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ABSTRACT 
 
Bioprocess scale-down simulators are used to investi- 
gate the phenomena occurring in industrial scale cul- 
tivations. The aim is to simulate the large-scale con- 
ditions, characterized by long mixing times intro- 
ducing local gradients into the bioreactor, in labora- 
tory scale bioreactor. We have expanded the current 
physiological knowledge about the consequences of 
such cultivation conditions from well-known mixed- 
acid fermentation to amino acid metabolism. Several 
interesting deviations were observed for amino acids 
derived from pyruvate when a STR-PFR scale-down 
simulator and a regular STR fed-batch cultivation 
were compared. In this article we show that the cul- 
tivation of Escherichia coli K-12 substrain W3110 in a 
scale-down two-compartment bioreactor has conse- 
quences on the free amino acid pools. Repeated occu- 
rrence of high glucose zones affects the biosynthesis 
of amino acids derived from pyruvate. This is inte- 
resting since the pyruvate based amino acids are pre- 
cursors of the branched chain amino acid pathway, 
which is further disturbed by an unbalanced regu- 
lation caused by a frameshift mutation in the ilvG 
gene of E. coli K-12 strains. As a consequence the for- 
mation of non-typical amino acid norvaline was de- 
tected in the two compartment bioreactor cultivation. 
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1. INTRODUCTION 

Industrial scale aerobic bioprocesses are characterized by 
lower mixing efficiency and consequently prolonged mix- 
ing times compared to laboratory scale bioprocesses. In 
large scale reactors more than 10,000 fold concentration 
difference between the feed solution and the bioreactor 

broth causes gradients in the reactor [1,2]. Under otherwise 
glucose limited conditions for E. coli the most prominent 
response to a glucose zone with a concentration far above 
the KS value is the immediate increase of the glucose 
uptake rate [3-7] and the accumulation of glycolytic over- 
flow products, such as acetate. Also, if the cell density is 
high enough to cause oxygen limitation in such a zone, 
typical products of the anaerobic metabolism appear, such 
as lactate, formate, succinate, dihydrogen and additional 
carbon dioxide [4,6-8]. Despite the belief that there are 
major effects by the scale, only a few confirmed global 
differences between laboratory and large-scale cultivations 
have been reported.  

The major difference in cultivating E. coli in large scale 
compared to small-scale well-mixed bioreactors is a re- 
duced biomass yield [7,9]. Studies in chemostats [4,10,11] 
and fed-batch cultivations [5] have indicated that the fast 
response to high glucose concentration is a high glycolytic 
flux and this results in an immediate increase of pyruvate 
[4]. So far this only has been discussed in relation to 
consequences in the synthesis of organic acids. However, 
due to the central role of pyruvate one also may assume a 
channeling towards the amino acid synthesis pathways 
which are closely connected to the glycolysis, such as the 
synthesis of alanine and the branched chain amino acid 
pathway. 

Earlier we have shown that many pyruvate based amino 
acids including alanine, valine and non-canonical amino 
acid norvaline accumulate in connection to rapid single 
shift from aerobic conditions to oxygen limitation [12]. An- 
other earlier paper studied the accumulation of mixed-acid 
fermentation products in a scale-down simulator [13]. 
These earlier studies are brought together by this paper in- 
vestigating whether the oscillatory/repeated high glucose 
zones have an effect on the profiles of the pyruvate-based 
amino acids. This is studied in a well established scale- 
down bioreactor system, a combined STR-PFR system 
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containing a plug flow reactor with an integrated static 
mixer which allows the resolution of fast responses in the 
high glucose zone [6,7,14,15]. 

2. MATERIALS AND METHODS 

Crude cell samples for free amino acid analysis, con- 
taining both intra- and extracellular fractions, were co- 
llected from the reference and scale-down cultivations 
from the STR compartment and frozen immediately in 
liquid nitrogen and stored at –20˚C until further steps. 
Intracellular samples from the scale-down cultivation 
were collected from the STR compartment and the four 
sampling ports of PFR compartment into precooled 
(20˚C) syringes containing 500 µL of 60% methanol 
solution to inactivate the samples. Cells were separated 
by centrifugation at –9˚C and 14,000 rpm for 3 min. 
Supernatant, containing the extracellular fraction was 
discarded and the pellets were stored at –20˚C until 
further preparation. The procedures for cell disruption by 
sonication, sample preparation and free amino acid 
analysis has been explained in detail in earlier study [12]. 
The residence times at four sampling ports of the PFR 
compartment were 15, 30, 45 and 60 s. The formation 
rates presented in Table 1, were calculated from the 
equation of a linear fit for PFR measurements. Samples 
were taken at three time points; 0.5, 2.0 and 5.0 h after 
the glucose feed start.  

Glucose was the growth-limiting factor in the STR 
compartment during the fed-batch phase and corre- 
spondingly the culture showed a quasi linear increase of 
the cell density (data not shown). In the scale-down 
simulator the glucose concentration at the first sampling 
port of the PFR compartment varied between 1.0 and 1.5 
g·L–1.  

3. RESULTS AND DISCUSSION 

As pyruvate is a key metabolite for the response to 
oxygen limitation and glucose excess occurring in scale- 
down cultivation and also an important precursor for 
many amino acids, we wanted to study the effect of 
scale-down simulator conditions for the accumulation of 
alanine and the branched-chain amino acids isoleucine,  
 
Table 1. Specific intracellular production rates for a set of 
amino acids. 

 Specific production rates (µmol·g–1·min–1) 

Sampling time [h] +0.5 +2.0 +5.0 

Valine 8.0 6.2 2.9 

Alanine 11.7 10.4 9.4 

Isoleucine 2.0 0.9 0.3 

Leucine 2.8 1.5 2.2 

Norvaline 0.04 0.06 0.08 

valine and leucine. Also the non proteinogenic branched 
chain amino acid analogue norvaline was quantified from 
the crude cell extracts. The Figure 1 shows the free 
amino acid concentrations quantified from the reference 
cultivation compared with those of the scale-down bio- 
reactor. Valine, alanine and norvaline accumulate in the 
scale-down simulator in comparison to the reference 
cultivation. The accumulation profile of valine was simi- 
lar under both cultivation conditions, but the valine con- 
centration was significantly higher in the two-compart- 
ment system. The concentration of alanine was con- 
stantly increasing in the scale-down simulator whereas a 
clear decline was observed for the reference cultivation. 
Norvaline accumulation started immediately after the 
PFR circulation. This is probably due to the oxygen 
limitation in the PFR compartment which has been 
earlier shown to trigger norvaline formation [12]. Leu- 
cine and isoleucine concentrations were not affected by 
the scale-down cultivation conditions. Isoleucine was 
accumulating during the batch phase and decreasing 
during glucose limited fed-batch phase. Leucine concen- 
tration was relatively stable in comparison to other 
amino acids. 

To further study the dynamics of amino acid metabo- 
lism the intracellular levels (Figure 2) were determined 
and specific production rates (Table 1) were calculated. 
All studied amino acids accumulated in the PFR com- 
 

 

Figure 1. The accumulation profiles of a set of free amino 
acids in crude extracts (cells and medium) of E. coli W3110 
from the cultivation in the two-compartment reactor (square) 
and respective reference cultivation in the STR (sphere). 
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Figure 2. A set of intracellular free amino acid concen- 
trations in scale-down cultivation samples from the culti- 
vation of E. coli W3110 in the two-compartment reactor. 
The samples were taken 0.5 h (sphere and solid line), 2 h 
(triangle and dashed line) and 5 h (square and dotted line) 
after the PFR recirculation was initiated at cell density of 
19 g·L–1 (CDW). The peristaltic pump was set to flow rate 
1 L·min–1, and this rate was used to approximate the resi- 
dence times in the PFR compartment shown on X-axis. 

 
partment, i.e. their synthesis was stimulated by the glu- 
cose pulse. Highest production rates were measured for 
alanine and valine 0.5 h after the glucose feed start. 
Leucine and isoleucine production was observed on 
intracellular level even if the accumulation on crude cell 
extract level was not detected. In later sampling points 
with higher cell density, the specific production rates for 
alanine, valine, isoleucine and leucine decreased. Nor- 
valine was produced but in relatively low quantities. 
However, the production rate of norvaline increased with 
increasing cell density and the highest production rate 
0.08 µmol·g–1·min–1 was measured at the latest time point. 
In Table 2 the ratios of amino acid concentrations 
intracellular and crude cell fraction are presented. 

The conditions in the two-compartment scale-down 
reactor caused interesting deviations in the concentration 
profiles of amino acids deriving from pyruvate. The dra- 
stically accumulating valine is interesting because of the 
valine toxicity in K-12 strains of E. coli [16]. Valine 
accumulates rapidly up to a concentration clearly over 1 
mM. The accumulation of valine could lead to growth 
inhibition and it also partly explains the rapid decrease 

Table 2. Ratio of the free amino acid concentrations intrace- 
llular fraction related to the crude cell fraction (combined intra- 
and extracellular fraction). 

 
Concentration ratio of intracellular and crude 

cell fractions (%) 

Sampling time [h] +0.5 +2.0 +5.0 

Valine 9.9% 13.8% 16.1% 

Alanine 47.4% 78.4% 51.1% 

Isoleucine 3.6% 14.1% 14.8% 

Leucine 12.0% 48.9% 26.8% 

Norvaline 0.2% 4.0% 2.1% 

 
of isoleucine since the valine toxicity prevents the 
isoleucine biosynthesis. 

Furthermore, in the scale-down cultivation the non- 
proteinogenic amino acid analogue norvaline was pro- 
duced. Norvaline formation occurs simultaneously with 
valine accumulation and declined isoleucine biosynthesis 
and specific production rate was highest with the highest 
cell density. As the norvaline formation is connected to 
the scale-down cultivations, one could hypothesize that it 
may be synthesized in large-scale industrial cultivations 
if zones with high glucose concentration occur, which 
are simulated in our scale-down bioreactor. This would 
be interesting to study, as norvaline is known to be in- 
corporated into certain recombinant proteins if it accu- 
mulates in the cell [17]. Another interesting finding was 
the rapid increase of intracellular leucine and isoleucine 
concentrations in the PFR compartment in contradiction 
to crude cell results is STR samples, which showed no 
increase. This could be explained by further re-assimi- 
lation as is the case for common anerobic metabolites 
such as acetate and lactate. 

Amino acids deriving from pyruvate showed interest- 
ing accumulation profiles when E. coli W3110 cells were 
cultivated in a scale-down simulator consisting of a well- 
stirred STR compartment and a PFR compartment, cha- 
racterized by a high glucose concentration and oxygen 
limitation. Valine, alanine and the non-proteinogenic 
amino acid norvaline were produced in PFR compart- 
ment and accumulated in the STR compartment. Espe- 
cially the accumulation of norvaline should be consi- 
dered in large-scale recombinant protein processes. Leu- 
cine and isoleucine were produced in the PFR compart- 
ment based on intracellular measurements but did not 
accumulate in the STR compartment. This might indicate 
that leucine and isoleucine are further re-assimilated as is 
the case with the common anaerobic markers acetate and 
lactate, which are produced under oxygen limitation but 
rapidly consumed in the aerobic environment of the STR. 
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