDHt) as a function

E 4 N of glycerol concentration in the reactd€gf;.) (A) and specific glycerol
E_ 3 NA ° \\: uptake ratedg,,.) (B) at different dilution rates. Also shown are the mean
o 2 _-“’\\::\ A RTINS values of oscillation cycles at the corresponding dilution rate and average

1 T - 8 glycerol concentration or glycerol uptake rate.
O 4 e o = CE
0 —T 17
0 ! //E 3 300 600 900 GD_Htin vitrofin vivo rea_ched a very_low value of 1.2, indi-

o (938 (\3 cating that the maximum capacity of GDHt was nearly

2 DN &  exhausted. The lowest values for GRHirosin vivo and

é 20 ;\\-\ N PDOR,, vitrorin vivo Were 2.2 and 4.5, respectively.

B ] NN Three conclusions can be drawn from the results pre-
e > S~ \\.\ sented for the enzymes and metabolic fluxes associated with
O 104"~~__ *\\\\!\ - glycerol dissimilation inK. pneumoniaeinder steady-state
E 5 M \\‘"v‘*-- \\;\ conditions. First, glycerol concentration in the culture is a

0 L, T v key parameter that inversely affects the synthesis of the
(') 1' é é A L 3(')0 T G(I)O — % enzymes GDH, GDHt, and PDOR, but has a positive effect
Ret 0 on the utilization of the enzymes synthesized. The responses
Ci .
Caye  (mmolll) of these enzymes are completely different from those asso-

Figure 3. Ratio of in vitro to in vivo activities of (A) glycerol dehydro-

as a function of glycerol concentration in culture at different dilution rates.

ciated with pyruvate metabolism in this strain under the
same conditions (Menzel et al., 1997c). For other microor-
genase, (B) glycerol dehydratase, and (C) 1,3-propanediol oxidoreductaﬁanismsy such &&. coli (Cooney et al., 1981) andseudo-
monas aeruginoséMatin, 1981), the in vitro activities of

some enzymes also increased with increased substrate con-

o ct centration. The mechanisms underlying these differences
GDHt,. was somewhat less sensitive @g,yc compared

with GDHg,..and PDOR,; that is, it was a strict function

of the glycerol uptake rate, as revealed in Figure 4B, sharply

12

declining at low values ofj,. and reaching a value of . A ; o 222:
about 0.35 U/mg protein alg,, greater than about 110 = 10E . D023 1" (050
mmol/L, irrespective of the dilution rate. Unlike GRK, & . o D030
and GDHt,., PDOR..correlated better with the specific ;1) I x D=030K" (Osc)
formation rate of 1,3-PD than witlp, . (Fig. 5B). Thismay £ ¢li P v D=050n
be due to the fact that 1,3-PD is the product of PDOR and= 4 . \
exerts feedback inhibition (Johnson and Lin, 1987). It was,# 41 "I .
found that PDOR,..decreased with increasing 1,3-PD con- § ' o
centration at all dilution rates studied (data not shown). % ke

The ratios of in vitro and in vivo activities of GDHt and Y A S L S
PDOR (Fig. 3B and C) followed qualitatively similar trends 0 2 4 6 8 3507000 10 20 30 40 50 60 70
as those for GDH with respect to the effects of glycerol Cape " (mmol/l) Gpp (Mmol g™ h")

concentration and growth rate. There were, however, some

remarkable quantitative differences among them. In generaf,

GDHtin vitro/in vivo was much lower than GI:)IH vitro/in vivo
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igure 5. Specific activity of 1,3-propanediol oxidoreductase (PDOR) as
function of glycerol concentration in the react@gf.) (A) and specific

o . glycerol uptake rateqg,,;) (B) at different dilution rates. Also shown are
and PDO% vitro/in vivos 'nd|Ca'Fmg that this enzyme WaS  the mean values of oscillation cycles at the corresponding dilution rate and
more effectively utilized. At high glycerol concentrations, average glycerol concentration or glycerol uptake rate.
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are not clear. Second, whereas the flux through the oxida- 15 - 5 5 43
tive pathway of glycerol dissimilation is governed mainly
by the regulation of enzyme activity on metabolic levels, the
flux through the reductive pathway is largely controlled by
the synthesis of enzymes on genetic levels. It is worthy ofi\;
mention that dihydroxyacetone is an inducer of tlea & 0.9
regulon, but has a feedback inhibition on GDH at the same|
time. This means that this intermediate affects glycerol dis-
similation on both genetic and metabolic levels. Obviously,
the regulations on these two levels interact with each other,
particularly at low glycerol concentrations. To understand g3l ™~ ™", |4 g5
these interactions a system and mathematical approach, -* 0 1 2 3 4 5 6 7 8 9

such as modeling of the metabolic and genetic networks,
would be useful. Finally, GDHt is the major rate-limiting Figure 6. CO, concentration in the effluent gas and specific activities
enzyme for the dissimilation of glycerol and thus for the (u/mg protein) of enzymes GDH, GDHt, and PDOR during an oscillation
formation of 1,3-PD irK. pneumoniaet high glycerol con-  cycle in a continuous culture with feed glycerol concentratierd9 g/L
centration. This is in accordance with the findings of Boen-2ndD = 0.231". Also shown are standard deviations for GDH and PDOR
igk et al. (1993) and Abbad-Andaloussi et al. (1996) forassays. The point of minimum G@volution was taken as time zero.
1,3-PD formation inC. freundiiand C. butyricum,respec-

tively. It has been argued that the physiological meaning ofng 5, respectively. These results are consistent with the
this limiting step is to avoid the accumulation of 3- fingings that the average specific rates of glycerol uptake
hydroxypropionaldehyde (3-HPA), which was found to beang formation of products deriving either directly from
very toxic to the growth of another 1,3-PD-producing mi- gycerol (1,3-PD) or from the upstream of pyruvate metabo-
croorganismenterobacter agglomerangBarbirato et al.,  jism (e.g., succinic acid) are not significantly affected dur-
1996). More experimental investigations are needed to adngq oscillation (Zeng et al., 1996). In contrast, a key enzyme
dress the possible accumulation of 3-HPA in other 1,3-PDyf pyruvate metabolism, pyruvate:formate-lyase, was found
producing strains. to change considerably (Menzel et al., 1997c) as did the
products originating from pyruvate metabolism (Zeng et al.,
In Vitro and In Vivo Enzyme Activities Under 199,6)' . o i i
Sustained Oscillations Figure 7 reveals that, during oscillations, the ratios of in
vitro to in vivo activities of the three enzymes varied. Com-
The activities of enzymes GDH, GDHt, and PDOR werepared with those for steady states at similar growth rates and
investigated for cultures undergoing sustained oscillation§|ycer0| concentrations (large excess) (Fig. 3A—C) the uti-
at two dilution rates, 0.23 and 0.30°h The consumption  |ization of the enzyme capacity during oscillation was gen-
rate of substrate and formation rates of biomass and differera"y lower for GDH and PDOR. The effect on GDHt was
ent products during the oscillations were exactly the same &got significant. Quantitative information about the concen-

those reported by Menzel et al. (1996) and Zeng et altrations of intracellular metabolites and cofactors under
(1996). The specific activities of GDH, GDHt, and PDOR

during an oscillation cycle @ = 0.23 i are depicted in
Figure 6. Similar results were obtained for the oscillations at 80— —=on
D = 0.30 i, GDHgpeq GDHtype, and PDOR,.all un- 55| -® POOR

derwent periodic changes, which had the same frequencies. 1-a— GDHt . m
They followed the same oscillation patterns as,@Wolu- . 40_'
tion and growth rate (data not shown). A possible reason for ]
./
n

0.6

ro/in vivo

the simultaneous oscillations of these three enzymes may be£ 3.
that their genes belong to one and the same regulba, ]
(Forage and Lin, 1982; Tong et al., 1991), and thus subjectg 20+

in

to the same regulations. The magnitudes of the oscillationsﬁ* | /

of these enzymes corresponded to their concentration Ievel_;?:_I 1 ® L S | o % —o
under steady state: GDH displayed a minimum of 2.3 and a 3T A A A (
maximum of 4.6 U/mg protein; PDOR a minimum of 1.2 A A4 A

and a maximum of 4.3 U/mg protein; and GDHt a minimum 1 0 1 2 3 4 5 6 7 8 9
of 0.8 and a maximum of 2.0 U/mg protein. Itis noticed that Time (h)

the average values of GQFL, GDHtpe, and PDOR,,

du”ng, an oscillation CyCIe’ agree well Wlth thell’ corre- Figure 7. Ratios of in vitro to in vivo activities for enzymes GDH, GDHt,
sponding steady-state values at the same dilution rates aRfq PDOR during an oscillation cycle in the continuous culture of Figure
average glycerol concentrations, as shown in Figures 2, 4.
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conditions of steady state and oscillation is needed to un-

600

derstand these differences. Menzel et al. (1997c) found that %A e A

the intracellular concentrations z_;md the ratio of NAQimd 3 \D\ N S A 5 S

NAD™ changed during oscillations compared with their 3 10 \ / gl O

steady-state values. These changes may directly affect the |r§ /° transient phase /‘ S 1 f

vivo activities of at least two of the enzymes, namely GDH 5 state ! ‘\ (step change) { /szoo + !

and PDOR. @ s, A I |

A I TaAp 1o
. . } 0.0 %TE%DDDDDDDDDDDDDD o |g

Transient Behavior After a Step Change of ’ ! B £

Substrate Concentration % N o O 1100
=, s e

The transient behavior of continuous culture after a step a—d A\ o |, ¥ &

'8 e 7 O
change of glycerol concentration in the fedﬁ@@c) was i \ \ T .60 |
studied at a dilution rate dd = 0.30 ™. In one experi- ow A 120 Om o 0
ment, a steady state was first achlevedigﬁ,i = 30 g/L, Do A 1
which was then shifted to 60 g/L, and in another experiment N 10 = oo
from C¥ye = 10 to 60 g/L. Figures 8 and 9 show the time wa |y 1o
courses of substrate, biomass, and product concentrations as N R c 8
well as the specific rates of the main products during theg, 500 AA/ \</\.><6 112 o a2
transient phases of the twlcw) gultures, respectively. In the?Ea 200 b0, e | E
experiment with an initialCg; = 30 g/L (Fig. 8), the g oY oy 1 ]
concentrations of biomass, acetate, and 1,3-PD first in-g *7] =& s 6 Tl

& 200 L 2N 2
‘, e T 13 T Js
35 g 7400 r 1004 § / |
- OOty 4 . |3 ; U I
= 30l . A tEtbaD = 01— o® : : o I 40
% a A D\A\ / 300 - S 5 0 5 o " 15 20 25 " 30
g 25 ; b \ . €,, O Time (h)
£ 20] 5‘ ) a 200 &5 0®
% ' | ) o .>< O Figure 9. Time courses of (A) concentrations of biomass, substrate
Ji 1_5‘steady transient D\‘/]/ D:ﬂmq% 00 4 |4 (mmol/L), and CQ in the effluent gas; (B) concentrations (mmol/L) of
| state | phase e A\}g\ i products; and (C) specific formation rates (mmaelfg of products during
1.0 P ..7 - 2% o transition of a continuous culture after a step change of glycerol feed
0.5 3 Etb:tu::m:cn:‘] o 10 concentration from 10 to 60 g/L at a dilution rate of 0.3¢.HThe time
§ 4 100 £ point of substrate shifting was taken as time zero.
: T &)
P e Xo\ | 250 ' '
o ;./ a e & t ~ cCreased and then declined as the residual glycerol concen-
] ';-.><‘ \ \ B - [200 & tration accumulated in the culture. In contrast, Q®olu-
ya » * |[® & | tion rate and ethanol formation declined immediately after
A& n w . . .
§ S s © Liso \ the elevation of glycerol concentration. The Cé&volution
; '\_ i rate reached a minimum value close to zero after about 6 h,
7 i 4 o | 100 indicating an almost complete inhibition of the decarboxyl-
= | s c $ ation of pyruvate. The CQevolution gradually recovered
- /A o 115 T . ..
S 4l ; P Sl P and began to oscillate after about 8 h. Surprisingly, the
E | A | o specific formation rates of acetic acid and 1,3-PD kept in-
‘:g 50 - /07’ i ¢ o0 ,L creasing continuously during this time period, although ace-
& %qualfi,/o/o . z ‘ tic acid is a main product of the decarboxylation of pyruvate
l wl T ,/ s Uﬁ 16 and the formation of 1,3-PD is affected by the reducing
! o o—% g | equivalents released during the decarboxylation. The re-
v O i . . .
5 | P 0 7 Lo sponse of the second culture followed similar trends but in

Time (h)

10

a more prompt and profound manner. The JG&olution
rate reached a minimum value close to zero after only about
2 h and remained at this low level for about 20 h (six

Figure 8. Time courses of (A) concentrations of biomass, substrateyplume exchanges) before it recovered. The culture oscil-

(mmol/L), and CQ in the effluent gas; (B) concentrations (mmol/L) of
products; and (C) specific formation rates (mmgf*- h~
during transition of a continuous culture after a step change of glycero
feed concentration from 30 to 60 g/L at a dilution rate of 0.3 fihe time

point of substrate shifting was taken as time zero.
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1) of products

lated as well (not shown). This oscillatory behavior, after a

jarge perturbation of the substrate concentration from a low

to a high level, is typical for this fermentation process (Men-
zel et al., 1996). Figure 10 shows that the specific activities
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o
.

N

N

and 11 demonstrate that the transient responses of growth

0-=0mogg A «5" . . . .
~ 8 e - 14 é 112 and product formation, as depicted in Figures 8 and 9, are
g ) Bl 151 ';O i combined outcomes of regulations of enzyme synthesis on
3 ) ‘z 6 20; the gene level and enzyme activities on the metabolic level.
_— y Eé la | Consistent with the experimental results obtained under
e Jp ] conditions of both steady state and sustained oscillations
0y 5 3 1 i 3 R these results emphasize that both the genetic and metabolic
20— 5, 20 networks inK. pneumoniaeanaerobically grown on glyc-
R Blaf | erol are sensitive to changes of substrate concentration in
A 7 8 . .
= 9 He s ° 0 & culture. Thus, any attempt to describe mathematically the
8~ 10 st'e;yr\.\j(_ transient phase 1 ) 5] kinetic and dynamic phenomena reported in this work and
| state A { ™ T 2 4 8 r those in our previous work (Menzel et al., 1996; Zeng et al.,
i 051 TNy -& J*fi'”::i 18 {4 1996) should take into account regulation and interaction of
: J—— R — —&= . .
0.0 : : oAt G T g0 000" , ot Jo the genetic and metabolic networks. Unfortunately, our pre-
o0 s zf) R sent knowledge of these aspects is generally still very lim-

ited. For example, the time constants for the dynamic re-

Figure 10. Time courses of the specific activities (U/mg protein) of sponses of the genetic and metabolic networks are not
GDH, GDHt, and PDOR during the transition of.continuous cultures: (A) known but are desperately needed to describe quantitatively
after a. step change of glycerol feed concentration from 30 t0‘60 g/L (cf.the oscillatory and transient phenomena depicted in Figures
Fig. 8); and (B) aftgr a step change of glycerol feed concentration from 106 to 11. Glycerol metabolism bi. pneumoniagnay serve
g/L to 60 g/L (cf. Fig. 9). : : ! A
as a good example and a model system for improving our
guantitative understanding of regulation of metabolic path-
of GDH, GDHt, and PDOR also responded immediately toways and fluxes. The pathways of glycerol metabolism are
the change of substrate concentration. The decline of GDHow well understood so that the in vitro and in vivo activi-
and PDOR was more rapid than that of GDHt. As in the casdies of enzymes under different conditions can be measured
of cell growth and CQ evolution the specific activities of and compared with one another, as shown in this work. The
the enzymes changed more promptly and profoundly in thgenes for the dissimilation of glycerol and 1,3-propanediol
second culture with a larger perturbation. (dha regulon) in K. pneumoniag(Cameron et al., 1998;

Figure 11 shows the ratios of in vitro/in vivo activities of Tong et al., 1991) an€. freundii (Daniel and Gottschalk,
GDH, GDHt, and PDOR during the transition after a step1992; Daniel et al., 1995) have been cloned and sequenced.
change from 30 to 60 g/L. It is noticed that the ratios for all We have recently constructured synthetitaregulons that
the three enzymes first increased, indicating that the immeallow separate or combined overexpression of the enzymes
diate responses of the enzymes to an increased substrg&@Ht and PDOR (results not published). The genetic tools
concentration were not to increase their utilization as onehould be very useful for studying the regulations and in-
would expect from the aforementioned results for the steadyeractions of metabolic pathways and fluxes involved in
states. An increased utilization of the enzymes was onlglycerol fermentation. They are important building blocks
observed after about 1 hour. In the second experiment witfor a rational metabolic engineering of microorganisms and
a step change (Fig. 9) the ratios for the three enzymes deleserve further study. In the long term, this may lead to the
creased immediately after the increase of feed glycerol cordevelopment of more effective processes to convert glycerol
centration (data not shown). The results shown in Figures 10r sugars to the industrially valuable product, 1,3-

propanediol.
3.5 - 3.5 -35
o 1 CONCLUSION
3.0 ‘3'“\5‘; | 43.0 430
/Y x Glycerol concentration in culture is a key parameter that
.25 m —m | 4125 {258 . . . .
g o _ g inversely affects the in vitro activities (synthesis) of glyc-
g 204 2 ransient phase {20 % 420 {  erol dehydrogenase, glycerol dehydratase, and 1,3-propane-
O ol - 115 ‘i 115 I‘ diol oxidoreductase, but has a positive effect on their in vivo
-t Y o | 6 activities under steady-state conditions. In general, the flux
104 : 4 77 o 4107 hrough the oxidative path f glycerol dissimilation i
N . J " ugh the oxidative pathway of glycerol dissimilation is
054 ¢ ¢ * A A" {05 {5 governed mainly by the regulation of in vivo enzyme ac-
00 : I oo Jo tivity at the metabolic level, whereas flux through the re-
T2 0 2 a 6 8 10 ductive pathway is largely controlled by the synthesis of
Time (n) enzymes. Glycerol dehydratase is the major rate-limiting

Figure 11. Ratios of in vitro/in vivo activities of GDH, GDHt, and enzyme for the consumption of glycero' and thus for the

PDOR during the transition of a continuous culture after a step change oformation of 1,3-PD irk. pneumonia@t high glycerol con-
glycerol feed concentration from 30 to 60 g/L (cf. Fig. 8). centrations. Results obtained for cultures under oscillation
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and/or after a step change revealed that not only the in vivo measurement with the folin phenol reagent. J. Biol. Cha®9g

activities but also the in vitro activities (synthesis) of the t'265A_21795é1 reculation of osis as studied in conti

enzymes fluctuate under these dynamic conditions. The& o/ =99~ FEGUIATON OF ENZYME SYMNEsis as stucied in continuous
. . . . . culture, pp. 69-97. In: P. H. Calcott (ed.), Continuous culture of cells,

regulation and |nteract|0n_ of both the genetlc_and metabolic | 2. cRC Press, Boca Raton, FL.

networks should be considered when modeling the dynamwienzel, K., Zeng, A.-P., Biebl, H., Deckwer, W.-D. 1996. Kinetic, dy-

ics of the culture and attempting to manipulate the meta- namic and pathway studies of glycerol metabolisnkigpsiella pneu-

bolic fluxes. moniaein anaerobic continuous culture. Part I: The phenomena and
characterization of oscillation and hysteresis. Biotechnol. BioB&g.
549-560.
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