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Abstract In order to evaluate the pta(phosphotransa- 
cetylase) (-) mutant of Escherichia coli as a potential 
host of foreign lipase expression, the pta(-) mutant 
HB101 was constructed for the purpose of blocking the 
acetate synthetic pathway. Since acetate is known as a 
major inhibitory by-product of cell growth and foreign 
protein production, the growth characteristics and ex- 
pression kinetics of the microbial lipase of the pta(-) E. 
coli mutant were investigated. The growth rate was 
considerably decreased (about 30%) when grown on 
M9 minimal media containing glucose, mannose or 
glycerol. Growth retardation was not observed when a 
gluconeogenic carbon source (acetate, malate or succi- 
nate) was utilized. It should be noted that the growth 
rate of the mutant was enhanced (about 20% ) in mod- 
ified M9 media including a gluconeogenic carbon 
source and NZ-amine. Growth inhibition of the pta(-) 
mutant by menadione, a representative redox-cycling 
drug, was more pronounced than that of the parental 
type of E. coli. Furthermore, the inhibition effect was 
more pronounced in glucose minimal medium, whereas 
the menadione sensitivity was not observed when a glu- 
coneogenic carbon source was used as a sole carbon 
source or the lactate dehydrogenase gene from Lacto- 
bacillus casei was introduced in the pta(-) mutant. 
Therefore, it is suggested that the growth deficiency of 
the pta(-) mutant is closely related to the intracellular 
redox balance. When the pseudomonad lipase was ex- 
pressed in the pta(-) mutant, a comparable expression 
rate and yield to the parental type strain was observed. 
High-cell-density culture of the mutant was easy to 
achieve even under the fluctuating conditions of residu- 
al glucose concentration. 
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Introduction 

The production of acetate by aerobically growing Es- 
cherichia coli occurs when the critical growth rate is ex- 
cessive in the presence of a high glucose concentration. 
Because E. coli has a limited capacity for aerobic respi- 
ration, especially the electron transport chain or ATP- 
synthesizing machinery, carbon flux into the cells over- 
loads the central metabolic pathways above the critical 
growth rate and is excreted as acetate (Andersen et al. 
1980; E1-Mansi and Holms 1989). 

For many years, world-wide research has been exe- 
cuted to discover the physiological function of the 
acidic by-product in E. coli. Compared with other fer- 
mentative by-products such as lactate, formate and 
ethanol, three different properties of acetate can be 
noted. First, acetate production is concomitant with 
equimolar ATP synthesis. Therefore, a rapidly growing 
E. coli cell is able to utilize the pathway as a secondary 
energy-yielding source. Second, NADH oxidation does 
not occur by the acetate synthetic pathway. Because 
one of the most important functions of the fermentative 
pathway of E. coli is the regeneration of NAD +, the 
amount of acetate produced is seriously affected by the 
intracellular redox state [NAD+/NADH], especially 
under anaerobic conditions. Recently, the possibility of 
acetyl phosphate, an intermediate of the acetate path- 
way, as an important global signal was proposed 
(McCleary et al. 1993; Wanner and Wilmes-Riesenberg 
1992). In most of the phosphorylation-dependent regul- 
ation of cellular signal transduction including Pho, Ntr 
and the motility regulon, acetyl phosphate could be re- 
sponsible for the activation of many response regulator 
proteins because this small molecule could donate its 
phosphoryl group non-specifically. Therefore, the ace- 
tate pathway appears to be absolutely required for sur- 
vival and optimal growth in a nutritionally poor envi- 
ronment, for example the intestinal tract of animals or 
in soil. However, there has been no clear explanation as 
to the physiological significance of the existence of the 
acetate synthetic pathway in E. coli. 



101 

The accumulat ion of acetate in culture medium has 
been  suggested to have deleterious effects on cell 
growth and the expression of cloned genes by recombi-  
nant  E. coli (Landwall  and H o l m e  1977; Brown et al. 
1985; Pan et al. 1987; Rinas et al. 1989; Luli and Strohl 
1990). At  present,  the optimization strategy applied for 
the product ion of valuable materials  in recombinant  E. 
coli is focused on high-cell-density culture, that  is, re- 
combinant  cells should be cultured in as high a density 
as possible in a fe rmentor  in which the volume is re- 
stricted for secure process control, and the foreign gene 
should be efficiently expressed in such a state (Riesen- 
berg 1991). Because most  of the culture media  for high- 
cell-density culture of E. coli include a substantial 
amount  of glucose and acetate product ion is a major  
factor in the limitation of high-density growth of E. coli 
cells, many  biochemical  engineers have developed opti- 
mal  feeding strategies for fed-batch operat ion to pre- 
vent the accumulat ion of acetate for both  wild-type and 
recombinant  E. coli (Konstant inov et al. 1990; Riesen- 
berg et al. 1991). 

It is known that two enzymatic pathways for acetate 
synthesis under  aerobic conditions exist in E. coll. In  
the minor  one, acetate is derived directly and irreversi- 
bly f rom pyruvate  by pyruvate  oxidase. The major  one, 
which is reversible, is the phosphotransacetylase(pta)-  
acetate kinase(ackA)  pathway starting f rom acetyl- 
coenzyme A (CoA).  Therefore ,  it could be argued that 
an E. coli mutant  defective in either or both  ackA and 
pta could be utilized as a more  preferable  host for re- 
combinant  protein production. Recently,  it has been re- 
por ted  that  when human  interleukin-2 (IL-2) was ex- 
pressed in an acetate-negative mutant  of E. coli, im- 
proved accumulat ion of IL-2 resulted and growth defi- 
ciency was not observed (Bauer  et al. 1990). In con- 
trast, Diaz-Ricci et al. (1991) repor ted  that an E. coli 
mutant  without both  pta and ackA activities showed 
some problems of growth and glucose uptake  relative 
to the parental  strain. To our knowledge, there have 
been no reports  on the characterization of an acetate- 
negative mutant  as an expression host. We have con- 
structed an insertion mutant  of the phosphotransacety-  
lase gene of E. coli HB101 by blocking the acetate syn- 
thetic pathway. By using the mutant ,  we have tried to 
suggest the potent ial  of an acetate-negative mutant  of 
E. coli as an excellent host for recombinant  protein 
production. First of all, the growth characteristics of the 
mutant  was investigated under  various culture condi- 
tions. Then the expression profile was observed when 
the microbial  lipase was induced into the mutant.  Final- 
ly, the possibility of high-cell-density culture of the pta 
negative mutant  without any fine strategy of glucose 
feeding was examined. 

Materials and methods 

Microorganisms and plasmids 

The microorganisms used in this study were E. coli HB101 (F- 
hsd20(rB-mB-) leu sup E44 aral 4 galK2 lacY1 proA2 rpsL20(&r r) 

Table 1 The medium composition for high-cell-density culture of 
the pta(-) mutant PN101 (g/l) 

Component Initial concentration Feeding medium 

Glucose 10 600 
NH4C1 10 
KH2PO4 10 
NaH2PO4' 2 H20 10 
Na2HPO4" 2 HaO 5.0 
MgSO4 • 7 H20 1.0 25 
Trace elements" 2.0 ml 
Trisodinm citrate 5.0 
Proline 3.0 
Thiamine 5 mg 
Ampicillin 100 mg 

a Composition of trace elements (g/l): CaC12"2H20, 13.2; 
FeSO4-7H20, 8.4; MnSO4-4H20, 2.4; ZnSO4'7H20, 2.4; 
CuSO4"NH20, 0.48; COC12'6H20. 0.48; Na2MoO4"2H20, 0.24; 
K2B407 'x H20, 0.06 

xyl-5 mtl-1 recA13 mcrB) and its acetate-negative mutant PN101 
(HB101 pta: :TnphoA'-3(KmR)). The acetate-negative mutant 
PN101 lacked phosphotransacetylase (pta) [acetyl-CoA: ortho- 
phosphate acetyl transferase ; EC 2. 3. 1.8] activity and was con- 
structed by P1 transduction with selection for growth deficiency 
in LB (Luria Bertani)-kanamycin agar plates. P1 lysates used for 
construction of the mutant were obtained from Professor Park's 
laboratory at KAIST. Plasmid pTTY2 contained the tac-promot- 
er-controlled lipase gene (about 1.6 kb), which originated from 
Pseudomonas fluorescens SIK Wl(Chung et al. 1991b). Lipase ex- 
pression from pTTY2 was carried out by the addition of 0.5 mM 
isopropyl/3-D-thiogalactopyranoside (IPTG) to the medium. The 
L-lactate dehydrogenase (LDH) gene (about 1.6 kb) from Lacto- 
bacillus casei was consistently expressed in E. coli at the same lev- 
el as that of natural production in L. casei (about 12.6 units/rag 
protein), irrespective of the growing phase (Kim et al. 1991). 

Media 

The medium for the present study was M9ZB: 6.0g/1 of 
NazHPO4, 3.0 g/1 of KH2PO4, 0.5 g/1 of NaC1, 1.0 g/1 of NH4C1, 
0.1 mM CaC12, 2.0 mM MgSO4, 4 g/1 of glucose and 2 g/1 of NZ- 
amine (Scheffield). For the study of growth characteristics of the 
pta mutant, the medium was M9ZB, of which the sole carbon 
source was glucose, glycerol, mannose, acetate, malate or succi- 
hate. The medium composition for high-cell-density culture of the 
pta negative mutant is shown in Table 1. 

Culture conditions 

Most of cultivations were done in a 500-ml baffled flask or a 5-1 
fermentor (Korea Fermentor Co., Korea), which were operated 
at an aeration rate of 0.5-1.0 vvm and agitation speed of 500- 
1000 rpm. The working volume of the fermentor was 3.5 I. Tem- 
perature and pH were controlled at 37°C and 7.0, respectively. 
When necessary, ampicillin (50 Ix g/ml) or kanamycin (50 ix g/ml) 
was added to the culture broth as an antibiotic marker. Mena- 
dione, a representative redox cycling drug, was purchased from 
Sigma (St. Louis, Mo., USA). In high-cell-density culture of the 
pta negative mutant, feeding of the medium was manually con- 
trolled and induction was carried out at dry cell weights (DCW) 
of 40 and 75 g/1. 
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Measurement of cell growth 

Cell mass was determined by measuring the optical density (OD) 
at 600 nm (Bausch & Lomb Spectronic 21 and Beckman DU-6 
spectrophotometer). For exact measurement of maximum specific 
growth rate of cells, Bio-SCR (Lab System, Sweden), an automat- 
ed OD measuring instrument, was used in the experiments of 
growth effects of menadione. The loading volume was 0.3 ml and 
the interval of OD measurement was 20 min. 

Analyses of glucose, acetate, lactate, pyruvate and CO2 

Concentrations of residual glucose and L-lactate were determined 
by using a Glucose and L-Lactate Analyzer (YSI Model 2000, 
YSI, Yellow Springs, Ohio, USA). Concentrations of acetate, D- 
lactate and pyruvate were determined using an enzymatic test kit 
from Boehringer-Mannheim (Germany). The CO2 evolution rate 
was measured by a TOA Oz-CO2 analyser (FOCA-1, TOA Elec- 
tronics, Japan). 
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Isolation of plasmid pTTY2 

For rapid isolation of the plasmids from bacterial culture, the al- 
kaline lysis method described by Birnboim and Doly was em- 
ployed (Maniatis et al. 1982). 

Fig. 1 Time course of cell growth and acetate production of the 
parental type (©), the phosphotransacetylase-negative mutant 
[pta(-)] (0) and the acetate kinase negative mutant [ackA(-)] V 
of Escherichia coli HB101 (baffled flask experiment) 

Transformation of E. coli by plasmid pTTY2 

Competent cells of E. coli HB101 and PN101 for transformation 
were prepared using the method described by Hanahan (1985). 
Transformation by plasmid DNA was carried out as follows: a 
DNA sample was added to 100/~ 1 of E. coli competent cells and 
mixed gently. After standing in ice for 30 min, a heat shock was 
applied to the cell suspension at 42°C for 90 s and the mixture 
was diluted into an appropriate volume of SOC medium and in- 
cubated at 37 ° C for i h with shaking. In order to isolate the trans- 
formants exhibiting lipase activity, the incubated suspension was 
spread on a turbid agar plate containing 100 Ix g/ml of ampicillin 
and tributyrin (0.5%). After incubation overnight at 37 ° C, colo- 
nies that showed clear areas were selected. 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE) of lipase and analysis of the expression level of 
the cloned lipase gene in E. coli 

Discontinuous 8DS-PAGE employed 2-ram-thick slab gels that 
contained 9% (w/v) polyacrylamide for lipase expression 
(Laemmli 1970). For analysis of total protein at different times 
after induction, 1 ml culture broth was centrifuged for i min in an 
Eppendorf microcentrifuge and bacterial cells were resuspended 
in 100 tx I Laemmli sample buffer (2X). The samples were boiled 
for 5 rain and then 30 tx 1 of each sample was loaded for SDS- 
PAGE analysis. The electrophoresis was run at a constant current 
of 20 mA. Gel was stained in the mixed solution of methanol, ace- 
tic acid and water (400:70:530, v/v/v) with 0.25% Coomassie bril- 
liant blue G-50 and was destained by soaking in the same solution 
without Coomassie brilliant blue G-50. After destaining, the gel 
was dried inside a gel drying film and then was scanned by a laser 
densitometer (LKB, USA). 

the mos t  stable as a host  strain for  the overexpress ion  
of  foreign lipase by IPTG.  Therefore ,  we cons t ruc ted  
the pta(-) and ackA(-) mutants  of  strain HB101,  com- 
pared  the growth  and acetate  p roduc t ion  be tween  both  
mutan ts  using a baff led flask and conf i rmed that  the 
pta(-) mutan t  was more  effective than  the ackA(-) mu- 
tant  of  HB101 for  blocking the acetate  pa thway  
(Fig. 1). Moreover ,  it was previously  r epor ted  that  ace- 
tyl phosphate ,  an in termedia te  that  accumula ted  in the 
ackA(-) mutant ,  was spontaneous ly  hydro lysed  to ace- 
tate under  the physiological  condi t ions  used even in the 
absence of  acetate  kinase (Brown  et al. 1977). There-  
fore,  we finally adop ted  the pta(-) mutan t  of  HB101 as 
a non-ace ta te -p roduc ing  microorganism.  

Cell growth,  aceta te  product ion ,  the specific glucose 
up take  rate  (Qs) and the specific CO2 evolut ion rate  
(Qco2)  by E. coli HB101 and its pta(-) mutan t  PN101 
are shown in Fig. 2. G r o w t h  deficiency of  strain PN101 
was observed  in M 9 Z B  glucose m e d i u m  supp lemen ted  
with 0.1% proline.  W h e n  4 g/1 of  glucose was used ini- 
tially, the acetate  was p roduced  at an a lmost  constant  
level of  0.14 g/1 for  strain PN101, whereas ,  for  the par-  
ental  strain HB101,  the acetate  p roduced  was a maxi-  
mal  0.33 g/1 after the exponent ia l  phase  and then  de- 
creased in the s ta t ionary phase  due to up take  by the 
cells. It was observed  that  the Qs and the Qco2  of  strain 
PN101 were  lower  than  those of  strain HB101 during 
the exponent ia l  phase  (Fig. 2B, C). 

Results 

Batch  cult ivation 

A m o n g  the  several E. coli mutants  tested for  expres- 
sion of  the lipase gene, strain H B I 0 1  was found  to be 

G r o w t h  characterist ics of  the pta(-) mutan t  

In  o rder  to investigate the effects of  ca rbon  source on 
the g rowth  of  the pta(-) mutant ,  E. coil strains HB101 
and PN101 were  cult ivated and the maximal  specific 
g rowth  rates in different  M g Z B  media  containing glu- 
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Fig. 2 Time course of cell growth (OD optical density), acetate 
production (A),  specific glucose uptake rate (Q~) (B) and specif- 
ic CO2 evolution rate (Qco~) (C) of E. coli HB101 (m) and its 
pta(-) mutant PN101 A (fermentor experiment) 

Table 2 Effect of carbon sources on the specific growth rates of 
Escherichia coli HB101 and its pta(-) mutant PN101 harbouring 
pTTY2 containing the lipase gene 

Carbon 
source 

Maximum specific growth rate (h -1) 

HB101/pTTY2 HB101/pta-/pTTY2 

Glucose 0.90 0.64 
Mannose 0,98 0.69 
Glycerol 0.82 0.57 
Acetate 0.40 0,52 
Succinate 0.38 0.45 
Malate 0.46 0.64 

cose, mannose, glycerol, acetate, succinate and malate, 
respectively, were measured. It has been previously re- 
ported that little or no acetate was produced when 
mannose, glycerol or gluconeogenic substrates such as 
acetate and tricarboxylic acid (TCA) cycle interme- 
diates were used as a carbon source (Andersen and 
Meyenberg 1980). As shown in Table 2, the growth rate 
of strain PN101 was considerably decreased to the level 
of about 30% when glucose, mannose or glycerol was 
used. The growth deficiency of mutant  strain PN101 
was not observed, however, when gluconeogenic car- 
bon sources were used. On the contrary, the growth 
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Fig. 3 Effect of menadione on the maximum specific growth 
rates of E. coli HB101 (A) and its pta(-) mutant PN101 (©) when 
glucose (A) or mannose (B) was used as a carbon source. Lac- 
tate dehydrogenase from Lactobacillus casei was introduced into 
strain PN101 in glucose minimal medium ([~) 

rate of the mutant  was enhanced to the level of about 
20% as compared with the parental strain HB101. 

Menadione sensitivity of the pta(-)  mutant 

Menadione is an artificial redox-cycling drug that is re- 
peatedly reduced and oxidized at the expense of cellu- 
lar N A D ( P ) H  and molecular 02 (Greenberg and Dem- 
ple 1989). Therefore,  when this drug was added to cul- 
ture media at sublethal doses, the cellular redox state 
[NAD(P)+ /NAD(P)H]  and energy consumption rate 
could be easily diminished. It was observed that the 
specific growth rate of E. coli was inversely proport ion- 
al to the concentration of menadione (Figs. 3, 4). 

Figure 3 shows the menadione sensitivities of paren- 
tal HB101 and its mutant PN101 when glucose 
(Fig. 3A) and mannose (Fig. 3B) were utilized as car- 
bon sources, respectively. Whereas the growth of par- 
ental HB101 was completely inhibited by menadione 
above 1.0 mM in glucose medium and 0.3 mM in man- 
nose medium, respectively, the pta(-)  mutant strain did 
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Fig. 4 Effect of menadione on the maximum specificgrowth rates 
of E. coli HB101(A) and its pta(-) mutant PN101 (O) when succi- 
nate(A) or malate (B) was used as a carbon source 

not grow above 0.1 mM menadione in both media. The 
inhibition of growth of the mutant strain by menadione 
was not observed with gluconeogenic carbon sources 
(Fig. 4). It was noticeable that when the L D H  gene 
from L. casei was expressed in the pta(-) mutant strain, 
the growth deficiency of the pta(-) mutant strain PN101 
was recovered and the growth inhibition of the strain 
by menadione was not observed (Fig. 3A). In expres- 
sion of the L D H  gene, L-lactate was not secreted into 
the culture broth even though the enzyme activity 
could be detected in E. coli. 
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Fig. 5 Time course of cell growth and expression profile of lipase 
in E. coli HB101 (A, O) and its pta mutant PN101 (A, O). Time 
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pyranoside. Glucose at 4 g/1 was used as a carbon source. The ex- 
pression level of lipase is the ratio of the amount of foreign lipase 
to the amount of total cell protein free of the lipase (TCP) 

1991a). Lipase synthesis lasted for about 4 h and then 
decreased. The sudden drop in the expression level at a 
later phase could be explained by the outgrowing of 
non-induced cells (data not shown). It was noticeable 
that the expression rate and yield of pta(-) mutant 
strain PN101 were comparable with those of the paren- 
tal strain HB101. 

In order to examine the fact that menadione also af- 
fects lipase gene expression of the pta(-) mutant PN101 
in addition to the cell growth rate, the lipase induction 
was executed with menadione. Figure 6 shows the ex- 
pression profile of the lipase in strains HB101 and 
PN101 when the cultivation included 0.05 mM mena- 
dione. In this case, the final yields and the duration of 
lipase synthesis were decreased by menadione. It was 
observed that, compared with the parental strain 
HB101, the expression rate of lipase in pta(-) strain 
PN101 was considerably reduced by menadione. 
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Expression of lipase gene in the pta(-) mutant 

In order to identify the potentials of the pta(-) mutant 
of E. coli HB101 as an expression host of foreign gene, 
the lipase gene from P. fluorescens was induced into 
pta(-) strain PN101 (Fig. 5). The  expression level was 
represented by the ratio of the amount of foreign lipase 
to the amount  of total cell protein free of the lipase 
(TCP). As soon as 0.5 mM IPTG was added to the cul- 
ture media, the lipase was synthesized and accumulated 
inside the cell as an inclusion body (Chung et al. 

High-cell-density culture of pta(-) mutant 

For  examination of the availability of the pta(-) mutant 
as a production host, a high-cell-density culture of this 
mutant was performed without any fine control of glu- 
cose feeding (Fig. 7). Concentrated glucose solution 
was supplied manually according to the concentration 
of the residual glucose. Although the residual glucose 
level fluctuated considerably within the range 0-5 g/1 to 
cause acetate-producing conditions, about 75 g/1 of dry 
cell weight (DCW) was easily achieved and acetate was 



105 

0 , 8  I I I I I I I l 102 

0 

o 

5 

0 . 4  

~ 0  " 
o 

10 -~ 
0 1 2 3 4 5 6 7 8 9 

Time offer Induction (h) 

Fig. 6 Time course of cell growth and the expression profile of 
lipase in E. coli HB101 (A, O) and its pta(-) mutant PN101 
(A, • )  when 0.05 mM menadione was added to the culture me- 
dium. Glucose at 4 g/1 was used as a carbon source 

1.6 
b 

~ " ~  1.2 ~ v  

~ 2 0 . B  
s 8  

" 0 . 4  

0 
8o 

6o 
v 

"~ 40 

o 

20 
I Z l  

0 
0 

I I I I 1 I 

l I t 1 I I 

4 

6 

4 

2 

0 
8 12 16 20 24 28 

Time (h) 

0 . 2  

0.1 ~ I 3  

L 

(1- 

0 
10 

F. 

o 

Fig. 7 The profile of a high-cell-density culture of the pta(-) mu- 
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produced at only about 1 g/1. It was observed that the 
acetate concentration decreased in the region of glu- 
cose-limited growth (above 30 g/1 of DCW). D-Lactate 
and pyruvate were not produced, as shown in Fig. 7. 

In order to examine the optimum cell density for li- 
pase expression, IPTG induction was carried out in a 
high-cell-density culture of the pta(-) mutant. When 
the DCW of the culture reached 40 and 75 g/l, respec- 

tively, 100 ml of each culture broth was aseptically 
drawn out from the fermentor and placed in the small 
baffled bioreactor, equipped with simple agitation and 
aeration devices, with 2 or 4 mM IPTG. After cultiva- 
tion of induced cells for 4 h, we identified an expression 
level of the lipase gene of about 10-15% by SDS- 
PAGE (data not shown). Although the maximum in- 
duction of the lipase (about 40%) was not achieved, 
probably due to the increasing viscosity of the culture 
broth or the physiological changes of cells by carbon 
starvation stress, a considerable expression was ob- 
served. 

Discussion 

An insertion mutation of the pta gene caused a growth 
deficiency of E. coli HB101 in the presence of glucose, 
mannose or glycerol as sole carbon sources in M9ZB 
media under aerobic conditions. Because acetate secre- 
tion is known to be closely related to the growth rate 
and glucose uptake rate of E. coli (Andersen and 
Meyenburg 1980; E1-Mansi and Holms 1989; Diaz-Ricci 
and Bailey 1991), we compared the glucose uptake rate 
between parental HB101 and the pta(-) mutant PN101. 
It was observed that the Q~ of strain PN101 was de- 
creased by blocking acetate synthetic pathway. More- 
over, the Qco2 of the mutant was somewhat lower than 
that of the parental strain during the exponential phase. 
These results confirmed that an overall decline in glu- 
cose metabolic rate occurred by blocking acetate meta- 
bolism. 

Under aerobic conditions, wild-type E. coli excretes 
several fermentative by-product, such as acetate, etha- 
nol and lactate, and the secreted portions of those by- 
products were determined depending on the carbon 
source, culture conditions and intracellular redox state. 
It has been also reported that carbon efflux due to the 
blocking of acetate synthesis could not be redirected to- 
ward other by-products such as ethanol or formate 
(Diaz-Ricci and Bailey 1991; Dedhia et al. 1992). They 
argued that the decreases in growth rate and glucose 
uptake rate were basically due to the accumulation of 
acetyl-CoA and NADH, which inhibited the metabolic 
rate of glycolysis and consequently the synthetic rate of 
phosphoenolpyruvate-phosphate. However, our recent 
findings showed that the blocked biosynthesis of ace- 
tate redirected the carbon flux of central metabolism to 
make D-lactate under anaerobic conditions (Pan et al., 
unpublished). It was also observed that the growth defi- 
ciency of the pta(-) mutant occurred even in glycerol 
[non-phosphotransferase system (PTS) sugar, no ace- 
tate accumulation] medium as well as in glucose or 
mannose (PTS sugars) medium (Table 2). 

As previously mentioned, the acetate pathway has 
its own peculiarity with respect to the generation of 
ATP and the absence of NADH oxidation (Majewski 
and Domach 1990; Hart et al. 1992). In order to investi- 
gate the portion of the acetate pathway contributing as 
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a metabolic energy supplier, the metabolic energy 
(ATP and N A D H )  that could be obtained from glucose 
was calculated and compared between the two strains 
by balancing the carbon precursor metabolites, acetate 
produced and N A D P H  required for 1 g dry cells of E. 
coli HB101 and its pta(-)  mutant (Holms 1986; Neid- 
hardt et al. 1990). Conclusively, it was identified that 
the blocking of the acetate pathway in E. coli HB101 
could cause only about 9% energy deficiency (data not 
shown). Therefore,  a 30% decrease in the growth rate 
of the pta(-)  mutant could not be explained by the en- 
ergy loss due only to the blocking of acetate secretion. 

In order to investigate the importance of the cellular 
redox state [NAD(P)+ /NAD(P)H]  on the physiology 
of the pta(-)  mutant, menadione,  a redox-cycling drug, 
was used as a metabolic inhibitor (Figs. 3, 4). Whereas 
growth inhibition by menadione was intensive in glu- 
cose or mannose M9ZB media, the inhibition was not 
observed when gluconeogenic carbon sources such as 
succinate and malate were used as a sole carbon source. 
It was suggested that the growth deficiency related to 
the acetate synthesis was closely related to the cellular 
redox balance. Therefore,  the growth deficiency and 
menadione sensitivity were not necessarily detected 
when the gluconeogenic TCA intermediates, which do 
not need to utilize the acetate pathway, were utilized as 
a carbon source. This suggestion was confirmed by the 
fact that when the metabolic stress due to the blocking 
of the acetate pathway was relaxed by expression of the 
L. casei L D H  gene; that is, the growth deficiency and 
menadione sensitivity were recovered although L-lac- 
tate was not excreted into the culture media (Fig. 3A). 
We are also convinced of this suggestion from the fact 
that the growth deficiency of the mutant in glucose me- 
dia was more pronounced under anaerobic conditions 
than under aerobic conditions (unpublished). 

Based on recent findings revealing that acetyl phos- 
phate extensively affected the overall regulation of in- 
tracellular signal transduction as a phosphate-donating 
agent (McCleary et al. 1993; Wanner  and Wilmes-Rie- 
senberg 1992) and that the PTS of E. coli was seriously 
affected by acetyl phosphate or intracellular level of 
[NAD +/NADH] (Dannelly and Roseman 1992; 
McCleary et al. 1993), the deleterious effect of acetate 
blocking on cell metabolism would be magnified by a 
far-reaching influence of acetyl phosphate. 

It is widely accepted that a large amount  of meta- 
bolic energy (ATP) as well as carbon precursors and 
reducing power (NADPH)  are required for protein 
synthesis. Because menadione functions as an acceler- 
ating agent of energy consumption, it was assumed that 
the instantaneous deprivation of metabolic energy 
could result in a decline of expression yield in both par- 
ental and pta(-)  strains (Figs. 5, 6). 

However,  as shown in Fig. 6, the expression yield of 
the lipase gene of the pta(- )  mutant  PN101 was more 
reduced than that of parental strain HB101 when men- 
adione was added. Although the reason could not be 
explained exactly, it was suggested that menadione 

could seriously change the expression pattern of lipase, 
especially in the pta(-)  mutant because the mutant pre- 
viously showed more sensitive growth characteristics by 
using menadione (Figs. 3, 4). 

Through the high-cell-density culture o fp ta ( - )  strain 
PN101 without any fine control of glucose feeding, we 
suggested that the pta(-)  mutant could be utilized as a 
convenient and general host for foreign protein produc- 
tion in spite of the small deficiency of growth in glucose 
minimal media. The small decrease in growth rate 
would not be a serious problem in a high-cell-density 
culture of pta(-)  E. coli because the usual practice of 
high-cell-density culture requires limited feeding of the 
substrate for restricted growth of E. coli (Falk et al. 
1989; Riesenberg et al. 1991). 
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