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Abstract 
 
The objective of this work is to better understand the metabolism and physiology of 
Escherichia coli (W3110) in defined medium cultures with the long-term goal of improving 
cell yield and recombinant protein productivity. 

 
The order of amino acid utilization in E. coli batch cultures was investigated in a medium 
with 16 amino acids and glucose. Ser, Pro, Asp, Gly, Thr, Glu and Ala were rapidly 
consumed and depleted at the end of the exponential phase, while His, Arg, Val, Met, Ile, 
Leu, Phe, Lys and Tyr were consumed slowly during the following linear growth phase. The 
uptake order correlated to the maximum specific consumption rate. Of the rapidly consumed 
amino acids only glyine and threonine improved growth when added individually. Serine 
was the first amino acid to be consumed, but inhibited glucose uptake initially, which 
presumably is related to the function of PTS. Valine inhibited cell growth could be released 
by isoleucine. The critical medium concentration of valine toxicity was 1.5 – 3 µmol L-1. 
Valine uptake was associated with exchange of isoleucine out of the cells. 

 
Glycine significantly increased the cell yield, Yx/s, and growth rate of E. coli in batch cultures 
in a glucose-mineral medium. Maximum effect occurred at pH 6.8, at 6 – 12 mmol L-1 
glycine, and below 1.15 g dw L-1. 13C NMR technique was employed to identify [1-13C],  [2-
13C] and [1,2-13C] acetate in the cultures supplied with [2-13C] glycine. The NMR data 
revealed that little degradation of added glycine occurred, and that serine/glycine 
biosynthesis was repressed below 1.15 g dw L-1, implicating that glycine was a source of 
glycine, serine, one-carbon units, and threonine. Above 1.15 g dw L-1, 53% of the consumed 
glycine carbon was excreted as acetate. Degradation of glycine was associated with an 
increased uptake rate, cleavage by GCV, and degradation of both glycine- and glucose-
derived serine to pyruvate. This switch in metabolism appears to be regulated by quorum 
sensing. 

 
A cell density-dependent metabolic switch occurred also in the central metabolism. A 2 – 3 
fold decrease in most glycolytic and TCA cycle metabolites, but an increase in acetyl-CoA, 
occurred after the switch. The acetate production rate decreased throughout the culture with 
a temporary increase at the switch point, but the intracellular acetate pool remained relatively 
constant. 

 
Two mixtures of amino acids were fed together with glucose in fed-batch cultures of E. coli 
W3110 pRIT44T2, expressing the recombinant protein ZZT2. One mixture contained 20 
amino acids and the other 5 so-called ‘protein amino acids’: Ala, Arg, Met, His and Phe. 
Although the amino aids increased the cell yield and decreased the proteolysis rate in both 
cases, ZZT2 production was decreased. A decrease of ZZT2 synthesis rate is considered to 
be the reason. Further studies of the 5 amino acids indicated that a few amino acids disturb 
metabolism. 

 
Carbon mass balances were calculated in glucose limited fed-batch cultures of E. coli. In the 
end, the carbon recovery was ~90% based on biomass, CO2 and acetate, but ~100% if the all 
carbon in the medium was included. Outer membrane (OM) constituents, 
lipopolysaccharide, phospholipids, and carbohydrates contributed to 63% of the extracellular 
carbon. Little cell lysis occurred and the unidentified (~30%) carbon was assumed to 
constitute complex carbohydrates. A novel cultivation technique Temperature-Limited Fed-
Batch (TLFB) is developed to prevent OM shedding in high-cell density cultures. 
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A. Introduction 
 
For thousands of years man has used microorganisms in the fermentation 
of rice to soy sauce, fruits to wine, grains to beer, flour to bread, milk to 
yoghurt and cheese, essentially without any knowledge of the biology 
involved in the process (Enfors and Häggström, 1998). Only at the time 
of Louis Pasteur who found that yeast cells were responsible for the 
alcoholic fermentation in wine around the mid 19th century, man started to 
realize the important role of living microorganisms and their enzymes in 
those processes and the science of microbiology emerged (Dubos, 1960). 
The first microbial culture was documented by Koch (1881), and the 
prototype of fed-batch technique for Saccharomyces cerevisiae was 
introduced by Hayduck (1919) and Sak (1919). All of the findings 
contributed to the development of various cultivation techniques, which 
are used in industrial bioprocesses today. 
 
With the initiation of the penicillin process during the 1940s, much of the 
technical development of biochemical engineering for simple bulk 
products from microorganisms such as organic acids, alcohols, amino 
acids, antibiotic precursors was achieved. The first theoretical description 
of the continuous culture technique was presented by Novick and Szilard 
in 1950. During this time the technology had advanced to stirred tank 
reactors, with automatic control of important parameters.  
 
A new era of biotechnology was initiated with the breakthrough of the 
molecular biology in the late 1970s. The introduction of genetic 
engineering tools made it possible to produce ‘foreign proteins’ from 
different organisms, so called recombinant, biological active proteins 
(Watson et al., 1992). The producing organisms cover a wide range from 
prokaryotic cells such as Escherichia coli and unicellular lower 
eukaryotes such as Saccharomyces cerevisiae, to the higher eukaryotic 
mammalian cells. In addition, pharmaceutical proteins have been 
produced from transgenic animals (Houdebine, 1994), and in vitro 
biosynthesis has been suggested as a potential production technique 
(Stiege and Erdman, 1995).  
 
Escherichia coli, the bacterium studied in this work, was isolated in 1884 
by a pediatrician named Escherich. Since then E. coli has become an 
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extremely well characterized organism, in terms of genetics and 
physiology. This Gram-negative bacterium is able to grow rapidly to high 
density on inexpensive substrates. This, together with its background of 
being well suited both for “feast and famine”, makes E. coli favored in 
physiological and biochemical studies. In spite of some disadvantages 
related to its properties, the great store of knowledge has pushed E. coli 
into the position as one of the most important industrial organisms with 
the advent of recombinant biotechnology. 
 
The present work is concerned with growth kinetics and physiology of E. 
coli K12 W3110 by using glucose as carbon/energy sources. The 
metabolism, and regulation of substrate carbon metabolism in E. coli, and 
the impact of amino acids on the cell physiology are studied. A mass 
balance calculation for carbon in the widely used fed-batch culture mode 
is made. The possibility of supplementation with free amino acids to 
improve productivity in recombinant protein production processes, was 
investigated. 
 
1. Cultivation techniques 
 
As early as 1950s, some important aspects on fermentation process 
kinetics were described in a review article (Gaden, 1959), which are still 
useful in bioprocesses today. 
 
1.1. Batch culture 
Generally, in a batch process all substrate components are available 
initially at high enough concentrations to make the reaction rate un-
restricted with respect to substrate concentration. All nutrients required 
are supplied in excess to the bioreactor from the beginning. Only 
substrates such as O2 which is supplied by aeration, pH-controlling agents 
and in some cases antifoam are fed to the process over time. There are 
several growth phases in a typical batch culture which follow the 
cultivation time course: a lag phase due to inoculum adaptation, an 
exponential phase in which cells grow at the maximal specific growth rate 
(µmax), a declining phase, a stationary phase, and a final death phase. The 
exponential phase will continue until the concentration of a substrate 
becomes limiting or any by-product accumulates to inhibitory levels. The 
duration of each phase depends on a number of factors such as organism, 
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medium composition, inoculum size etc. Advantages with a batch culture 
are that the process is simple, inexpensive and easy to implement. 
However, high final cell concentrations or steady state conditions can not 
be achieved by this process, which restricts cell yield, recombinant 
protein productivity and cell physiology studies. 
 
1.2. Continuous culture 
A continuous culture is fed with complete medium and the culture in the 
bioreactor is continuously withdrawn at the same rate to keep the volume 
constant. The process can be operated in various ways (Enfors and 
Häggström, 1998) and the main continuous processes are the chemostat 
(Novick and Szilard, 1950; Pirt, 1975), turbidostat (Bryson, 1952), pH-
auxostat (Martin and Hempfling, 1976; Pham et al., 1999), and nutristat 
(Fraleigh et al., 1989). A chemostat, the most commonly used mode, must 
be limited with respect to a substrate component, mostly the 
carbon/energy but other nutrient limitation may also be utilized. A 
chemostat has a constant inflow and outflow rate and culture properties 
can be controlled by varying the dilution rate (D). When no cell death or 
cell re-circulation is considered, then D simply equals the growth rate, µ. 
At a given D (<Dcrit), all components in the bioreactor are at a real steady 
state. Therefore, it is a powerful tool for cell physiology studies. This 
culture mode has not been used in this investigation and will not be 
further discussed. 
 
1.3. Fed-batch culture 
In fed-batch culture one substrate component is added in such a way that 
its concentration is reaction rate limiting. Thus, the reaction rate can be 
controlled via the feed rate. It is performed without any outflow of culture 
medium, but with a continuous inflow of a growth limiting substrate. The 
limiting substrate is generally the carbon source but the nitrogen or 
phosphate source can also be used. The medium volume therefore 
increases, and the biomass concentration (X) increases at a rate which is 
approximately proportional to the feed rate. This will result in a quasi 
steady-state concentration of the rate limiting substrate. The substrate 
concentration (S) is determined by the feeding rate, the substrate 
concentration (Si) in the feed solution and the consumption rate qS*X (qS: 
specific substrate consumption rate) and can be set to control µ, at values 
lower than µmax. Hence, limitation by parameters determined by the 
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bioreactor, such as O2/heat transfer, can be avoided by applying a proper 
feed rate. Suitable addition rate of the substrate can be determined from 
mass balance equations (Enfors and Häggström, 1998; Yee and Blanch, 
1992).  
 
A variety of feeding strategies can be applied to a fed-batch culture: the 
process can be employed with or without direct/indirect feedback control, 
so called closed-loop controls, and with a constant/exponential feed rate 
(Yamané and Shimizu, 1984). In direct feedback control, where the 
concentration of the growth-limited nutrient controls the feed rate, a 
reliable, sensitive and, for most processes, sterilizable equipment for on-
line measurement is needed. The indirect feedback control technique is 
based on measurement of various physical parameters, such as DOT, pH, 
heat and CO2 evolution rate (Lee, 1996; Riesenberg and Guthke, 1999). 
Fed-batch cultures, with constant feed of the growth limiting carbon 
source, are characterized by progressive nutrient limitation and gradually 
declining µ values, which will result in almost linear increase of the 
biomass, thus maintaining the cell mass productivity X*µ approximately 
constant. In exponentially fed-batch cultures, exponential growth 
(µ<µmax) is maintained. 
 
The simplest and most common method to use both in industrial 
production and laboratory research is a pre-set feed profile that is based 
on previous knowledge. A method used in the experimental part of this 
thesis is as follows: an exponential feed designed to give a µ of ~0.3 h-1, 
which is lower than that critical for overflow metabolism, is applied after 
a short batch phase; then, the feed is changed to constant when the critical 
value for O2 transfer (dissolved O2 tension, DOT, is ~30%) is approached.  
 
The advantages of fed-batch mode are possibilities to control O2, carbon 
substrate consumption rate, and µ by feeding essential limiting substrates 
in suitable rates to match the limited O2 transfer capacity and alleviate 
inhibitory by-products. For instance, the accumulation of acetate can be 
prevented by using a feed that is designed to give a growth rate lower 
than that critical for overflow metabolism. The fed-batch culture is an 
efficient way of achieving high cell density and high productivity. 
Furthermore, the process is flexible and relatively simple to run. 
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1.4. Culture medium 
In general, a growth medium must contain all components for growth of 
the cells and sometimes also additional substances that give suitable pH, 
buffer capacity and ionic strength. The medium that only contains a 
minimum of components required for growth, i.e. mostly media based on 
sugar, ammonium and salts, is called a minimal medium. A defined 
medium is a mixture of chemicals with exactly known composition. A 
complex medium is composed at least partly of less well-defined raw 
materials like extract or hydrolysates of grains, meat or autolysed yeast 
cells. Complex media mostly contain free amino acids.  
 
2. Carbon metabolism in E. coli 
 
Typically for E. coli, approximately 70% of the cell mass is water. Based 
on the dry mass, the elemental composition is: 50% carbon, 20% oxygen, 
14% nitrogen, 8% hydrogen, 3% phosphorous, 2% potassium, 1% sulfur, 
and the rest is mainly metal ions (Neidhardt et al., 1990). Thus, carbon 
becomes overwhelming important for the E. coli cell.  
 
Metabolism is the sum of all the chemical reactions occurring in a living 
organism. Synthesis of the bacterial cells is achieved through the primary 
metabolism (Fig. 1). 
 

 
Degradative pathways (catabolism) lead from ingredients of the external 
medium to the metabolic needs of biosynthetic pathways. The 
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biosynthetic pathways (anabolism) lead from 12 intermediates called 
precursor metabolites (PM) to building blocks. All of the 75 – 100 known 
building blocks, coenzymes, and prosthetic groups are synthesized from 
only 12 PM by reactions that employ energy, reduced pyridine 
nucleotides, source of nitrogen and sulfur, and one-carbon units (Table 1). 
In the macromolecule synthesis, the building blocks are assembled into 
macromolecular constituents of the cells like DNA, RNA, protein, 
membrane lipids and cell walls. 

When building blocks are available in the environment, many bacteria can 
economize by using these preformed molecules rather than by 
synthesizing them. Even organisms that posses a full complement of 
biosynthetic pathways like E. coli have evolved regulatory mechanisms 
that stop almost completely their endogenous biosynthetic pathways when 
building blocks are available in the medium. The growth rate usually 
increases when amino acids and other nutrients are added to a minimal 
medium. In principle, if all compounds that are needed for making cell 
biomass were supplied to the E. coli culture, all of the energy, reducing 
power, and PM used in biosynthesis would be saved. However, energy is 
needed for maintenance purposes such as maintaining ion gradients and 
replacing degraded cellular constitutes. 
 
2.1. Glucose 
 
Since glucose is the most common substrate utilized as carbon/energy 
source for E. coli cultures in both laboratory research and industrial 
production, the catabolic metabolism of glucose is first discussed here. 

Table 1. Precursor metabolites and the corresponding building blocks 
Precursor metabolite  Building block 

Pyruvate  Ala, Val, Leu 
Oxaloacetate   Asp. Asn, Lys, Met, Thr, Ile 
Ribose 5-P  His 
α-Ketoglutarate   Glu, Gln, Pro, Arg 
Erythrose 4-P, Phosphoenolpyruvate   Trp, Tyr, Phe 
3-Phosphoglycerate   Ser, Gly, Cys, Folate-1C 
Ribose 5-P   ATP, dATP, GTP, dGTP 
Ribose 5-P, Oxaloacetate    UTP, CTP, dCTP, dTTP 
Fructose 6-P  UDP-N-acetyl-muramic acid pentapeptide 
Glyceraldehyde 3-P   Glycerol 3-P 
Acetyl CoA   Fatty acid 
Glucose 6-P   ADP-glucose 
Succinyl CoA, 3-Phosphoglycerate   Heme 
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2.1.1. Metabolism overview 
The different catabolic reactions must accomplish the same metabolic 
task – to produce PM, reducing power, and energy in the precise 
proportions required for biosynthesis and polymerization (Fig. 2). 
 

The central pathways (EMP, TCA, PPP as well as respiration) in E coli 
degrade glucose completely to CO2 and H2O, thereby generating large 
quantities of energy and reducing power. The reducing power, in form of 
NADPH, is used for biosynthesis, while NADH is rapidly re-oxidized, 
generating ATP. When the 12 PM intermediates of the pathways are 
withdrawn to biosynthesis, the continued functioning of the pathways is 
assured by anapleurotic reactions. Peripheral pathways convert 

Fig. 2. The central metabolism in E. coli. The three major pathways – Embden-
Meyerhof-Parnas (EMP), tricarboxylic acid (TCA) and pentose phosphate
pathway (PPP) for the generation of the 12 precursor metabolites, energy and
reducing power are outlined. The respiration generates relatively large amount of
ATP. The overflow metabolism occurs under certain conditions (see text). 
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compounds that may be present in the environment to intermediates in the 
central pathways. As a result, growth is possible with any of several 
different compounds serving as the major substrates.  
 
In E. coli, the aerobic metabolism of glucose leads to excretion of acetate, 
so called overflow metabolism. Today, heavy efforts have been made to 
reduce acetate production (e.g. Åkesson et al., 2001; Yang et al., 1999; 
Aristidou et al., 1999; Farmer and Liao, 1997; Delgado and Liao, 1997; 
Lee, 1996; Aristidou et al., 1995; San et al., 1994; Chou et al., 1994; 
Konstantinov et al., 1990), because it is toxic to the cells, decreases cell 
yield on the substrate, and lowers the recombinant protein production 
when E. coli is employed as a host cell.  
 
2.1.2. Transport system – PTS 
Glucose is brought into E. coli cells by the phosphotransferase system 
(PTS) at the expenditure of a high-energy phosphate group from 
phosphoenolpyruvate, resulting in formation of pyruvate, and glucose-6-
phosphate, the first metabolite of the glucose central metabolism (Postma 
et al., 1993). 
 
2.1.3. Regulation 
The metabolic activities are regulated in a highly coordinated manner to 
ensure maximum economical use of substrates for maximum growth rate 
during the prevailing conditions. The transport of a key substrate into the 
cell is often regarded as the growth rate limiting reaction – the metabolic 
bottleneck. 
 
The central metabolic pathways in E. coli are well known regarding the 
genetics, enzymology and molecular mechanism of the individual 
reactions. Many of the glycolytic enzymes are constitutively expressed, 
their levels not being sharply dependent on apparent metabolic needs, e.g. 
the differences in certain enzyme levels are less than 3-fold under aerobic 
and anaerobic conditions (Reichelt and Doelle, 1971; Thomas et al., 1972; 
Kotlarz et al., 1975; Smith and Neidhardt, 1983b). However, there is 
substantial evidence for global regulation of expression of the glycolytic 
enzymes and most of the genes are probably not subject to glucose 
repression (Saier, 1998). In contrast, some evidences (Guest and Russell, 
1992; Iuchi et al., 1989; Iuchi and Lin; 1988) indicate that in E. coli the 
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TCA cycle is inducible, although it has long been considered a “house 
keeping” pathway. The expression levels of the TCA cycle enzymes 
respond primarily to the presence of oxygen, and to the carbon source 
(Spencer and Guest, 1987; Amarasingham and Davis, 1965; Gray et al., 
1966). In E. coli, the full TCA cycle is seen only during aerobic growth 
on acetate or fatty acids (Ornston and Ornston, 1969). The TCA pathway 
fails to form a cycle because α-ketoglutarate dehydrogenase is virtually 
absent during anaerobic growth (Iuchi and Lin, 1988; Smith and 
Neidhardt, 1983a; Amarasingham and Davis, 1965). The levels of the 
other enzyme activities (and enzyme protein) are much lower (10- to 20-
fold) than those found during aerobic growth.  
 
The regulatory explanation to overflow metabolism is less clear. A large 
number of theories have been proposed to explain the aerobic acetate 
formation. It has been suggested to be triggered by high specific growth 
rate (el-Mansi and Holms, 1989; Hollywood and Doelle, 1976), by high 
glucose uptake rate (Chang et al., 1999), by bottlenecks in the TCA cycle 
(Han et al., 1992; Majewski and Domach, 1990), by limited respiratory 
capacity (Åkesson et al., 1999; Andersen and von Meyenburg, 1980), or 
by a combination of any of these factors. 
 
Nevertheless, transcription of genes for enzymes involved in the central 
metabolism (Fig. 2) is subject to multilevel regulations, and influenced by 
environmental conditions. There are some reviews in the field (Fraenkel, 
1996; Cronan and LaPorte; 1996).  
 
2.2. Amino acids 
 
Studies of amino acid effects on the growth behavior of E. coli mainly 
involve amino acid metabolism and their transport systems as well as 
regulations at various levels (Neidhardt (Ed. in chief), 1996). E. coli can 
synthesize all amino acids required for growth but utilize amino acids 
present in the environment (Neidhardt et al., 1990). The organism utilizes 
amino acids directly as cellular constructive components, or uses them as 
carbon, nitrogen or energy sources. Related studies such as chemotaxis of 
cells toward various amino acids (Hedblom and Adler, 1983; Clarke and 
Koshland, 1979; Mesibov and Adler, 1972) and the intracellular pool of 
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free amino acids during different culture conditions (Raunio and 
Rosenqvist, 1970; Britten and McClure, 1962) have also been performed.  
 
2.2.1. Metabolism 
The 20 “natural” amino acids (all in L form except for glycine) and 
several D-amino acids, are potential sources of carbon, energy, or 
nitrogen for members of the Enterobacteriaceae. Here, the catabolism of 
amino acids, with some exceptions, will be discussed. The individual 
amino acids are grouped according to major functional and physiological 
features of the degradative pathways. 
 
2.2.1.1. The L-glutamate group 
Degradative pathways for L-glutamine, L-arginine, L-histidine and L-
proline give rise to L-glutamate with the exception of one of the two L-
arginine pathways, 
 
Glutamate is readily used for carbon and energy generation via α-
ketoglutarate, and it is the focal point of nitrogen assimilation. Glutamate 
does not serve as sole carbon source for wild-type E. coli because of 
inadequate transport. However, glutamate can be used as sole nitrogen 
source (Tyler, 1978). 
 
Wild-type E. coli K-12 can utilize glutamine as sole carbon and energy 
sources, although growth is slow (Masters and Hong, 1981). Glutamine is 
a signal of nitrogen sufficiency and, not surprisingly, supports rapid 
growth as a sole nitrogen source. 
 
Arginine can serve as a poor nitrogen source for E. coli, and as sole 
carbon/energy source only for some strains. The variety of potential 
arginine catabolic pathways is surprisingly large, and multiple pathways 
exist in a single organism. In the enteric bacteria, two pathways contribute 
to arginine catabolism (Reitzer, 1996); in one arginine is degraded to 
glutamate and in another one to succinate. (Cunin et al., 1986; Kim, 1963; 
Shaibe et al., 1985). 
 
Histidine is not utilized as a carbon/energy or nitrogen source, because E. 
coli lacks the histidine utilization genes (Goldberg et al., 1976). 
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Proline is utilized as carbon/energy and nitrogen source for E. coli stains, 
and is also an osmoprotectant (Chen and Maloy, 1991; Frank and 
Ranhand, 1964; Csonka, 1981). 
 
2.2.1.2. The L-aspartate group 
The catabolism of L-aspartic acid and L-asparagine in E. coli has the 
unique feature and the immediate product of these reactions is fumarate. 
Aspartic acid can serve as sole carbon and nitrogen sources for growth of 
E. coli (Kay, 1971). Asparagine can be used anaerobically by wild-type E. 
coli as carbon source and aerobically as nitrogen source, but probably 
cannot be used aerobically as carbon source (Willis and Woolfolk, 1974).  
 
2.2.1.3. The L-cysteine-aromatic group 
L-cysteine is quite toxic to enteric bacteria (Sorensen and Pedersen, 1991; 
Harris, 1981; Kari et al., 1971). Normally, E. coli does not utilize it. 
 
Most stains of E. coli utilize L-tryptophan as carbon and nitrogen source 
via an inducible L-tryptophanase-L-Trp permease system and the 
degradation products are pyruvate, NH3 and indole. E. coli cannot use it 
as nitrogen source in glucose-containing medium, because tryptophanase, 
the only known enzyme of tryptophan degradation, is very sensitive to 
catabolite repression (Happold and Hoyle, 1936; Snell, 1975; Stewart and 
Yanofsky, 1985). 
 
E. coli does not utilize L-tyrosine or L-phenylalanine as carbon/energy or 
nitrogen source. (McFall and Newman, 1996; Reitzer, 1996) 
 
2.2.1.4. The hydroxyamino acid group 
Wild-type E. coli does not utilize L-serine, glycine or L-threonine as sole 
carbon sources (McFall and Newman, 1996). Although several 
deaminases and dehydrogenases for serine and threonine, and the glycine 
cleavage system (GCV) are expressed in wild-type E. coli (Shao and 
Newman, 1993; Su and Newman, 1991; Umbarger and Brown, 1957; 
Okamura-Ikeda et al., 1993), there is no evidence, however, that any of 
these activities is primarily directed to carbon utilization. E. coli K-12 
uses serine as sole carbon and energy source only if it is also provided 
with glycine, leucine, isoleucine, and valine (McFall and Newman, 1996; 
Newman and Walker, 1982). In leucine-containing media, threonine, 
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glycine and serine can be sole sources of nitrogen for wild-type E. coli 
(Reitzer, 1996). 
 
Serine, glycine and threonine are metabolically related and the 
components of the pathways are regulated by the leucine-responsive 
protein Lrp, a global regulator of gene expression (see below). They are 
degraded to pyruvate (Fig. 3).  
 

Serine degradation involves the deamination of serine by L-serine 
deaminase (L-SD), which converts serine to pyruvate and ammonia 
(Pardee and Prestidge, 1955). E. coli K-12 synthesizes two such enzymes, 
L-SD 1 and 2 (Su and Newman, 1991). Serine can be degraded by 
tryptophanase (TN) too (Morino and Snell, 1967). The GCV cleaves 
glycine to NH3, CO2 and one-carbon units. E. coli has the genetic capacity 
to expresses four pathways of threonine degradation.  
 
2.2.1.5. Alanine and the D-amino acid 
Both D- and L-alanine serve as carbon and energy sources for E. coli. 
They are excellent sources of nitrogen too. L-alanine degradation begins 
with racemization to D-alanine by a specific racemase and then it is 
deaminated to pyruvate and ammonia. This is the only case in which an 
L-amino acid must be converted to the D form before it is metabolized. 

CO2 NH4

NAD NADH

NH4

Acetate

THF CH2-THF

THF

Acetyl CoA

SD/TN

Serine

Pyruvate

Threonine

TCA

+ ++Glycine
GCV

SHMT

+

+

+

Fig. 3. The metabolic correlation of glycine, serine and threonine in E. coli. GCV:
glycine cleavage system; SHMT: serine hydroxymethyltransferase; SD: serine
deaminase; TN: tryptophanase; THF: tetrahydrofolate; CH2-THF: THF-bound one-
carbon units. TCA: tricarboxylic acid cycle. 
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D-serine serves as a readily utilizable nitrogen source but is a poor carbon 
source for most E. coli strains. It is converted to pyruvate and ammonia 
by the inducible D-serine deaminase in E. coli K-12. 
 
2.2.1.6. Other amino acids 
Few report where L-methionine, L-lysine, L-isoleucine, L-valine and L-
leucine are considered as carbon/energy or nitrogen sources can be found. 
Methionine and lysine degradative pathways, if any, have rarely been 
studied, although methionine is involved in the one-carbon metabolism 
(Huang et al., 1997; Cage and Neidhardt, 1993; Krebs and Hems, 1976). 
 
Isoleucine, valine and leucine, the branched chain amino acids, have 
instead been studied for their biosynthesis (Paper I). The first common 
step in the synthesis of valine and isoleucine is catalyzed by the common 
enzyme acetohydroxy acid synthase (isozymes AHSI, AHSII and 
AHSIII). The two isozymes AHSI and AHSIII are repressed by allosteric 
feedback inhibition of valine. If valine, but not isoleucine, is present in 
the medium, repression of AHSs will lead to depletion of isoleucine, 
limitation of cellular protein synthesis, provocation of stringent response 
and cell growth arrest. Such growth arrest can be released by adding 
isoleucine to the medium. The isozyme AHSII is an end product-
noninhibited enzyme (Umbarger, 1987). Three transport systems have 
been identified in E. coli. LIV-I and LIV-II are common for leucine, 
isoleucine and valine while LS is specific for leucine (Antonucci and 
Oxender, 1986). The genes and proteins which are related to their 
metabolism, the transport systems and the regulatory mechanisms, are 
very well known (Rhee et al., 1996; Haney et al., 1992; Lawther et al., 
1987). 
 
2.2.1.7. Limitations in amino acid utilization 
There are several factors known to limit growth on individual amino 
acids: (1) Inadequate transport. Uptake severely limits the utilization of L-
glutamate, L-glutamine, and L-cysteine in spite of the existence of 
multiple transport systems (McFall and Newman, 1996). (2) Degradative 
pathways are poorly expressed or cryptic. For example, L-arginine is not 
used by E. coli as sole carbon source, although there are two degradative 
pathways which are not sufficiently expressed. (3) Expression of 
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degradative pathways and/or uptake systems depends on the presence or 
absence of secondary factors (e.g. Lrp). 
 
The toxicity of amino acids to E. coli seems to involve the inhibition of 
isoleucine and to some extent threonine biosynthesis. The target enzyme 
inhibited by cysteine is threonine deaminase (Harris, 1981), by valine is 
acetohydroxy acid synthase (De Felice et al., 1979), by serine is 
homoserine dehydrogenase I (Hama et al., 1991), and by leucine, is 
acetohydroxy acid synthase III (De Felice and Levinthal, 1977; Bouloc et 
al., 1992), 
 
2.2.2. Transport systems 
Up to date about 30 systems for transport of amino acids have been 
identified in E. coli. Some are common for several amino acids and some 
specific for only one (Antonucci and Oxender, 1986; Lombardi and 
Kaback, 1972; Hama et al., 1988). A summary of amino acid transport 
systems in E. coli is shown in Table 2. The importance of the transport 
systems for E. coli growth behavior on amino acids will be discussed in 
Present investigation (Paper I, II) 
 
2.2.3. Regulation of amino acid metabolism and transport 
The requirement of amino acids for protein synthesis is obvious. Amino 
acids are also used for cell wall synthesis (e.g., D-alanine), in nitrogen 
transfer reactions (L-glutamate, L-glutamine), for synthesis of other 
nitrogen containing cellular constitutes, for putrescine synthesis (L-
arginine), or for osmotic protection (L-proline). Amino acid biosynthesis 
is expensive for the cell. It is therefore essential that individual amino 
acids present in the medium are not catabolized unless they are present in 
excess of the cellular requirements. Probably of primary importance are 
the generally high Km value of the degradative enzymes, which ensure 
that intracellular pools are not excessively depleted (McFall and 
Newman, 1996). Many catabolic pathways are regulated by substrate 
induction, often coupled with catabolite repression and nitrogen control. 
These mechanisms assure that pathways are not expressed unless they can 
be useful. In some case, multiple enzymes which are differentially 
regulated catalyze the same reaction. Some degradative pathways are the 
reverses of the biosynthetic pathway. 
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Table 2. Amino acid transport systems in E. coli (summarized from Chapter 22, 23, 25 – 33 in Neidhardt (Ed. in Chief), 1996) 
No.   Substrate specificity   Typea    Km(µM)b   Gene(s)   Remarks 
1 L-Glu   Na+ symport   1.5   gltS 
2 L-Glu-L-Asp   BP   0.5(Glu) 0.5(Asp) 10(Gln)   
3 L-Glu-L-Asp    5(Glu) 4(Asp)   gltP 
4 L-Gln   BP   0.1-0.2   glnH, glnP, glnQ 
5 L-Lys-L-Arg-ornithine (LAO)   BP   0.005(Arg)   argT 
6 L-Arg-ornithine (AO)  BP   0.125(Arg) 1(orn.)   abpS 
7 L-Arg   BP   high affinity   artJ, artM, artQ, artP 
8 L-His   BP   0.01   hisJ, hisQ, hisM, hisP  
9 L-His   BP   1   argT, hisQ, hisM, hisP 
10 L-Pro   Na+ symport    putP   mainly for C/N sources 
11 L-Pro, glycinebetaine    high affinity   proU    as osmopretectant 
12 L-Pro, glycinebetaine    low affinity   proP   as osmopretectant 
13 L-Asp    3.7  
14 L-Asp, succinate, malate, fumarate    30 (Asp)  
15 L-Asn    high affinity   
16 L-Asn    low affinity  
17 L-Cystine, diaminopimelic acid   BP  
18 L-Cystine   BP  
19 L-Trp-L-Phe-L-Tyr, L-His   H+ symport   0.4(Trp,Phe,Tyr) 100(His)   aroP   mainly for protein synthesis 
20 L-Trp, indole   H+ symport  1-2(Trp)  mtr    mainly for protein synthesis 
21 L-Trp   H+ symport  70   tnaB   mainly for carbon source 
22 L-Tyr   H+ symport  2   tyrP   mainly for protein synthesis 
23 L-Phe    H+ symport  2   pheP   mainly for protein synthesis 
24 L-Thr-L-Ser   Na+/H+ antiport   nhaB 
25 L-Ser   H+ symport  50   sdaC 
26 Gly, D-Ala, D-Ser, D-cycloSer, L-Ala     4(Gly) 2(D-Ala) 10(D-Ser)   cycA   Gly diffuses in some strain 
27 L-Thr, L-Ser   H+ symport   tdcC 
28 L-Leu-L-Ile-L-Val (LIV-I)  BP   high affinity  livJ, livH, livM, livG, livF   reported for L-Thr, L-Ala, L-Ser  
29 L-Leu-L-Ile-L-Val (LIV-II)  H+ symport  low affinity  livP? 
30 L-Leu (LS)  BP   high affinity  livK, livH , livM, livG, livF 
31 L-Lys     lysP 
32 L-Met   BP   100   metD 
33 L-Met     2-4 x 104   metP 
a BP: Binding protein dependent.  b High affinity: Km < 1 µM; low affinity: Km > 10 µM (Neidhardt, 1990) 
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Leucine-responsive regulatory protein, Lrp, is a global transcriptional 
regulator of large number of operons. Lrp is a small basic protein 
composed two identical 18,800-Da subunits and the mature form has 163 
residues. Lrp makes up 0.1% of cellular protein in glucose minimal 
medium and correspond to about 3,000 molecules per cell. The lrp gene is 
autogenously regulated, and the expression is repressed in the presence of 
α-ketoglutarate or the oxalacetate family of amino acids. Concerning the 
metabolism and uptake of amino acids in E. coli, Lrp activates 
transcription of ilvIH (Ile/Val biosynthesis), serA (Ser biosynthesis), 
leuABCD (Leu biosynthesis), gltBDF (Glu synthase), gcvTHP (Gly 
cleavage), sdaC (Ser transport); and Lrp represses transcription of sdaA 
(L-Ser deaminise), glyA (Gly biosynthesis), kbl-tdh (Thr degradation), 
livJ and livKHMGF (Leu and branched-chain amino acid transport). A 
substantial fraction of operons regulated by Lrp are also regulated by 
leucine, and the effect of leucine on expression of these operons requires 
a functional Lrp protein. (Newman et al. 1996; Newman and Lin, 1995; 
Calvo and Matthews, 1994).  
 
Certainly, the regulations of amino acid degradation are quite complicated 
and hard to draw a general outline. There are some issues that are not 
fully understood. For example, most transport systems which have been 
studied are regulated by end-product repression, nitrogen control, or Lrp, 
but only a few respond to substrate induction and/or catabolite repression. 
The channeling of amino acids is not perfect, and some exogenously 
provided amino acids are degraded even with glucose and excess 
ammonium sulfate. Channeling amino acid towards or away from 
catabolism is dependent on huge number of factors (Paper I, II). 
 
The research on amino acid catabolism has been primarily focused on the 
fate of individual amino acids that served as the sole carbon and energy 
source, or as nitrogen source. Pathways and control patterns have been 
defined on this basis. However, interactions between amino acids most 
likely affect the regulation of degradation and uptake patterns (Paper I). 
 
2.2.4. Application of amino acid mixture on E. coli cultures 
Few amino acids support rapid growth in wild-type strains of E. coli when 
used as sole carbon sources. Yet, E coli grows very well at the expense of 
protein hydrolysates used in a variety of media, e. g. tryptone, or casein 
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hydrolysates which contain both amino acids and oligopeptides. E. coli in 
nature is more likely to encounter amino acids as hydrolysates of proteins 
rather than as single amino acids and thus must have evolved to handle 
mixtures of amino acids and oligopeptides.  
 
Prüss et al. (1994) checked the order in which amino acids disappeared 
from cultures of E. coli in a tryptone broth. Gschaedler and Boudrant 
(1994) studied the transport and distribution of amino acids in E. coli 
through detecting the disappearance of the amino acids from a ‘semi-
synthetic’ medium containing casamino acids and glucose, and tentatively 
grouped free amino acids into three classes: (1) energy (2) protein and (3) 
slightly imported amino acids. 
 
The limitation with these two studies is that the media contained not only 
amino acids but also some unidentified components from tryptone or 
casamino acids. The concentrations of individual amino acids in such 
medium are quite variable. For example, amino acids range from ~9.9 
(proline) to ~0.28 (tyrosine) mmol L-1 in a medium containing 20 g L-1 
casamino acids (Paper I). In such a case it is not easy to observe the 
influence of a certain amino acid on the microbial growth. It may be 
erroneous to draw a conclusion about the consumption order of amino 
acids, transport systems or classifying amino acids only based on such 
experiments. Two cultures have been compared in the present work: one 
with casamino acids and another in a defined medium containing 2 mmol 
L-1 each of the 16 amino acids present in casamino acids. Indeed, the 
culture characteristics in the complex medium and in the defined amino 
acid medium are different, which suggests that factors other than amino 
acids influence the physiology of E. coli (Paper I). 
 
Amino acid mixtures may have a number of interesting effects. L-leucine 
and glycine modulate repression by Lrp, and so affect expression of 
several pathways. The presence of certain amnio acids (i.e. L-isoleucine) 
counteracts toxicity of others (i.e. L-serine, L-valine). Many permeases, 
e.g. CycA, transport several amino acids (glycine, D- and L-alanine, D-
serine) and competition for entry via these uptake systems may allow 
appropriate buffering of what enters the intracellular pools, thus 
preventing toxicities. Even though some of the degradative pathways and 
transport systems may be poorly expressed when the cell grows on 
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mixtures, the total effect may be adequate for growth. Recently, DNA 
arrays of the entire set of E. coli genes reveal quite different patterns of 
genomic expression of cells’ growing on minimal medium and on rich 
medium containing glucose (Tao et al., 1999). Certainly, such knowledge 
is extremely important for application in the field of biotechnology. 
 
In developing an economically successful process for the production of a 
recombinant protein, high protein yields are required. The use of complex 
media containing free amino acids originating from casamino acids, 
peptone or yeast extract has been proved to be efficient means to improve 
productivity of recombinant protein production in laboratory scale (Tsai 
et al., 1987; Zabriskie et al., 1987; Shimizu et al., 1987; Lee et al., 1995; 
Madurawe, et al., 2000; Panda et al., 2000). However, the usefulness of 
this approach in industrial processes is questionable, since complex media 
may complicate downstream processing and considerably raise the cost. 
Moreover, the quality of the medium would vary from batch to batch, 
which is a drawback for GMP control. The utilization of a single, or a few 
selected amino acids, to achieve higher cell yield per unit substrate (YX/S) 
and to obtain higher productivity of recombinant protein is an attractive 
task for biotechnological industry. Up to date, there are only a few 
researches involved the field (Ramirez and Bentley, 1993; Mizutani et al., 
1986; Harcum et al., 1992; Korte et al., 1991; Rothen et al., 1998). In 
these studies, some negative effects of amino acids on E. coli growth and 
production were seen, in case the supplemental strategy was not 
optimized. The influence of free amino acids on microbial growth and 
physiology has been studied in this work by employing E. coli K12 
W3110, with and without the plasmid pRIT44T2 which encodes the 
cytoplasmic protein ZZT2 (Paper I, II, IV). 
 
3. Quorum sensing regulation of carbon metabolism 
 
Many species of bacteria, including E. coli, are able to monitor their own 
cell density (Miller and Bassler, 2001). The bacteria produce an 
autoinducer that accumulates in the external environment as the cell 
population grows. The process, in which regulation of gene expression 
responds to changes in cell density via the autoinducer, is called quorum 
sensing. The well-studied bacterium Vibrio harveyi has two parallel 
quorum-sensing systems. System I employs hydroxybutanoyl-L-
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homoserine lactone as autoinducer (AI-1) and is highly species specific. 
System II is regulated by AI-2 type autoinducers with so far unknown 
structures, and involves a broad range of bacteria (Surette and Bassler, 
1998). Recently, the genes responsible for AI-2 synthesis in V. harveyi, E. 
coli and Salmonella typhimurium were sequenced and designated as luxS 
(Surette et al., 1999). However, there is evidence that E. coli produces at 
least two kinds of AI-2 like factors. One factor (associated with luxS) is 
produced during the mid-exponential growth phase in LB medium but is 
degraded in the stationary phase when glucose is depleted. The factor, a 
small soluble organic molecule sensitive to the treatment with base or 
heat, can interact with system II from Vibrio harveyii (Surette and 
Bassler, 1998; Surette et al., 1999). The second factor is partly resistant to 
base, heat and acid treatment, and is produced in LB broth without 
glucose or in M9 mineral medium plus 0.4% glycerol, with optimal 
production at early stationary phase (Baca-DeLancey et al., 1999). This 

factor regulates E. coli genes 
involved in the uptake, synthesis 
or degradation of amino acids 
that yield pyruvate and succinate 
(Baca-DeLancey et al., 1999). 
The AI-2 level is influenced by 
environmental stimuli and many 
E. coli genes exhibited 
significant transcription changes 
in response to the AI-2 signaling 
differential (DeLisa et al., 
2001a; DeLisa et al., 2001b). 
Besides, Withers and Nordström 
(1998) reported that 
chromosomal replication in E. 
coli is inhibited by an 
extracellular factor present in 
conditioned media collected 
during late exponential and early 
stationary phase. Quorum 
sensing has also been implicated 
in the regulation of one of the 
promoters of the ftsQAZ cluster 
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Fig. 4. Cell-to-cell communication in V. harveyi
and their use in detection of signals in other
bacteria. The structure of the LuxLM-derived
signal, AI-1 is shown. The gene for AI-2 factor
is designated as luxS. The LuxN and LuxQ
protein are sensor kinases for AI-I and AI-2-like
factors respectively. The input from the sensor
kinases is integrated at the bioluminescence
genes luxCDABEGH to produce light.  
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of E. coli cell-division genes (Sitnikov et al., 1996). A general view of 
quorum sensing is illustrated in Fig. 4 (Fuqua and Greenberg, 1998). 
 
Since cell biosynthesis is achieved through the primary metabolism, and 
carbon, the most important element for E. coli, is directly related to the 
population growth or cell densities, intracellular carbon fluxes from either 
amino acids or glucose logically could be subjected to the quorum sensing 
regulation. The issue is investigated in this work (Paper II, III). 
 
4. Carbon mass balance of E. coli cultures 
 
Bacterial growth and the primary metabolism are largely affected by 
environmental conditions, such as those created by different models of 
cultivation i.e. batch or fed-batch cultures. Even in different phases of a 
culture, the growth behavior is quite different and, a progressive change 
in cell physiology occurs throughout the course of the cultivation (Hewitt 
et al., 1999). One way to study possible metabolic changes associated 
with growth is to calculate the mass balances of important substrates 
during various conditions. 
 
In this study, mass balances of carbon, the most abundant element in E. 
coli cells, are calculated in fed-batch cultures, the frequently utilized 
mode by industry for recombinant protein production in E. coli processes 
(Paper V). Such a study, has not been reported somewhere else. This may 
be explained by the complexity, and the dynamics of this culture mode. 
Unlike batch or continuos cultures, it involves changes in culture volume 
caused by the substrate feed, by base addition for pH control, and by 
samples taken out from the bioreactor, thereby resulting in continuous 
changes of the concentrations of all solutes and biomass.  
 
In fed-batch cultures, a high cell yield coefficient (YX/S) is essential for 
obtaining high cell densities, given that the biomass formation rate is 
limited by the substrate feed rate, which in turn is limited by the oxygen 
transfer rate, and a decrease in YX/S is associated with increased oxygen 
consumption for non-biomass purposes. The maximum value of YX/S for 
E. coli grown in a glucose limited fed-batch culture is around 0.5 g g-1, 
but YX/S declines at higher cell densities. The explanation for this 
behaviour is an increased requirement for maintenance energy at low 
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growth rates, provided that no cell lysis occurs (Andersson et al., 1994). 
Wallace and Holms (1986) reported that the carbon recovery, in terms of 
cells and CO2 was complete throughout fed-batch cultures. Similarly, 
Mori et al. (1983) mentioned that accumulation of metabolite(s) other 
than CO2 were rarely detected in fed-batch cultures. However, such 
conclusions may be erroneous if not supported by proper mass balance 
calculations.  
 
Here, the carbon mass balance calculations, and analyses of various 
extracellular metabolites in a bioreactor fed-batch culture of E. coli using 
glucose minimal medium are investigated, which discloses the useful 
information of cell metabolism and physiology under different conditions. 
The results show that a significant amount of consumed glucose was 
converted to products, which were released into the culture medium; the 
dominant compounds originating from the outer membrane.  
 
The outer membrane (OM) is a unique feature of Gram-negative bacteria. 
The E. coli cell envelope contains one layer of lipopolysaccharide (LPS) 
located in the outer leaflet of OM and three layers of phospholipids that 
constitute the inner leaflet of OM and the cytoplasmic membrane. Release 
of the outer membrane (OM) including the LPS layer, was reported as 
early as in the 1960’s (Leive, 1965; Knox et al., 1966). Issues such as 
mechanisms (Wensink and Witholt, 1981) and function (Kolling and 
Matthews, 1999) of the release, factors affecting the release (Taniai et al., 
1997; Pelletier et al., 1994), and the concomitant changes of cell surface 
morphology (Wai et al., 1995) are still actively studied. However, no 
attention has been paid to carbon loss in bioprocesses caused by OM 
release, and the phenomenon seems to be overlooked by biotechnologists. 
A novel technique, the so called temperature-limited fed-batch process 
(TLFB) has been developed to control OM release for easing downstream 
treatments of bioproducts and sparing carbon substrate. 
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B. Present Investigations 
 
Objective 
The aim of this work is to better understand the metabolism and 
physiology of E. coli cells in defined medium cultures with the long-term 
goal of improving cell yield and recombinant protein productivity. The 
investigations are focused on the carbon substrate metabolism, especially 
glycine and glucose, the cell-density-dependent regulation of the carbon 
metabolism and, on the overall influence of free amino acids on microbial 
growth, physiology and recombinant protein production. 
 
Media 
In this investigation, the media used are based on a normal minimal 
medium with glucose as carbon/energy source, and NH4

+ as nitrogen 
source. In some cases, the minimal medium contains also a single or some 
selected free amino acids at certain concentrations besides the other 
components, resulting a defined ‘rich’ medium. 
 
 1. Effects and consumption of amino acids on E. coli 

 
To set up the background 
knowledge of free amino acid 
utilization by E. coli K12 
W3110, a batch bioreactor 
culture was run in a defined 
medium containing glucose, 
NH4

+ and the 16 amino acids, 
which make up casamino acids 
(Asp, Glu, Ser, Gly, His, Arg, 
Thr, Ala, Pro, Val, Met, Ile, 
Leu, Phe and Lys 2 mmol L-1; 
Tyr 1 mol L-1). Cell growth 
showed two phases, 
exponential and linear, with 
different specific growth rates 
(µ). The diauxic profile is also 
seen in the production of 
acetate but not in glucose 

Fig. 5. The characteristics of a batch culture in a
defined ‘rich’ medium with glucose and 16 free
amino acids. a) Growth profile ( ) and specific
growth rate ( ). b) Medium concentration of
glucose ( ), and acetic acid ( ). 
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consumption (Fig. 5). Serine, proline, aspartate, glycine, threonine, 
glutamate and alanine were almost depleted when the exponential phase 
ceased, which may indicate that the pattern is caused by the depletion of 
these amino acids (Fig. 6a), and other amino acids were consumed slowly 
(Fig. 6b). 
 

 
To study the effects on growth 
of the rapidly consumed amino 
acids (Fig. 6a), a series of 
shake flask cultures was made. 
Starting from the same amino 
acid medium as above 
(complete medium control), 
one by one of the amino acids 
was withdrawn in the order of 
the time point when the 
maximum specific 
consumption rate qSmax were 
reached: serine, proline, 
aspartate, glycine, threonine, 
glutamate and alanine. When 

the medium lacked serine, proline, aspartate, and glycine the cells grew as 
fast as in the complete medium, whereas when the medium lacked 
threonine as well, the growth was equal to that in a minimal medium 

Fig. 7. E. coli growth in a glucose minimal medium
supplemented with amino acids in shake flask
cultures: (×) 16 amino acids – complete medium
control; ( ) further no Ser; ( ) further no Pro; ( )
further no Asp; (▲) further no Gly; (∆) further no
Thr; ( ) further no Glu; (✧ ) further no Ala; ( ) no
amino acids – minimal medium control.  
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control (Fig. 7). To further investigate this, these amino acids were added 
individually to the minimal medium. The result showed that glycine or 
threonine alone could improve the growth rate (Paper I, Fig. 4b). 
 
All of these amino acids, except for alanine, were classified as ‘energy 
amino acids’ (Gschaedler and Boudrant, 1994). Alanine was classified as 
a ‘protein amino acid’ but was on the borderline, because more than 50% 
(53.6%) was used for protein synthesis. Apparently, it is the ‘energy 
amino acids’ responsible for the fast growth other than other remained 
amino acids to inhibit the growth, and the depletion of the ‘energy amino 
acids’ resulted in the declination of cell growth. Actually, the 
classification of amino acids may not be accurate, because the metabolism 
for the positive effect of glycine has been studied (Paper II). A reason for 
the rapid uptake of those amino acids could be that these ‘attractants’ bind 
cytoplasmic membrane receptors involved in chemotaxis (Mesibov and 
Adler, 1972; Hedblom and Adler, 1983), although it has been reported 
that amino acid transport is not related to chemotaxis (Clarke and 
Koshland, 1979). 
 
2. A cell-density-dependent switch in glycine metabolism 
 
Glycine and L-threonine were the only ‘energy amino acids’ that 
increased E. coli growth rate (µ) when added individually to a glucose 
minimal medium. This study tries to answer the questions whether this 
effect really is due to energy generated from amino acid degradation, and, 
if so, what is the metabolism behind this phenomenon? 
 
2.1. Initial positive effect of glycine 
The ‘glycine effect’ was most pronounced during the first 5 h of culture, 
when growth was exponential, increasing µ and biomass concentration 
(X) by 16.4 % and 54.8 % respectively (Fig. 8). Most remarkably though, 
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was the significant increase (72%) in the substrate yield coefficient (YX/S) 
during the exponential growth (Table 3). Thus, glycine has a ‘glucose 
sparing’ effect in addition to increasing µ. However, µ and YX/S were 
similar after the exponential phase, both with and without glycine (Fig. 8, 
Table 3). What is more, glycine also showed positive effect initially in 
fed-batch cultures (not shown). 

 
 2.2. Cell density dependence 
The ‘glycine effect’ was observed only initially. The lack of the effect 

later during culture was not 
caused by accumulated 
acetate as judged by cultures 
supplied with acetate and/or 
glycine (Paper II). The 
experiments showed that 
extra supply of CO2 produced 
by the ‘glycine cleavage 
system’, GCV (Fig. 3), was 
not responsible for the 
‘glycine effect’, although it 
has been reported that the 
growth rate of E. coli being 
controlled by the CO2 
concentration at suboptimal 
CO2 levels (Repaske and 
Clayton, 1978). Therefore, 
the effect may be related to 
the cell density. This 
possibility was confirmed by 
both shake flask and 
bioreactor cultures. When 

Table 3. Growth characteristics of E. coli in batch cultures with or without glycine 
Culture   Time (h)   µ (h-1)  YX/S (g g-1)a  YAce/X (mg g-1)b  

Glycine  0-5  0.78  0.98  152 
 5-7  — 0.31  242 
Control  0-5  0.67  0.57  161 
 5-7  — 0.31  253 

a X = dry weight of cells; S = substrate including glucose and glycine (calculated as 3 mole of 2-
carbon glycine corresponding to 1 mole of 6-carbon glucose). 
b Ace = acetate 

Fig. 9. The relationship between the ‘glycine effect’ and
E. coli cell density. a) OD in glycine supplemented (10
mmol L-1) shake flask cultures ( , , ∆, ✧ ), and their
respective control cultures ( , , ▲, ). b) Dry weight
of biomass in bioreactor batch cultures started from
different inoculum levels. Arrows indicate the time for
addition of glycine (12 mmol L-1 finnal concentration).
Cultures with glycine ( ), ( ), and their respective
control cultures ( ), ( ). 
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cultures were supplemented with glycine at a cell density of 1.15 g L-1 dry 
weight (dw) or above, the ‘glycine effect’ was disappeared. When 
cultures were started from different inoculum levels with or without 
glycine, the ‘glycine effect’ was diminished with increasing inoculum cell 
density (Fig. 9).  
 
2.3. Evidence of a cell-density-dependent switch in glycine 
metabolism by NMR 
The ‘disappearance’ of the glycine effect at higher cell density indicates a 
change in the metabolism of glycine. To investigate the possibility that 
the glycine carbon was fed into the central metabolism and then excreted 
as acetate, [2-13C] glycine was supplied to batch cultures and the label 
redistribution in acetate analyzed by 13C NMR. Three labelled species of 
acetate — [1-13C], [2-13C], and [1,2-13C] may arise (Paper II, Fig. 7). 
When [2-13C] glycine is cleaved by GCV, the label is maintained in the 
one-carbon units, 13CH2-THF. If [2-13C] glycine is combined with 13CH2-
THF to form serine, [1,2-13C] acetate arises via degradation of serine to 
pyruvate and acetylCoA. Alternatively, if [2-13C] glycine is combined 
with unlabelled CH2-THF (derived from glucose), [1-13C] acetate is 
formed. Finally, if 13CH2-THF is combined with unlabelled glycine (from 
glucose), this results in [2-13C] acetate. 
 
Two cultures supplied with [2-
13C] glycine were inoculated at 
an OD of 0.1 (LG culture) and 
2.75 (HG culture). In parallel, 
two control cultures without 
glycine were run. Fig. 10 shows 
the growth curves and sampling 
points for NMR analyses. 
 
The concentrations of total 
labelled acetate and its 
isotopomeres are shown in Table 
4. To analyze these data, differences in cell density and time were taken 
into account by calculating the specific rates for glycine consumption 
(qGly), acetate production (qAce) (Paper II, Table 3), and fluxes to each 
isotopomere of acetate (Paper II, Table 4). 
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a. Metabolic basis for the positive glycine effect 
The NMR data (Table 4) reveals that when glycine showed a positive 
effect, serine is formed from [2-13C] glycine and labelled one-carbon 
units, and serine biosynthesis from glucose (Bell and Turner, 1976) is 
repressed. Meanwhile little degradation of serine occurs. The NMR data 
agree with the results from the cultures supplemented with amino acids or 
precursor of one-carbon units. Therefore, the positive effect of glycine 
depends on glycine per se, on serine, one-carbon units and threonine 
formed from glycine and the repression of serine biosynthesis from 
glucose.  
 
The large glucose sparing effect is presumably related to the function of 
the PTS, by which half of the consumed glucose is lost from the PEP-
pool. When glycine is added, 3P-glycerate (the precursor of serine, 
glycine and one-carbon units) and PEP (the precursor of threonine) are 
spared from the PEP-pool, which implies that an equivalent mole of 
glucose is spared.  
 
b. A cell-density-dependent metabolic switch abolishes the glycine 
positive effect — quorum sensing regulation 
The disappearance of the glycine effect coincided with increased acetate 
production (Table 4. Paper II, Table 3 and Fig. 8). At 3 h in the HG-
culture (no positive effect of glycine), the higher flux to [1,2-13C]-acetate 
indicates increased availability of glycine and the glycine-derived one-
carbon units. The increased fluxes to [2-13C]- and [1-13C]-acetate indicate 
that serine/glycine biosynthesis is up-regulated and that glucose-derived 
serine/glycine are degraded to acetate (Paper II, Table 4). Thus, the lack 
of glycine effect seems to involve a distinct metabolic switch – from the 
incorporation of glycine into biomass, to degradation to acetate. Since the 

Table 4. Distribution of 13C in acetate  
  13C labelled and total acetate in the medium (mmol L-1) 
Culture  Time (h)   [1-13C] -   [2-13C] -   [1,2-13C] -   13C-acetatea  Total acetateb 
   HG      2   0.38±0.04   0.01±0.00   0.21±0.01    0.82±0.04      9.1 
    3   0.55±0.14   0.12±0.04   0.53±0.04    1.72±0.14      13.9 
 
   LG      6   0.16±0.02   0.00±0.01  0.10±0.0    0.36±0.02       4.1 
     8   0.44±0.04   0.03±0.00   0.18±0.00   0.82±0.04      6.1  

a Calculated as: [1-13C] + [2-13C] + 2[1,2-13C]  
b The data including both labelled and unlabelled acetate was from enzymatic analysis. 
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switch is cell-density dependent, quorum sensing may regulate glycine 
metabolism in E. coli. 
 
The glycine transport system, the constitutive CycA permease (Cosloy, 
1973), regulates the gcv operon by transporting glycine into the cell 
(Ghrist and Stauffer, 1995). GCV appears to have a lower activity 
associated with the efficient use of glycine and one-carbon units and 
lower qGly; and a higher activity associated with the glycine degradation 
and higher qGly, as judged by the differences of q[1,2-13C]-acetate and qGly in 
the LG- and HG-culture (Paper II, Table 4 and 3). At high cell densities, 
quorum sensing might up-regulate cycA expression, GCV activity, serine 
synthesis from glycine and glucose, and degradation of serine/glycine. 
The L-serine deaminase, as induced by glycine (Isenberg and Newman, 
1974), may be also involved in the regulation. Such a mechanism would 
fit the concept of quorum sensing described by Baca-DeLancey et al. 
(1999). 
 
c. Physiological significance of quorum sensing regulation 
Nucleotide biosynthesis, initiation of protein translation and protein 
synthesis, events requiring one-carbon units and amino acids are most 
important for the regeneration of E. coli cells. When growth slows down, 
whether this depends on the acetate inhibition, or on inhibition of 
chromosomal replication or cell division by quorum sensing signal factors 
(Withers and Nordström, 1998; Sitnikov et al., 1996), the requirement of 
amino acids and one-carbon units is reduced too. Surplus glycine is fed 
into the central metabolism via serine to pyruvate and finally excreted as 
acetate.  
 
3. A cell-density-dependent switch in the central metabolism 
 
As a cell-density-dependent switch in glycine metabolism and the 
coupling between this switch and acetate formation was identified in the 
E. coli batch cultures, it was investigated whether the central metabolism 
also was affected by the cell density. 
 
In an E. coli W3110 batch culture in a glucose mineral medium 
inoculated at 0.04 g L-1 dw (LI-culture), the specific rates for growth (µ), 
acetate production (qAce) and glucose consumption (qGlc) clearly showed a 
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metabolic switch occurring at ~5 h (Fig 11). In a culture inoculated at 1.2 
g L-1 dw (HI-culture), i.e. above the switch point, µ and qAce appear 
similar as that in the LI culture at the corresponding cell densities. In the 
LI-culture, qGlc followed the pattern of the qAce, but the transient increase 
occurred earlier (Fig. 11d). Cell yield on glucose, YX/S, and acetate yield 
on biomass, YAce/X, also indicate a metabolic change around 5 h; more 
acetate was produced after the change (Paper III, Table 1). 

 
To understand the metabolic changes some intracellular metabolites (D-
glycerate 2-phosphate, phosphoenolpyruvate, pyruvate, acetyl-CoA, 
acetate, citrate, D-isocitrate, succinate, L-malate and oxaloacetate) and 
the activity of pyruvate dehydrogenase (PDH), which occupies a key 
position between glycolysis and the TCA cycle, were quantified (Paper 
III, Fig. 3). Except for acetate and acetyl-CoA, the metabolite 
concentrations at 3 h were higher, about 2- to 3-fold of that at 6, 7 and 8 
h. The PDH activity at 3 h was 1.6-fold of that at 6, 7 and 8 h. Acetyl-
CoA was undetectable at 3 h, but detectable at the later sampling points. 
Intracellular acetate varied comparatively little.  
 

Fig. 11. Characteristics of E. coli bioreactor batch cultures at pH 6.8. a) Growth profiles of the LI 
culture ( ) and HI culture ( ). Large downward arrow indicates the time of the metabolic switch,
and small upward arrows indicate the time points of sampling for intracellular metabolite analyses.
b) Medium concentration of glucose in the LI culture ( ), acetate in the LI culture ( ) and in the 
HI culture ( ). c) Specific growth rate, µ, of the LI culture ( ) and the HI culture ( ). d)
Specific rate for glucose consumption, qGlc, ( ), and acetate production, qAce, in the LI culture ( ), 
and qAce in the HI culture ( ). 

a
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The changes in intracellular pool sizes, the decrease in µ, and the transient 
increases in qAce and qGlc in the LI-culture show that the cell-density-
dependent metabolic switch in the glycine metabolism (Paper II) also 
involves the central metabolism in E. coli. The µ and qAce are at the post-
switch levels from 0 h in the HI-culture (although the inoculum was 
collected from the pre-culture well before the switch), like the cultures 
inoculated at ≥ 1.15 g L-1 dw that attained the post-switch glycine 
metabolism already from the beginning (Fig. 9).  
 
The possibility that the decrease in µ after 5 h depends on acetate 
accumulation was excluded on basis of the following discussion. Cultures 
with addition of acetate up to 2 g L-1 did not change the cell-density-
dependent switch in the glycine metabolism (Paper II, Fig. 3). As the 
inhibitory effect of acetate is related to its intracellular concentration 
which varied little during the culture, the decrease in µ may instead 
depend on a limitation in precursors for biomass synthesis, caused by the 
shrinking the metabolite pools. Therefore, the decline in µ appears to be 
associated with the quorum sensing regulated metabolic changes.  
 
The fact that acetyl-CoA was undetectable before the switch indicates that 
acetate production, the TCA cycle and cellular biosynthesis consumed all 
the formed acetyl-CoA. The increase in acetyl-CoA concentration after 
the switch may result from less acetyl-CoA being shunted to acetate, 
biosynthesis, or TCA cycle, in combination with the temporary increase 
in qGlc. A drop in citrate synthase activity has been shown to restrict entry 
into TCA (Doelle et al., 1974; Chohnan et al., 1997). However, the 
elevated acetyl-CoA pool persists even though qGlc subsequently drops. 
The question why acetyl-CoA, the glycolytic, and TCA cycle metabolites 
change after the cell-density dependent metabolic switch remains to be 
answered.  
 
The qAce pattern (Fig. 11d) is similar to other reported results (Xu et al. 
1999b, Kleman and Strohl, 1994) and not a constant value. However, the 
qAce does not correlate to the acetyl-CoA pool size. It was higher when 
acetyl-CoA was undetectable than when acetyl-CoA had increased later in 
the culture. This obviously contradicts the bottleneck theories as a cause 
of acetate production with the constitutive nature of the acetate forming 
enzymes (Kumari et al., 2000). The qAce does not correlate to µ, but 
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correlates to the qGlc (Fig. 11). If re-utilization of acetate by the glyoxylate 
shunt as described for E. coli BL21 (van de Walle and Shiloach, 1998; 
Noronha et al., 2000) accounted for the declining qAce in E. coli W3110 is 
not known. 
 
Moreover, the mixture of 16 amino acids improved growth early in the 
culture (Fig. 5), before the time point when the metabolic switch occurred in 
the glycine and glucose cultures (Fig. 8 and 11). The cell density at the end 
of the fast growth phase in this culture was higher than that in the glycine 
and glucose cultures at the same time point. Whether this phenomenon also 
depends on quorum sensing regulation has not been shown, but it is 
interesting to note that the one of the amino acids in the mixture that 
individually improved growth was glycine. When glycine was added alone, 
the cell density was also higher at the time point for quorum sensing 
regulation. 
 
4. Serine 
 
Serine was always the first amino acid to be consumed in a mixture of 
amino acids, irrespective of medium (Prüss et al., 1994; Gschaedler and 
Boudrant, 1994; Fig. 6) and even before glucose. The rapid consumption 
of serine could be due to multiple transport systems – both the common 
shared with other amino acids (Hama et al., 1987; Thelen et al., 1991; 

Ogawa et al., 1997; Kayahara et 
al., 1992; Sumantran et al., 1990; 
Robbins and Oxender, 1973) and 
the specific for serine (Hama et 
al., 1988; Shao et al., 1994); and 
due to its rapid metabolism and 
involvement in phospholipid 
biosynthesis (Templeton and 
Savageau, 1974; Isenberg and 
Newman, 1974; Su et al., 1989; 
Shao and Newman, 1993). 
Serine is the precursor for 
glycine and one-carbon units 
(Stauffer, 1996; Matthews and 
Neidhardt, 1989), and when 
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degraded it is easily converted to pyruvate (Lehninger, 1983).  
 
To investigate its influence on uptake of other substrate, a culture in a 
medium with 15 amino acids (the same as that used in Fig 5, but without 
serine) was compared to one in the same medium but with periodic 
addition of serine (Fig. 12). Although the two cultures grew similarly 
(Paper I, Fig. 5a) serine appears to inhibit the glucose uptake initially 
during the culture (Fig. 12). This inhibition is presumably related the 
phosphorylation of glucose by phosphoenolpyruvate (PEP), and the 
concomitant conversion of PEP to pyruvate (Pyr) by the enzymes of PTS. 
Too high a concentration of Pyr derived from serine degradation will 
perturb the balance between PEP and Pyr, which may lead to decreased 
phosphorylation of glucose. However, excess serine represses its own 
biosynthesis (Hama et al., 1991), and may also be converted to 3P-
glycerate, which in turn will yield PEP and PEP-pool precursors for 
biosynthesis (Fig. 2, Table 1). 
 
5. Valine and isolucine 
 
5.1. Effects of valine and isoleucine on E. coli growth 
Valine inhibited cell growth, when added to 
cultures in a minimal medium, while cell 
growth resumed when isoleucine was added 
to the valine inhibited culture (Fig. 13). This 
confirms the well-known effects of branch-
chained amino acids (Umbarger, 1987), 
which involves feedback inhibition of the 
AHSIII and AHSI enzymes. 
 
The concentration of valine causing growth 
arrest was investigated by adding various 
amounts of valine to cultures in a glucose-
minimal medium such that growth resumed 
after a certain time (Fig. 14a). One culture 
run in the minimal medium was used as a 
negative control. In all cultures initial and 
released growth rates were similar except for 
the positive control with 2 mmol L-1 valine 
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(Paper I, Table 1). The higher the concentration of valine, the longer the 
time for growth inhibition. The slow growth that occurs during valine 
inhibition is likely due to the presence of AHSII which is not inhibited by 
valine. In the positive control, the activity or synthesis of AHSII might be 
up-regulated by long time starvation of isoleucine; and the higher initial 
growth rate indicates that the residual pool of isoleucine could support 
growth for a while. 
 
It appears that the critical inhibition 
concentration of valine is 1.5 – 3 
µmol L-1, as judged by the valine 
concentration in the medium at the 
time growth resumed (Fig. 14). 
Addition of valine caused isoleucine 
secretion, which suggests a 
correlation of the two. Especially 
when growth arrest was released, the 
isoleucine concentration in the 
medium increased rapidly. 
 
Apparently valine disturbed the 
normal biosynthetic pathways, since 
some other amino acids found in the 
medium were different between the 
valine cultures and the negative 
control. For instance, with the 
consumption of valine, glutamate and 
tryptophan were secreted until the 
release of the restricted growth (Paper 
I, Fig. 10b). When the cells began to 
grow those amino acids were 
consumed, but why valine caused 
such a secretion is not clear. 
 
5.2. Mechanism of valine inhibition 
The secretion of isoleucine appears to be a result of valine and isoleucine 
exchange by the LIV-I transport system. In wild type E. coli, LIV-I is 
fully derepressed in minimal medium (Quay and Oxender, 1976). It has 

Fig. 14. Toxicity of valine on E. coli growth
and relationship between valine and
isoleucine. a) Growth curves: control in
minimal medium ( ); addition of valine to 20
( ), 40 ( ), 60 ( ), 120 µmol L-1 (▲),
control with 2 mmol L-1 of valine (∆). b)
Medium valine and isoleucine: cultures with
valine 20 ( , ); 40 (▲, ∆); 60 ( , ✧ ); 120
µmol L-1 (✢ , ×). The values for the control
cultures are not shown.
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been reported that LIV-I exchanges the intracellular pool of isoleucine 
and valine for extracellullar leucine, but the transport rate differs: 
isoleucine is exchanged out of cell at least 10 times faster than valine, 
because most of the valine pool is bound to tRNAVal (Quay et al., 1977). 
Thereby, the following sequence can be envisioned to occur in E. coli. 
Immediately on the supply, valine inhibits the enzymes for 
isoleucine/valine synthesis. Valine is also exchanged for the pool of 
isoleucine leading to further depletion of isolucine. Although the ilv 
operon transcription can proceed at a normal rate (Quay et al., 1977), 
translation requires isoleucine which is limiting. Therefore, the growth 
inhibition of valine is a combined function of the metabolism and 
transport system, and not only due to inhibition of the AHS enzymes. 
Moreover, there is a hypothesis that the valine inhibition on E. coli is a 
consequence of 2-ketobutyrate accumulation to toxic levels (Jackson et 
al., 1993). 
 
The samples taken directly after the valine addition contained only about 
one-tenth of valine which indicates that cells took up it immediately (Fig. 
14b). Anraku et al. (1973) have reported that adding valine to a medium 
caused a marked increase of the valine transport rate, up to about 7-fold; 
and the pool concentration (µmol g-1 wet cells) of valine was 0.189 and 
0.630, while isoleucine was 0.028 and 0.015, before and after adding 0.5 
mmol L-1 valine. This is also an evidence of the constitutive high affinity 
LIV-I system, and the exchange of valine and isoleucine.  
 
6. Effects of amino acids on E. coli growth and recombinant protein 
production  
 
Two mixtures of amino acids together with glucose were fed in fed-batch 
cultures of E. coli W3110 pRIT44T2 to improve the yield of biomass and 
the recombinant protein ZZT2. One mixture contained all 20 amino acids 
in quantities sufficient for synthesis of half of the cellular and 
recombinant protein. Another mixture contained 5 “protein amino acids”, 
which were reported to be primarily incorporated into biomass: alanine, 
arginine, methionine, histidine and phenylalanine (Gschaedler and 
Boudrant, 1994). The individual concentration of amino acids in both 
mixtures was the same. The rationale behind these experiments was that if 
cells are able to directly incorporate these exogenous amino acids into 
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biomass, saving of the energy and glucose carbon required for amino acid 
synthesis could be achieved. Moreover, a medium balanced in respect to 
the unusual amino acid composition of the recombinant protein ZZT2 
(Köhler et al., 1991) is expected to improve its yield. 
 
The results showed that supplementation of all, or 5 amino acids 
increased the accumulated biomass yield at the time of induction from 
1.00 g g-1 (dried biomass per carbon) in a glucose limited control culture 
to 1.13 g g-1, or to 1.10 g g-1, respectively (Paper IV, Fig. 2a). 
 

Despite the improvement of 
the biomass yield, the presence 
of amino acids failed to 
improve the ZZT2 production. 
After an initial rapid 
accumulation of ZZT2 to ~25 
mg g-1 during the first 3 h after 
induction, the concentration 
stopped to increase any 
further, and even declined 
(Fig. 15). The final ZZT2 
protein was ~20 mg g-1 in both 
cultures with amino acids as 
compared to over 50 mg g-1 in 
the control culture. To 
investigate the reason for this 
decline, the rate of ZZT2 
degradation was analyzed. In 
both cultures with amino acids 
the ZZT2 degradation rate was 
lower than that in the control 
and declined throughout the 
cultivation (Fig. 16), which 
suggests a decreased synthesis 

rate rather than increased proteolysis was responsible for the poor 
production of ZZT2. 
 

Fig. 15. Intracellular concentration of the ZZT2
protein. No addition of amino acids ( ), 20 amino
acids ( ), “protein” amino acids ( ). Arrow
indicates the point of induction
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The reduction of ZZT2 synthesis rate was not caused by plasmid loss, 
since the plasmid content in the cultures with feeding of amino acids was 
the same, or even higher as compared to the control (Paper IV, Fig. 4). 
Acetate and formate (Paper IV, Fig. 5), the potential inhibitors for 
recombinant protein production (Jensen and Carlsen, 1990; Shimizu et al., 
1988), were not higher than in the control culture and, therefore, could not 
explain the low levels of ZZT2 protein in amino acid-fed cultures. 
Tryptophan in the culture with feeding of 20 amino acids could repress 
the trp promoter, if accumulated at a high concentration. However, a 
similar level of the ZZT2 protein was produced also in the culture fed 
with only 5 “protein amino acids”. Moreover, tryptophan was bellow 0.11 
mmol L-1 (Paper IV, Fig. 6A), which does not prevent full induction of trp 
promoter (Yoon et al., 1995). 
 
The effects of amino acids on cell growth and the protein ZZT2 
production were also studied in shake flask cultures (Paper IV, Table 1 
and 2). Supplementation of all 20 amino acids increased µmax as compared 
to the control culture. Addition of the 11 amino acids, which are over-
represented in the protein ZZT2 (Paper IV, Fig. 1) did not affect the 
growth. The mixture of “protein amino acids” severely decreased µmax, 
but the ZZT2 level in cells from this culture was higher than in the control 
(Paper IV, Fig. 8). It is possible, however, that the ZZT2 level and final 
biomass concentration were affected not by the amino acids, but rather by 
declining pH. The pH drop was the lowest in the culture with addition of 
5 “protein” amino acids (pH 6.4). Since µ and final pH in the culture with 
the over-represented amino acids and in the control were similar, the 
lower ZZT2 level in the culture with the amino acids should be 
contributed not to the differences in cell growth, but rather to the 
influence of amino acids. 
 
Whether the inhibiting effect of the 5 “protein amino acid” mixture could 
be assigned to any single amino acid was investigated. The cultures with 
addition of single “protein amino acid” revealed only a slight inhibiting 
effect of alanine (µmax 0.34 h-1 vs. 0.40 h-1 in the control), which alone 
could not explain the reduction of µmax to 0.28 h-1 in the culture with the 
mixture of “protein amino acids” (Fig. 17). The growth inhibition by the 
mixture of “protein amino acids” was also observed in the parent strain 
W3110 without ZZT2 plasmid but with (Paper IV, Fig. 10) or without 



 37

addition of inducer IAA. A 
notable exception in the 
experiment with the strain 
W3110 was that supplement 
of alanine alone had a stronger 
inhibiting affect than the 
mixture of the all “protein 
amino acids” (Paper IV, Fig. 
10). Exclusion of alanine or 
any other single “protein 
amino acid” from the mixture 
did not restore µ of W3110 to 
the level observed in the 
control culture. Even alanine-

containing cultures were growing at different growth rates (Paper IV, Fig. 
11). Thus, it is their combination rather than individual amino acids that 
inhibit growth. 
 
The results suggest that caution should be taken when designing medium 
with amino acids for production of recombinant proteins. Coupling the 
glucose feeding with the mixtures of 20 amino acids or 5 “protein amino 
acids” resulted in a lower intracellular level of recombinant protein ZZT2. 
Because no negative effects on the cell growth in fed-batch cultures were 
found, the poor accumulation of ZZT2 might be caused by a disturbance 
of the biosynthesis of the amino acids over-represented in ZZT2. 
Moreover, the addition of the “protein amino acids” mixture to a mineral 
medium with glucose in a batch culture resulted in lower µmax, which 
suggests an unbalanced metabolism of E. coli. These results call for 
further investigations of the influence of amino acids on E. coli growth 
and recombinant protein production which should be combined with 
detailed studies of metabolism. 
 
7. Carbon mass balances in fed-batch cultures  
 
The strategy to calculate carbon balances in a fed-batch culture is based 
on the mass of carbon in the total reactor volume. Volume changes due to 
feeding, and sampling were included in the calculations, as well as the 
mass of carbon in samples.  

Fig. 17. Growth of E. coli W3110 pRIT44T2 in
shake flask culture on minimal medium with amino
acid additions. No addition of amino acids ( ),
alanine (1.22 g L-1) ( ), mixture of alanine, arginine,
histidine, methionine and phenylalanine ( ). Arrow
indicates the point of induction.  
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7.1. Yield coefficients and carbon recovery 

The growth profile, feed 
rate, and culture volume 
(Paper V, Eq. (12)) 
throughout a glucose limited 
fed-batch culture (GLFB) of 
E. coli W3110 in mineral 
medium are shown in Fig. 
18. At 25 h, 27 g L-1 or 
totally 162 g of dried 
biomass (including the 
withdrawn samples) was 
produced. The overall yield 

coefficient, Y*X/Glc (Paper V, Eq. (21)) decreased gradually from 0.50 g g-1 
to 0.42 g g-1 in the end (Paper V, Fig. 2a). This might be explained by a 
maintenance energy increase in relation to the total energy demand at 
lower µ later in the culture. However, as the momentary YX/S decreased 
from initially 0.6 g g-1 to ~0.17 g g-1 at 25 h, while the increases in 
momentary YCO2/Glc, and YO2/Glc were comparatively small, other factors 
might be involved (Paper V, Fig. 2a). 
 

To further investigate this, 
the carbon balance for the 
entire culture was calculated 
(Paper V, Eq. (1), (2), (3)). 
The carbon content in dried 
biomass was determined to 
be 0.48 g g-1. The sum of 
carbon in biomass, CO2 and 
acetate recovered only 
~90% of glucose carbon in 
the end (Fig. 19). Clearly, 
other products than biomass 
and CO2 must have been 
formed. 
 
Indeed, the carbon 

Fig. 19. Carbon recovery (%) during an E. Coli
fed-batch culture. Glucose carbon recovered in
biomass, CO2 and acetate ( ). Carbon recovery
calculated from the measured carbon content in the
culture broth including cells ( ). Here, the curves
are overall data, i.e., calculated from the beginning
of the culture to each time-point represented (see
equations in Paper V). 
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Fig. 18. Kinetic characteristics of an E. coli fed-batch 
culture. Dried biomass ( ), culture volume ( ), and 
substrate feed profile (—).  
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measurement in cell-free spent medium, and in whole culture broth 
reveals that carbon compounds accumulate in the medium as growth 
proceeds (Paper V, Fig. 3a). The carbon recovery calculated from the 
measured carbon content in the culture broth including cells (Paper V, Eq. 
(16)), was close to 100% (Fig. 19). Thus, the missing carbon remained in 
the medium. The extracellular carbon concentration was also calculated 
from added glucose and citrate included in the medium, formed biomass, 
and CO2, as well as the metabolites present at time 0 (Paper V, Eq. (13)). 
The calculated data fit well to measured data (Paper V, Fig. 3a). At the 
end of the culture, organic compounds (citrate excluded), corresponding 
to 2.5 g L-1 carbon, or to 6.3 g L-1 glucose, had accumulated in the 
medium. Totally, in the whole culture, the amount of produced, 
unidentified organic compounds corresponded to 15 g glucose carbon, or 
to 37.5 g glucose. 
 
7.2. Extracellular components in the medium 
To identifying the extracellular compounds, the following was analyzed: 
lipopolysaccharide, reducing sugars, phospholipids, DNA, protein, 
glucose, acetate, ethanol, formate, D- or L-lactate, succinate, citrate and 
free amino acids. Almost no DNA was found in the medium, and the 
protein profile (only corresponding to maximum 0.12 – 0.25 g L-1 dw) 
followed the growth curve well (Paper V, Fig. 4), which indicates that the 
extracellular compounds did not originate from lyzed cells. 
 
Metabolites frequently occurring in E. coli cultures could only account for 
a minor part of the medium carbon. Lactate, succinate, formate, acetate, 
and ethanol were brought into the culture by the inoculum (Paper V, Fig. 
5). The residual glucose lately accumulated up to 80 mg L-1, a 
phenomenon also observed by others (Lin et al., 2001; Xu et al., 1999a). 
Whether the metabolites acted as substrates/products depended on the 
culture phases. D-lactate and formate were consumed concomitant with 
glucose in the batch phase, and seem therefore not to be subjected to 
inducer exclusion or catabolite repression. Acetate was consumed 
immediately after transition to the fed-batch phase, and ethanol slowly 
after that.  
 
Leakage or production of the amino acids glutamate, glutamine, aspartate, 
asparagine, alanine, glycine, and serine did occur, but to a small extent. 
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These amino acids are all formed in one, or a few steps, from the central 
metabolism. 
 
7.3. Outer membrane components  
Lipopolysaccharide (LPS), phospholipids (PL) and carbohydrates, the 
main components of the E. coli outer membrane (OM), were found to be 
released to significant levels in the medium during the latter part of the 
culture (Paper V, Fig. 6). The OM components in the medium were likely 
shed cell material, since very little cell lysis occurred. The release of OM 
constituents by growing E. coli is a normal phenomenon (Hoekstra et al., 
1976; Ishiguro et al., 1986). The shed material may occur as membrane 
vesicles, and as membrane fragments (Hoekstra et al., 1976; Irvin et al., 
1981). It has been proposed that OM vesicles are formed when the OM 
expands faster than the underlying peptidoglycan layer (Wensink and 
Witholt, 1981). Thus, the cell-bound OM remains intact, and cell lysis is 
avoided as the OM release is accompanied by continuous synthesis of 
new OM components (Marvin et al., 1989; Tesh et al., 1986). A 
calculation of the proportion of released OM components relative to that 
contained in the cell (3.4% LPS, 9.1% PL w/w (Neidhardt and Umbarger, 
1996)) indicate that finally the released LPS was 95%, and released PL 
was 40% of that in the cells in the whole culture. Since the E. coli cell 
envelope contains one layer of LPS and totally three layers of PL, the 
amount of LPS and PL shed into the medium is approximately equal to 
the OM of the cells in the culture. 

 
The specific production rates 
of OM components (qOM) 
plotted against the specific 
growth rate µ shows that LPS 
and PL have a similar profile, 
while the carbohydrate is 
somewhat different (Fig. 20). 
Nevertheless qOM remains 
relatively low until µ 
approaches 0.06 h-1 but later in 
the culture there was a 
tremendous increase in OM 
production. At the last 

Fig. 20. Specific OM release rate, qOM plotted against
the specific growth rate, µ. LPS ( ), phospholipids
( ) and, total carbohydrates ( ) which was obtained
by subtracting the amount of core oligosaccharide in
LPS, and residual glucose from the measured total
carbohydrate . 
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sampling point when µ is 0.026 h-1, the sum of the three qOM is 0.034 h-1 
(Fig. 20). Thus, at this stage only 40% of the cellular biosynthetic 
capacity is directed to biomass formation, while 60% is used for synthesis 
of OM components shed into the environment. 
 
The reason for the release of OM components is not clear. It is known that 
the extent of OM release is strain specific (Marvin et al., 1989), and 
affected by the environment. The presence of EDTA, tris-buffer or saline 
(Pelletier et al., 1994; Tsuchido et al., 1985; Irvin et al., 1981), antibiotics 
(Bucklin et al., 1994), phage infection (Taniai et al., 1997; Loeb and 
Kilner, 1978), increased temperature (Mackowiak, 1984), and amino acid 
depletion (Hoekstra et al., 1976) enhance the release. LPS synthesis was 
regulated by the stringent control mechanism, and amino acid deprivation 
stimulated the rate of LPS release in relA mutants but not in relA+ strains 
(Ishiguro et al., 1986). Given that E. coli W3110 is relA+, the possibility 
still exists that, at the low glucose utilization rate at the end of the culture, 
cell proliferation is sincerely hampered due to energy or precursor 
limitation, and the consumed glucose is instead used for OM synthesis. In 
nature, OM release may offer protection against external stress, or 
contribute to pathogenesity (van den Berg et al., 1992; Voll and Leive, 
1970; Aono, 1989; Wai et al., 1995; Kolling and Matthews, 1999; 
Wensink and Witholt, 1981). 
 
7.4. Composition of extracellular carbon compounds 
Although LPS, PL, and carbohydrates make up 63% of the extracellular 
compounds, still ~30% (on a carbon basis) remains to be identified (Paper 
V, Fig. 7b). The unidentified carbon is suggested to depend on the amount 
of extracellular carbohydrates being underestimated. Laboratory strains of 
E. coli K-12 and B completely lack the O-antigen polysaccharide region 
(Nikaido, 1996). E. coli produces two main types of complex 
carbohydrates, in addition to the core oligosaccharide of LPS, namely 
enterobacterial common antigen (ECA), and capsular polysaccharides 
(Rick and Silver, 1996). These two types of carbohydrates consist of 
numerous substitutions and building blocks. The complexity can not be 
resolved by the analysis employed in the study. Moreover, the released 
OM vesicles contain embedded proteins, albeit at a different composition 
than the cell-bound OM (Wensink and Witholt, 1981; Mug-Opstelten and 
Witholt, 1978). It is possible that some embedded segments can not be 
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detected, thereby being excluded in the protein measurements. Thus, 
some unidentified carbon could be due to this. 
 
7.5. Controlling OM release by TLFB technique 
The OM release could create problems in recombinant protein production 
processes. For example, such a release decreases the yield of biomass and 
protein product, complicates downstream processing and affects the 
product quality, and large amount of vesicles, fragments or free molecules 
of OM components may influence the oxygen transfer rate. 
 
A novel cultivation technique, the temperature-limited fed-batch (TLFB), 
is developed as an alternative for achieving high cell-densities. Medium 
glucose was maintained in excess by feeding. There were two phases in 
the process. Initially the culture was run at a constant temperature (35°C) 
and with exponential feeding of glucose to control µ at ~0.3 L h-1 until 
DOT declined to a pre-set value (30%). Then DOT was regulated at the 
set point by means of temperature change, while the glucose feed rate was 
adjusted to ensure the medium glucose in a range of 1-5 g L-1. The 
temperature was decreased over the cultivation from 35°C to 25°C. The 
biomass increased and µ declined gradually as in a GLFB culture (not 
shown). 
 

When this strategy was used 
for cultivation of E. coli the 
release of LPS was drastically 
reduced to below 10 mg L-1 as 
compared with the GLFB 
culture (Fig. 21). Whether this 
depends on the lower 
temperature or on the absence 
of glucose limitation is not 
clear from this experiment. 
However, since a high level of 
acetate (4.5 g L-1) was 
produced, the biomass of the 
TLFB process was lower than 
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that of the GLFB process. The control of acetate formation remains to be 
solved in this culture technique. 
 
8. Concluding remarks 
 
To improve recombinant protein productivity in E. coli, it is important to 
understand the fundamental mechanisms regulating metabolism and 
physiology, in parallel to the engineering aspects of bioprocesses. 
 
The work in this thesis shows that free amino acids influence E. coli 
physiology. Generally, a mixture of 16 or 20 amino acids together with 
glucose is benefited for biomass synthesis as amino acids can be utilized 
directly for biosynthesis of cellular protein, thus saving energy and 
precursors. However, a mixture of amino acids, if not optimized, rarely 
improves the production of heterologous proteins. 
 
If a few or a single amino acid is present, mainly negative effects will be 
observed, that could be caused by unbalanced metabolic pools, inhibition 
of enzymes of other pathways, change of regulation patterns of 
metabolism and transport systems.  
 
However, the presence of glycine in E. coli cultures markedly increases 
the cell yield and growth rate, and the positive effect is related to glycine 
per se, serine, one-carbon units and threonine formed from glycine, and 
the function of PTS. However, the metabolism behind the positive effect 
is found to be controlled by quorum sensing, a mechanism by which a cell 
density-dependent extracellular autoinducer regulates gene expression. 
Interestingly, quorum sensing appears to regulate the central metabolism 
as well, since a metabolic switch is seen in glucose-mineral medium 
cultures at the same cell density level.  
 
In glucose limited fed-batch cultures, E. coli cells are found to shed outer 
membrane components, such as lipopolysaccharide, phospholipids, and 
carbohydrates into the medium late in the cultures, which indicates that 
the physiology and metabolism of the cells may be influenced by the 
glucose limitation or some unknown factors. This shedding lowers the 
cell yield and complicates the product downstream treatments. 
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The results and new knowledge achieved from this work may be used to 
optimize production processes and lead to further studies. For instance, by 
supplementation of a few or a single amino acid to cultures of a strain 
with mutations in particular metabolic pathways or in the quorum sensing 
control, or by developing novel cultivation techniques such as TLFB, it 
may be possibly to obtain higher cell and product yield in E. coli 
processes. 
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