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ABSTRACT 
 
Metabolism of microorganisms manifests remarkable flexibility by adaptation to 
different environmental conditions. This is usually accompanied by a change in the 
specific growth rate (μ), which integrates regulation of many properties of cell 
physiology e.g. cell morphology, proteome content, metabolic flux patterns. As the 
majority of these processes are regulated through coordinated changes in gene 
expression, a systems biology approach is needed to achieve a quantitative whole-cell 
level understanding of the complex control principles of metabolism. The aim of this 
thesis is to fully quantitatively characterize μ-dependent multi-level dynamics of steady 
state metabolism of the most-studied bacterium Escherichia coli using a systems 
biology approach by integrating absolute quantitative multi-omics analyses, advanced 
continuous cultivation and computational methods, with a special focus on acetate 
overflow metabolism and control of protein and metabolic flux levels. 
 Detailed carbon balance analysis in glucose-limited accelerostat (A-stat) cultures 
revealed novel carbon wasting profiles into pyrimidine pathway intermediates and 
together with metabolic flux analysis (MFA) suggested that despite the ~4-fold 
increased carbon wasting with μ rising from 0.1 to 0.5 h−1, E. coli could maintain a 
constant biomass yield through a simultaneous 36% reduction of non-growth 
associated ATP production. Furthermore, high-resolution A-stat cultures precisely 
captured the start of acetate overflow at μ = 0.27 h−1 and together with integrated 
quantitative exo-metabolome, transcriptome and proteome analyses coupled to MFA 
allowed to propose that acetate overflow is triggered by carbon catabolite repression-
mediated down-regulation of acetyl-CoA synthetase (Acs) resulting in decreased 
assimilation of acetate produced by phosphotransacetylase (Pta) and disruption of the 
PTA-ACS node. This was experimentally proven by creating an E. coli Δpka ΔarcA 
strain with postponed and 4-fold reduced acetate overflow through increased acetate 
recycling capabilities and downstream throughput in the TCA cycle. In addition, this 
strain is superior to previous acetate overflow-reduced E. coli strains since it does not 
accumulate any other detrimental by-product and maintains μmax of wild-type. 
 High correlations (R ~ 0.8) between both genome-wide mRNA and protein 
expression changes with rising μ and concentrations were detected. Integration of 
absolute quantitative transcriptome and proteome data with flux rates and statistical 
covariance analysis revealed that E. coli achieved 5-time faster growth through 3.7-
fold increased apparent in vivo catalytic rates of enzymes (kapp) and 2.8-fold increased 
translation rates by predominantly controlling protein abundances and flux rates at 
post-transcriptional and post-translational levels, respectively. Our analysis further 
showed that E. coli invests most of its proteome resource into expression of proteins 
involved in biosynthesis and energy generation while enzymes carrying high fluxes 
seem to be more abundant and also possess higher kapp. 

This thesis contributes to the much-needed better quantitative description and 
understanding of biological systems and control principles of cell metabolism at the 
whole-cell level. Additionally, it advances novel modeling approaches and metabolic 
engineering of superior microbial cell factories.  
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KOKKUVÕTE 
 
Mikroorganismide metabolismi märkimisväärset paindlikkust tõestab nende võime 
kohaneda erinevate keskkonnatingimustega. Reeglina kaasneb sellega muutus rakkude 
kasvuerikiiruses (μ), mis integreerib mitmete rakufüsioloogia mehhanismide 
regulatsiooni (nt. raku morfoloogia, proteoomi sisaldus, metaboolsete voogude muster). 
Kuna enamus neid protsesse reguleeritakse läbi koordineeritud geenide ekspressiooni 
muutuste, siis on vajalik rakendada süsteemide bioloogia lähenemist, et mõista 
komplekseid metabolismi regulatsioonimehhanisme kvantitatiivselt terve raku tasemel. 
Käesoleva väitekirja eesmärk on kirjeldada kvantitatiivselt enim uuritud bakteri 
Escherichia coli μ-sõltuvat steady state metabolismi mitmetasandilist dünaamikat 
kasutades süsteemide bioloogia lähenemist läbi absoluutselt kvantitatiivsete oomika-, 
kõrgetasemeliste läbivoolukultivatsiooni- ja arvutusmeetodite integreerimise, omades 
erilist fookust atsetaadi ülevoolu metabolismil ning valkude tasemete ja voogude 
suuruste kontrollmehhanismidel. 
 Detailne süsinikubilansi analüüs glükoos-limiteeritud akselerostaat (A-staat) 
kultuurides võimaldas tuvastada uudsed pürimidiini raja vaheühendite süsiniku 
raiskamisprofiilid ning koos metaboolsete voogude analüüsiga (MFA) viitas sellele, et 
hoolimata ca nelja-kordsest süsiniku raiskamise kasvust μ tõusmisel 0.1-lt 0.5-le h−1, 
suutis E. coli säilitada konstantse biomassi saagise tänu samaaegsele 36%-lisele 
kasvuga mitte-seotud ATP tootmise vähendamisele. Veel enam, kõrge resolutsiooniga 
A-staat kultuuride kasutamine võimaldas täpselt tuvastada atsetaadi ülevoolu alguse μ 
= 0.27 h−1 juures ning koos integreeritud kvantitatiivsete rakuvälise metaboloomi, 
transkriptoomi ning proteoomi analüüside ja MFA-ga võimaldas püstitada hüpoteesi, et 
atsetaadi ülevoolu käivitab kataboliitse repressiooni poolt põhjustatud atsetüül-CoA 
süntetaasi (Acs) allaregulatsioon, millega kaasneb fosfotransatsetülaasi (Pta) poolt 
toodetud atsetaadi tarbimisvõime langus ning PTA-ACS tsükli katkemine. Selle 
hüpoteesi eksperimentaalseks tõestamiseks loodi E. coli Δpka ΔarcA tüvi, mille puhul 
neli korda metsiktüvest väiksem atsetaadi ülevool algab ka oluliselt kõrgemal glükoosi 
tarbimiskiirusel tänu kõrgemale atsetaadi tagasitarbimis- ning edasisele 
metaboliseerimisvõimele TCA tsüklis. Lisaks on tüvi parem eelnevatest vähendatud 
atsetaadi ülevooluga E. coli tüvedest, kuna ei tooda ühtegi teist kahjulikku 
kõrvalprodukti ja omab metsiktüvedega võrdset μmax-i. 
 Väitekirjas detekteeriti kõrged korrelatsioonid (R ~ 0.8) nii üle-genoomsete mRNA 
ja valgu ekspressiooni μ-sõltuvate muutuste kui ka kontsentratsioonide vahel. 
Absoluutselt kvantitatiivsete transkriptoomi ja proteoomi andmete integreerimine 
voogude kiiruste ning statistilise kovariatsioonianalüüsiga tuvastas, et E. coli saavutas 
5-korda kiirema kasvu läbi 3.7-korda tõusnud näivate in vivo ensüümide katalüütiliste 
(kapp) ja 2.8-korda kasvanud translatsiooni kiiruste, kontrollides peamiselt valkude 
koguseid ning voogude kiirusi vastavalt post-transkriptsiooni ja post-translatsiooni 
tasemetel. Lisaks täheldati, et E. coli investeerib enamuse proteoomi ressursist 
biosünteesi ja energia tootmisega seotud valkude ekspresseerimisele ning et suuri 
vooge katalüüsivaid ensüüme leidub rakus nii suuremal arvul, kui ka neil on kõrgemad 
kapp väärtused. 
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 Käesolevas väitekirjas kogutud andmed võimaldavad oluliselt paremini kui varem 
kirjeldada kvantitatiivselt metabolismi regulatsioonimehhanisme terve raku tasemel. 
Täiendavalt edendab väitekiri uudseid modelleerimismeetodeid ning paremate 
mikroobsete tootjarakkude konstrueerimist. 
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INTRODUCTION 
 
Escherichia coli is the most-studied bacterium and also widely exploited by the 
biotechnology industry as a microbial cell factory. Hence, there is great interest from 
both the industry and academia to gain even more knowledge about the metabolism of 
this gram-negative model-organism. Whereas a lot about E. coli metabolism is known, 
there exist gaps or lack of knowledge altogether regarding some fundamental 
principles of metabolic regulation.  

For example, although the specific growth rate (μ) is known to be central in 
integrating regulation of many properties of cell physiology e.g. cell morphology [1–3], 
gene expression [4–8], metabolic flux patterns [4,7–10], simultaneous regulation of 
cellular metabolome, transcriptome, proteome and fluxome levels and their patterns 
accompanying the change in μ is not thoroughly characterized and understood. More 
specifically, for example, after decades of studies the mechanism behind the regulation 
of acetate overflow metabolism has not been unequivocally elucidated. Furthermore, 
regulation levels of the gene expression cascade (e.g. transcriptional, post-translational) 
controlling protein abundances and metabolic fluxes enabling the cells to achieve faster 
growth are not known. To gain new insights into these phenomena and μ-dependent 
metabolism in general, the main aim of this thesis is to comprehensively and fully 
quantitatively characterize μ-dependent multi-level dynamics of steady state 
metabolism of the most-studied bacterium E. coli using a systems biology approach by 
coupling absolute quantitative multi-omics analyses with advanced continuous 
cultivation and computational methods. It is important to point out that it is critical that 
this biological information is acquired for cells grown in strictly defined physiological 
states i.e. continuous cultures, representing steady state physiology [11,12]. 

This thesis advances the much-needed better quantitative description and 
understanding of biological systems and control principles of cell metabolism at the 
whole-cell level [13,14] in many aspects. For instance, we report novel μ-dependent 
carbon wasting profiles; propose a new mechanism for acetate overflow metabolism 
and experimentally prove this by creating strains with reduced carbon loss into acetate; 
determine that E. coli achieves faster growth by increasing catalytic and translation 
rates of proteins.  
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ABBREVIATIONS 
 
A-stat accelerostat 
Acetyl-P acetyl phosphate 
AckA acetate kinase 
Acs acetyl-CoA synthetase 
ArcA dual transcriptional regulator for anoxic redox control 
ATP adenosine triphosphate 
cAMP cyclic AMP 
CBASP carbamoyl-aspartate 
CCM central carbon metabolism 
CCR carbon catabolite repression 
Crp cAMP receptor protein 
D dilution rate 
D-stat  dilution rate stat  
DHO dihydroorotate 
DNA deoxyribonucleic acid 
E. coli Escherichia coli 
gDCW gram dry cellular weight 
GS glyoxylate shunt 
kapp apparent in vivo catalytic rate of enzyme 
kcat the maximum number of reactions catalyzed per enzyme 
MFA metabolic flux analysis 
mRNA messenger RNA 
NAA acetyl-aspartate 
NADH reduced nicotineamide adenine dinucleotide 
NADPH reduced nicotineamide adenine dinucleotide phosphate 
nATP protein synthesis cost 
PDH pyruvate dehydrogenase 
PEP phosphoenolpyruvate 
Pka protein lysine acetyltransferase 
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R Pearson correlation coefficient 
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TR transcriptional 
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1. LITERATURE REVIEW 
 
1.1. Importance of Escherichia coli 
 
Escherichia coli is a gram-negative, rod-shaped and non-sporulating bacterium 
commonly found in the lower-intestines of warm-blooded animals. It is a facultative 
aerobe meaning it can easily switch between fully respiratory, fermentative and 
respiro-fermentative growth. E. coli was first discovered in 1885 by a German 
bacteriologist Theodor Escherich. Notably, it has been the most-studied prokaryotic 
model organism both in microbiology and biotechnology. It could also be considered 
the most important free-living organism since a significant part of the knowledge 
regarding fundamentally conserved biological processes in living organisms at the 
molecular level derive from laboratory studies of E. coli. Furthermore, this bacterium 
also played a crucial role in the start of biotechnology by serving as the host for the 
first recombinant DNA technology invented by Genentech, Inc. Since then, E. coli has 
been vastly and successfully exploited in the biotechnology industry for the production 
of recombinant proteins, low molecular weight compounds, biofuels etc., mainly 
because of low manufacturing and end-product purification costs and its ability to 
easily reach high cell densities [15,16]. Due to the latter and the notion that new 
information regarding E. coli can be more successfully interpreted because of the vast 
amount of knowledge which already exists, studying E. coli still has high relevance for 
further advancement of our fundamental understanding of living organisms and the 
needed innovation in the biotechnology industry. 

Metabolism of E. coli is highly flexible which facilitates successful adaptation to a 
wide range of environmental conditions. For example, E. coli can rapidly switch from 
growing on amino acid substrates to synthesizing all the 20 amino acids necessary for 
biomass proliferation if substrates are suddenly depleted. Furthermore, it can also grow 
aerobically or anaerobically, survive osmotic or acidic stress etc. Realization of such 
flexibility requires sophisticated and tightly controlled regulation mechanisms, about 
which we still lack a complete understanding. Hence, any additional knowledge 
regarding the regulation principles of cell metabolism are highly valuable for a more 
comprehensive understanding of biological systems overall [13,14] and novel and 
more successful biotechnology and synthetic biology efforts [17]. As adaptation to 
different environmental conditions is usually accompanied by a change in the specific 
growth rate (μ), which integrates regulation of many properties of cell physiology e.g. 
cell morphology [1–3], gene expression [4–8], metabolic flux patterns [4,7–10], 
studying the metabolic responses of E. coli to perturbations in μ at the most important 
regulatory layers of transcriptome, proteome and fluxome can lead to elucidation of the 
complex control principles of metabolism at whole-cell level. 
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1.2. Specific growth rate-dependent steady state metabolism of Escherichia 
coli  

 
1.2.1.  Importance of steady state cultures 

 
The most widely-used method for studying cell growth is batch cultivation. Indeed, 
batch cultures are very effective for high-throughput screening of μ and maximum cell 
yield in microtiter plates and shake flasks. However, batch cultures result in non-steady 
state growth even during the so-called ‘balanced growth phase’ (when substrate 
consumption is maximal during exponential growth) due to the constantly changing 
biomass and metabolic by-product concentrations. Moreover, trying to study μ-
dependent metabolism in batch cultures using different media does not allow one to 
draw unequivocal conclusions regarding μ-dependent metabolism since manipulating μ 
by varying substrates also leads to substrate specific re-organization of metabolism. It 
has been concluded that batch cultures result in complex data patterns reflecting 
uncontrolled changes of growth conditions, which are often difficult or even 
impossible to interpret [11,12], making them unsuitable for studying μ-dependent 
metabolism. 

To overcome the issues with batch cultures, the continuous cultivation method 
chemostat was introduced in 1950 to study μ-dependent metabolism in steady state 
using strictly defined and controlled growth conditions [18,19]. As studying 
metabolism over a wide range of μ with high-resolution using chemostat cultures is 
very time and resource consuming, the continuous cultivation method accelerostat (A-
stat) was later developed [3]. A-stat enables to collect vast amount of data in short time 
to monitor the dynamics of metabolism with very high resolution and precisely detect 
metabolic switch-points (e.g. start of acetate overflow), which could be left unnoticed 
using chemostats. Importantly, quasi steady state data of A-stat describe steady state 
physiology equally to chemostats if experiments are conducted properly [20–26]. In 
conclusion, it is important that μ-dependent metabolism is studied in strictly defined 
physiological states i.e. continuous cultures, representing steady state physiology 
[11,12]. Thus all the following literature review under this sub-heading considers 
continuous cultures, and more specifically glucose-limited cultures. 
 

1.2.2.  Carbon flows 
 
Carbon is the central element for every organism and understanding its metabolism 
also in E. coli is instrumental for understanding its physiology. Majority of the 
consumed carbon by aerobically growing E. coli is used for biomass formation and 
CO2 synthesis [4–7,9,10,27–32], which is mostly formed as an accompanying by-
product for generating energy and reducing equivalents. Additionally, a notable 
amount of the consumed carbon is lost to several by-products excreted by the cells into 
the growth environment. The main by-product in wild-type E. coli aerobic cultivations 
is acetic acid [4–10,31–34]. In addition, accumulation of other compounds such as 
lactate, formate, pyruvate, ethanol etc. has been observed [4,10,35]. Although 
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excretion of many other compounds besides the above-mentioned ‘well-known’ ones 
has been detected [4,36–38] e.g. pyrimidine pathway intermediates, these carbon 
wasting outflows are generally not taken into account in carbon balance or metabolic 
flux analysis (MFA) of E. coli, possibly leading to questionable conclusions. For 
instance, Taymaz-Nickerel and colleagues accounted a substantial amount of ‘missing 
carbon’ in the carbon balance (7–13%) of E. coli continuous cultures to cells lysis 
which has not been observed before in the literature [39]. 
 As the above-mentioned carbon flows and their relative fractions from the 
consumed carbon vary with growth conditions, it is very important to quantitatively 
determine the dependence of carbon flows on μ. Glucose-limited continuous culture 
experiments with various E. coli wild-type strains have generally shown a constant or 
slightly increased carbon flow to biomass and decreased fraction allocated for CO2 
synthesis with rising μ [4,5,7,9,10,27,28,31,40]. Regarding the major by-product 
acetate, it is quite well documented that acetate overflow is μ-dependent with no 
excretion at slow and high excretion at fast growth [4–10,31–34]. The μ-dependent 
excretion patterns of other by-products are much less clear or missing altogether. 
Therefore, to obtain a more accurate description of μ-dependent carbon flows and their 
regulation in the metabolic network, A-stat experiments with high-resolution of μ 
together with detailed carbon balance analysis should be carried out. 
 

1.2.3.  Metabolic fluxes and energy metabolism 
 
Knowing carbon uptake and excretion routes gives a general understanding about 
carbon catabolism but a more sophisticated method of flux analysis (fluxomics) is 
necessary to quantify metabolic fluxes and their distribution within the metabolic 
network. However, metabolic fluxes cannot be measured directly in vivo, but can be 
estimated either with computational methods (e.g. MFA, flux balance analysis) or 
experimental flux measurement techniques with stable isotope tracers (e.g. 13C-MFA) 
[41,42]. These methods require a thorough knowledge of the metabolic network, its 
stoichiometry and biomass composition. However, balancing the energy-metabolites 
ATP, NADH and NADPH is difficult since E. coli possesses several transhydrogenases 
able to interconvert NADH and NADPH [9,43], there exist ATP dissipating futile 
cycles [28,44–48] and the exact efficiency of NADH to ATP conversion (P/O) in the 
respiratory chain (RC) is not known [49,50]. Also the biomass composition is 
dependent on growth conditions [27,39,51–53] and using the one corresponding to the 
experimental state is important since it influences flux calculations as shown by 
sensitivity analysis [52]. These challenges could be met by using additional constraints 
based on 13C-MFA [4,7,9] and experimentally determined biomass composition [52], 
making fluxomics methods acceptable for predicting metabolic flux patterns and 
studying energy metabolism also in E. coli [41,42]. 
 It is difficult to conclude about the exact splitting ratio of initial glucose catabolism 
between glycolysis and pentose phosphate pathway (PPP) in E. coli due to the 
uncertainty about transhydrogenase activities in vivo [9,43]. Still, it seems that roughly 
a 70 to 30% splitting between glycolysis and PPP occurs in E. coli glucose-limited 
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continuous cultures [4,7–10,28,54] and this ratio changes in favor for PPP with rising μ, 
presumably to meet the increasing NADPH demands for higher RNA synthesis with 
faster growth [55–58]. In parallel, tricarboxylic acid (TCA) cycle fluxes decrease with 
the concomitant start and increasing acetate overflow with rising μ. Strong μ-
dependent activity of the glyoxylate shunt (GS) has also been determined with high 
activity at low μ and no flux above μ = 0.4 h−1 [4,7,9]. Simultaneously, the anaplerotic 
PEP carboxylase flux increases with rising μ. 
 Quantification of metabolic flux patterns is essential for understanding the 
regulation of energy metabolism. Although balancing energy-metabolites accurately to 
reflect the true situation in vivo is difficult to achieve, it is generally accepted that 
around half of the produced energy is spent for functions not directly related to growth 
[31,44,45,59,60]. Probably the most energy-demanding processes of the latter are 
turnover of macromolecules, re-establishment of ion gradients and futile cycles 
[44,45,58,60,61]. This non-growth related energy production is also termed 
maintenance energy and usually further divided into non-growth and growth associated 
parts. However, these terms should be used with great caution due to the confusion 
regarding their exact biological nature [44,45,60]. The non-growth associated 
maintenance cost is assumed to be constant and generally estimated by extrapolating 
the specific glucose consumption rates (qglc) measured in chemostat cultures to μ = 0 
h−1 [9,40,44,45,60]. However, since the total non-growth related energy costs are 
known to vary among growth conditions [44,45,60,62,63], constant values should be 
avoided and regulation of μ-dependent energy metabolism should be inferred from the 
net difference between energy production and consumption, assuming that the P/O is 
insensitive to μ [39]. 
 

1.2.4.  Functional-genomic responses 
 
Adaptation of microorganisms to different environmental conditions is generally 
accompanied by a change in μ, which integrates regulation of many properties of cell 
physiology e.g. cell morphology [1–3], metabolic flux patterns [4,7–10]. As the 
majority of these mechanisms are regulated through changes in gene expression, it is 
very useful to study the functional-genomic responses of E. coli to a perturbation also 
in μ to gain further insights into the complex control principles of metabolism. The 
most available methods for this are transcriptomics and proteomics. 
 One could expect activation of gene expression in pathways responsible for the 
production of precursors for biosynthesis and energy generation to realize the 
necessary significantly higher flux throughput of these pathways for faster growth. 
Although the studies of μ-dependent genome-wide transcriptome analysis in the 
literature differ by E. coli wild-type strains, media and other conditions [4–7], the 
results in general do not exactly support the latter expectation: mRNA levels in 
glycolysis are rather constant or slightly increase with rising μ and in the TCA cycle 
increase but drop off at faster growth. PPP transcript levels, however, uniformly 
increase with faster growth. These observations at mRNA level are mostly consistent 
with the only μ-dependent proteome data set [4]. Data regarding mRNA expression of 
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the components of the RC differ between the studies as constant, decreasing and 
increasing patterns have been observed with rising μ. Interestingly, however, all the 
studies detected a strong increase of ndh, an NADH dehydrogenase not generating 
proton motive force [64], with faster growth, possibly linked to balancing the redox 
ratio which has been proposed to be an issue in faster growing E. coli [5]. 
 Another common observation among the latter studies is the activation of carbon 
catabolite repression (CCR) [65,66] with rising μ, evidenced by down-regulation of the 
genes associated with alternative (to glucose) substrate transport and catabolism [4–7]. 
This could be expected as the rising residual glucose concentration in glucose-limited 
continuous cultures with faster growth could trigger CCR, which realizes the 
preference of glucose over alternative carbon sources in the presence of glucose 
through the repression of genes necessary for the use of alternative carbon sources 
[65,66]. Closely coupled with this regulation is the strong down-regulation of GS and 
gluconeogenesis at both mRNA and protein levels [4–7]. Consistent with the results of 
flux analysis described above is the up-regulation of the anaplerotic PEP carboxylase 
(ppc and Ppc) with rising μ in all the studies, presumably activated to replenish the 
decreasing pools of TCA cycle intermediates oxaloacetate and α-ketoglutarate due to 
increasing demands of these precursor molecules for amino acid and nucleotide 
biosynthesis with faster growth [58]. 
 Recent reviews [67–70] have concluded that time-course analyses of bacteria and 
yeast reveal large differences between mRNA and protein expression changes in 
perturbed non-steady state batch cultures, indicating considerable post-transcriptional 
(post-TR) regulation. Notably, the only E. coli steady state data set with simultaneous 
transcript and protein profiling, though for only 56 genes, shows correlations up to R = 
0.4 (Pearson correlation coefficient) between mRNA and protein changes with rising μ 
[4]. The different results between non-steady state and steady state cultures highlights 
the need for a more global analysis at both levels in steady state conditions to 
investigate if the state of the culture could be an important factor in mRNA-protein 
correlation analysis and for understanding the relevance of post-TR regulation. 
 
1.3. Acetate overflow metabolism of Escherichia coli 
 
As stated above, the main by-product for wild-type E. coli aerobic cultivations is acetic 
acid [4–10,31–34]. Acetic acid exerts its toxicity by uncoupling the transmembrane pH 
gradient and acidifying the cytoplasm [71–73]. In addition to being detrimental for 
recombinant protein synthesis, acetate interferes with methionine biosynthesis and its 
accumulation diverts valuable carbon from biomass formation and inhibits growth even 
at as low concentrations as 0.5 g/L [15,74–78].  

Acetate excretion into the growth environment is also termed acetate overflow and 
it is known to be μ-dependent with no excretion at slow and high excretion at fast 
growth [4–10,31–34]. Acetate overflow metabolism has been studied widely over the 
years and it is generally believed to be caused by an imbalance between substrate 
uptake and anabolic/catabolic throughput of downstream pathways [79,80]. Several 
explanations propose limitations in respiratory capacity [31,32,79], TCA cycle 
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throughput [81,82], energy generation [10,72], activity of the GS [33,83], necessity for 
coenzyme A replenishment [84] or membrane space [85]. Numerous attempts at 
process and genetic levels have been tried to diminish acetate overflow (reviewed in 
[86]). Notably, deletion of the main synthesis pathways phosphotransacetylase-acetate 
kinase (PTA-ACKA) and pyruvate oxidase (POXB) [72] reduce acetate overflow but 
result in several detrimental trade-offs: reduction of μ and biomass yield (YXS), and 
substantially elevated carbon loss into lactate and formate [29,76,87–90]. This shows 
that acetate overflow cannot be simply avoided by removing the main synthesis 
pathways. It is actually not surprising that acetate overflow cannot be totally abolished 
with this approach as down-regulation of the main acetate synthesis pathway genes is 
observed in chemostats before the start of acetate overflow [4–6,33]. In conclusion, 
none of the general theories or process/genetic efforts has been able to unequivocally 
explain the mechanism and regulation behind acetate overflow.  

Interestingly, a theory for acetate overflow in Saccharomyces cerevisiae proposes 
that acetate accumulation is the result of insufficient acetyl-CoA synthetase (Acs) 
activity for the complete functioning of the pyruvate dehydrogenase bypass because of 
glucose repression of Acs at high μ [91]. It seems that this theory could also be relevant 
in E. coli since acetate overflow starts at a lower μ in an E. coli acs knockout strain 
compared to wild-type [33]. Although, no clear conclusions can be drawn from 
literature data with single over-expression of acs [33,92], its over-expression together 
with deletion of GS repressors iclR and fadR reduces acetate excretion in batch cultures 
[33]. Furthermore, similar to S. cerevisiae, CCR [65,66] is responsible for repression of 
Acs activity in E. coli with rising μ [4–6] since acetate is an alternative carbon source 
to glucose. The theory that CCR-mediated repression of acs could trigger acetate 
overflow is supported by the observation that an E. coli knockout strain of crp (a 
central player in CCR of E. coli through activating expression of catabolic genes such 
as acs in complex with cyclic AMP (cAMP) [65,66,93]) accumulates acetate also at 
low μ where wild-type does not [7,94]. Moreover, E. coli CRP* mutants that do not 
require Crp binding to cAMP to activate the expression of catabolic genes showed ~4-
time higher acs expression and secreted substantially less acetate in xylitol producing 
batch fermentations [95]. Of course, other mechanisms can be involved in Acs 
repression, as, for example, an E. coli cra knockout strain shows increased acetate 
production rates [96]. Still, it can be concluded that after decades of studies, the 
mechanism and regulation behind acetate overflow metabolism of E. coli still remain 
unclear. 
 
1.4. Absolute quantitative –omics analyses 
 
With the recent rapid advances in high-throughput –omics analyses such as 
transcriptomics and proteomics [68], analysis of cell metabolism at absolute 
quantitative levels—molecules per cell or intracellular concentrations—has become a 
reality. The importance of absolute quantification can be illustrated by the following 
example: if a cell increases expression of protein X 10-fold as a response to an 
environmental perturbation, it does not necessarily mean that the energetic and 
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expression load of protein X on metabolism is more significant than that of protein Y 
which is up-regulated only 2-fold. This is because the real metabolic load of protein 
expression is determined also by the protein amount and that metabolic load would be 
much higher for protein Y if its abundance is 10-fold higher than that of protein X. 
Furthermore, since translation is believed to be the rate-limiting process for faster 
growth, at least in E. coli [97], it is highly relevant to analyze the allocation principles 
of proteome resources for understanding μ-dependent metabolic regulation [97,98]. 

Simultaneous absolute quantification of mRNA and protein levels allows to 
generate protein-per-mRNA ratios (pm) which estimate translation efficiencies and 
changes in pm values inform about the level of gene expression regulation (e.g. TR, 
post-TR) either through protein translation or degradation [69]. Interestingly, abundant 
proteins seem to be translated more efficiently than those of low abundance [99,100]. 
Translation efficiency can be maximized through codon bias i.e. non-random 
occurrence of codons for coding amino acids [67,101], which shows genome-wide 
correlation with protein expression levels [102–107]. In addition, coupling absolute 
proteome quantification with protein turnover measurements [99,108] opens a new 
dimension for metabolic engineering of superior cell factories as different 
routes/pathways to the target product can be evaluated in terms of their translational 
load and effects of protein re-synthesis costs on energy homeostasis. 
 Genome-wide absolute quantification of transcriptome and proteome has been 
carried out for several microorganisms in batch cultures: proteome in E. coli 
[102,104,105,109] and simultaneous transcriptome and proteome in E. coli [110], 
Bacillus subtilis [111], Mycoplasma pneumoniae [108] and yeast [100]. However, 
batch cultures do not reflect steady state physiology as highlighted above. The only 
absolute quantitative studies conducted in steady state continuous cultures of E. coli, to 
the best of our knowledge, are those of genome-wide transcriptome [40] and 
simultaneous quantification of concentrations of 56 transcripts and proteins [4] at 
various μ. The latter study shows correlations of R ~ 0.8 between mRNA and protein 
concentrations. Despite these studies, we still miss μ-dependent genome-wide absolute 
quantitative mRNA and proteome data for E. coli. This data is valuable for a better 
quantitative understanding of cellular processes at whole-cell level [13,14] and for 
novel whole-cell modeling approaches where cell metabolism is simulated also as a 
function of μ [112–115]. 
 
1.5. Systems biology study of metabolism 
 
Most biological studies look at a specific aspect or layer of metabolism. However, to 
achieve a more systems level (whole-cell) understanding of physiological processes 
and metabolic regulation, a systems biology approach of integrating transcriptome, 
proteome and fluxome data coupled to models of different levels of detail is needed 
[14,68,116,117]. An effort to capture a whole-cell snapshot of both the components 
and the interactions between them is a tremendous challenge, but as understanding of 
both the regulation levels of protein and flux levels and other molecular relationships 
enabling the cells to modify μ is of instrumental importance towards a more complete 
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description of the control principles of cell metabolism [13,14], more accurate 
modeling [112–115] and successful biotechnology and synthetic biology efforts [17], 
genome-wide absolute quantitative multi-omics analysis in one study is highly needed. 
 Although several research groups have recently approached this challenge in 
various microorganisms [108,111,118–121], each study either lacks one necessary 
layer or the cells were not cultivated in steady state cultures. Similarly, many μ-
dependent cellular global relationships have been determined in E. coli non-steady 
state batch cultures [55] and at single layers of transcriptome [5–8,40] or fluxome [7–
9,28] in continuous cultures. There is one landmark study of E. coli, however, which 
captures all the –omics levels at various μ in steady state chemostat cultures [4]. Still, 
this seminal work lacks a proteome-wide view as μ-dependent patterns were 
determined for only 56 proteins. Thus there is still a need for a study which captures μ-
dependent global responses of absolute quantitative transcriptomes and proteomes of E. 
coli together with flux analysis, potentially leading to elucidation of the complex 
control principles of metabolism at whole-cell level. 
 One very interesting question what such integrated systems biology studies of 
metabolism could address is: at which regulation levels of the gene expression cascade 
are protein and flux levels controlled (e.g. TR, post-TR, translational (TL)) in different 
metabolic pathways for achieving higher flux throughput and faster growth? 
Determination of metabolic flux control levels is especially important for 
understanding regulation of metabolism since they represent the integrated response of 
all levels of cellular regulation [41]. Gene expression regulation of enzyme and 
following metabolic flux levels is not straightforward: enzyme abundance can be 
regulated through different regulation of mRNA and protein degradation, protein 
translation, post-TL modification, possible functional requirement for protein binding 
[67–70]; flux throughput by post-TL regulation of the catalyzing enzyme (either 
through chemical modification or allosteric regulation) or change of its catalytic rate 
through hyperbolic change of enzyme kinetics solely due to substrate concentration 
changes [122]. 
 Although we are missing information regarding μ-dependent control levels of 
protein and fluxes in E. coli, recent data uniformly reveal predominant post-TR 
regulation of protein abundances in bacteria with very different growth characteristics: 
M. pneumoniae [108], B. subtilis [111] and Lactococcus lactis [123]. Hierarchical 
regulation analysis has mainly been used as the methodology for determining to which 
extent a change in a particular flux is regulated at gene expression or post-TL levels 
[124]. Most of the studies implementing this approach have studied yeast and 
concluded that fluxes through glycolytic and fermentative pathways are mainly 
regulated at the post-TR level (reviewed in [125]). Notably, the only μ-dependent data 
set shows predominant post-TL control of fluxes in L. lactis continuous cultures [123]. 
Indeed, it has been concluded that changes in metabolic flux patterns are not a 
straightforward consequence of TR regulation of enzyme levels [116,122,126,127]. In 
conclusion, a comprehensive systems biology study is needed to unequivocally 
determine the regulation levels of protein and flux levels through which E. coli 
achieves higher flux throughput and faster growth. 
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 Important parameters for whole-cell modeling and kinetic analysis of metabolism 
are the catalytic rates of enzymes (kcat). However, a notable problem with the currently 
used kcat values is that they are derived from in vitro enzyme assays which might not 
reflect the situation in vivo [128], even if specially developed in vivo-like medium is 
used in the assay [129]. This is where absolute quantitative systems biology can help: 
apparent in vivo catalytic rates for enzymes (kapp) can be estimated by directly 
measuring both the enzyme concentration and the flux through the enzyme by coupling 
proteome and fluxome analyses. This approach has been applied to estimate kapp values 
in E. coli [109] and M. pneumoniae [130] batch cultures and μ-dependent values in L. 
lactis continuous cultures [123]. 
 In addition to the multi-omics experimental part, computational modeling is equally 
important for a systems biology study since large-scale data sets are very challenging 
to analyze without special tools. The above-mentioned rapid advances in high-
throughput genome-wide –omics analyses further drives the innovation of modeling 
approaches by providing new data at unprecedented scale. Integration of multi-omics 
data with genome-scale metabolic models has recently produced totally novel whole-
cell modeling frameworks [112,113,115]. These modeling approaches already have 
[131] and will further accelerate biological discovery while also contributing to 
metabolic engineering of cell factories with totally novel functions [132–135]. 
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2. AIMS OF THE THESIS 
 
The main aim of this thesis is to comprehensively and fully quantitatively characterize 
specific growth rate (μ)-dependent multi-level dynamics of steady state metabolism of 
the most-studied bacterium Escherichia coli using a systems biology approach by 
coupling absolute quantitative multi-omics analyses with advanced continuous 
cultivation and computational methods. 
 
More specific aims are as follows: 
 
I  High-resolution description of E. coli μ-dependent carbon balance, metabolic 

flux patterns and regulation of energy metabolism in steady state. 
 
II Gain new insights into the regulation of acetate overflow metabolism in E. coli 

and utilize this knowledge to engineer strains with reduced carbon wasting into 
acetate. 

 
III For the first time, determine μ-dependent genome-wide mRNA and protein 

abundances and concentrations, and their dynamics with rising μ in E. coli. 
 
IV Determine at which regulation levels of the gene expression cascade is control of 

protein abundances and metabolic fluxes realized in E. coli for achieving higher 
flux throughput and faster growth. 

 
V Estimate apparent in vivo catalytic rates for E. coli enzymes by coupling absolute 

quantitative proteomics and flux analysis. 
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3. MATERIALS AND METHODS 
 
Detailed descriptions of materials and methods are available in the publications 
forming this thesis. The following brief sections are provided to make the thesis more 
accessible to the reader. 
 
3.1. Bacterial strains 
 
Escherichia coli K-12 strains were used in cultivation experiments as follows: 
 
Publication I, II and IV - E. coli K-12 MG1655 (λ- F- rph-1 Fnr+; Deutsche 
Sammlung von Mikroorganismen und Zellkulturen (DSMZ), DSM No.18039) 
 
Publication III - E. coli K-12 BW25113 (lacIq rrnB3 ∆lacZ4787 hsdR514 
∆(araBAD)567 ∆(rhaBAD)568 rph-1) and its single-gene knockout strains—∆acs, 
∆pka, ∆cobB, ∆arcA—originate from the Keio collection [136]. The single acs and acs 
over-expression in ∆pka background (∆pka acsOE), and ∆pka ∆arcA double-knockout 
strains were constructed in the BW25113 background as described in Publication III. 
 
3.2. Growth medium 
 
In all accelerostat (A-stat) experiments, cells were grown in defined minimal medium 
supplemented with 4.5 g/L glucose with the following composition (g L−1): FeSO4 × 
7H2O 0.005, MgSO4 × 7H2O 0.5, MnSO4 × 5H2O 0.002, CaCl2 × 2H2O 0.005, ZnSO4 
× 7H2O 0.002, CoSO4 × 7H2O 0.0006, CuSO4 × 5H2O 0.0005, (NH4)6Mo7O24 × 4H2O 
0.0026 were dissolved in 50 ml 5M HCl; N-source – NH4Cl 3.5 and buffer – K2HPO4 2 
were autoclaved separately and mixed together afterwards. In addition, 100 or 200 μl/L 

of foam removing agent Antifoam C (Sigma Aldrich, St. Louis, MO, USA) was used. 
The latter was also used as the main cultivation medium in dilution rate stat (D-stat) 

experiments. The same medium additionally supplemented with acetic acid (final 
concentration 5 mM) was used in one two-substrate A-stat experiment and as the 
second medium in D-stats to study acetate consumption capability. 
 
3.3. Continuous cultivation conditions 
 
Glucose-limited continuous cultivations were carried out at 37 °C, pH 7 and aerobic 
conditions ensured by agitation of 800 rpm and air flow rate of 150 mL/min. A-stat [3] 
cultures were stabilized in chemostat to achieve steady state either at dilution rate (D) 
0.1 or 0.2 h−1 after which the A-stat phase was started with a continuous increase of D 
using acceleration 0.01 h−2. The control algorithm for A-stat was: D = D0 + aD × t, 
where D0 is the initial D of chemostat (h−1), aD is the acceleration of D in the A-stat 
phase (h−2) and t is the time from the start of A-stat (h). 
 E. coli K-12 wild-type strains were cultivated in four and three independent A-stat 
experiments in Publications III and I, respectively. E. coli K-12 MG1655 was also 
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cultivated in one two-substrate A-stat in Publication I. E. coli K-12 BW25113 mutant 
strains ∆arcA and ∆pka ∆arcA were cultivated in two while other BW25113 mutants in 
one independent A-stat experiment in Publication III. In D-stats, E. coli K-12 MG1655 
was cultivated at D = 0.1; 0.24; 0.30; 0.45 and 0.51 h−1 in four and two independent 
experiments, respectively. D-stats at D = 0.19 and 0.40 h−1 were single experiments. 
 Cultivations were operated with a ~300ml working volume in 1.25 L Biobundle 
bioreactors (Applikon Biotechnology B.V., Schiedam, the Netherlands) controlled 
either by an ADI 1030 or ez-Control biocontroller (Applikon Biotechnology B.V.) and 
either a cultivation control program “BioXpert NT” or “BioXpert XP” (Applikon 
Biotechnology B.V.). The system was equipped with OD, pH, pO2, off-gas CO2 and O2 
and temperature sensors. 
 Growth characteristics were calculated on the basis of total volume of medium 
pumped out from bioreactor (L), biomass (gram dry cellular weight (gDCW)/L), 
organic acid and glucose concentrations in culture broth and medium (mM), and CO2 
and O2 concentrations in the outflow gas (mM). Detailed description of A-stat and D-
stat cultivation systems together with control algorithms and formulas used to calculate 
growth characteristics can be seen in [137]. 

D-stat experiments in this thesis were carried out slightly differently from the 
classical D-stat [137] by using two growth media (the main and the second medium; 
see above) instead of smoothly changing an environmental parameter. Acetate 
consumption capability was studied in these D-stats by increasing the feed rate of the 
glucose and acetate-supplemented medium (second medium) while decreasing that of 
the glucose-supplemented medium (main medium) after steady state had been achieved 
in chemostat on the latter medium. This scheme maintained a constant D and glucose 
concentration in the total feed. 
 
3.4. Analytical methods 
 

3.4.1.  Biomass concentration and cell count determination 
 
Biomass concentration in culture broth (X) expressed as gDCW/L was determined 
gravimetrically either with the filtration or centrifugation method described in detail in 
Publication III and [6], respectively. Coefficient of variation (CV) for the 
determination of X with these methods between technical replicates was <2%. 
Simultaneous measurement of X and optical density (at 600 nm) of culture broth (OD) 
was done with high resolution of specific growth rate (μ) to determine a reliable 
correlation factor (K; K = X / OD) dependence on OD and μ, so that X could be 
accurately calculated also for μ values where X was not directly measured. 
 Cell counts were measured by incubating five replicate LB-agar plates at 37 °C for 
~11–12 h and expressed as CFU ml−1, equivalent to cell ml−1. 
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3.4.2.  Exo-metabolome analysis 
 
Samples of culture broth were centrifuged (14,000 × g for 5 min), and the supernatant 
was collected and analyzed for glucose and organic acids by HPLC (Alliance 2795 
system, Waters Corporation, Milford, MA, USA) using either a Bio-Rad HPX-87H 
Aminex ion-exclusion (Bio-Rad Laboratories, Inc., Hercules, CA, USA) or Agilent Hi- 
Plex H (Agilent Technologies, Santa Clara, CA, USA) column connected to RI and UV 
detectors (35 °C, flow rate 0.6 mL/min). The column was eluted with 4.1 mM 
sulphuric acid for glucose, carbamoyl-aspartate (CBASP), lactate and orotate and with 
26.5 mM formic acid for acetate, dihydroorotate (DHO) and acetyl-aspartate (NAA) 
analysis. 
 

3.4.3.  Transcriptomics 
  
Genome-wide transcriptome analysis for 4,321 transcripts was conducted in one A-stat 
experiment with six technical replicates for reference sample at μ = 0.11 h−1 using 
Agilent DNA microarrays producing gene expression ratios between μ = 0.21; 0.26; 
0.31; 0.36; 0.40; 0.48 h−1 and 0.11 h−1 (chemostat point prior to the A-stat phase) (GEO 
reference series: GSE23920). In short: after sampling, RNA degradation was halted, 
total RNA extracted, cDNA synthesized and labeled and hybridized; slides were 
scanned and data was processed in the R environment using global lowess 
normalization. 
 Absolute quantification of transcriptomes (molecules per cell or per fL of biomass) 
at μ = 0.11; 0.21; 0.31; 0.40; 0.48 h−1 was performed on the basis that oligo spot 
intensities of the Agilent platform can be used as a proxy for mRNA abundances, since 
spot intensities and mRNA abundances correlate perfectly (R2 = 1.00; see Figure 6 in 
Agilent Application Note 5989-9159EN). In short: average spot intensities were 
summed corresponding to the total amount of mRNA which was converted to unit g 
total mRNA per gDCW by determining μ-dependent total RNA% in DCW (Table S1 
in Publication IV) using the RNeasy Mini Kit (QIAGEN, Valencia, CA, USA) and 
assuming mRNA content in total RNA to be 5% [138,139]; mRNA molecule numbers 
in gDCW were calculated by the fraction of each mRNA’s spot intensity from the 
summed spot intensities taking into account the molecular weight of each mRNA. 
Finally, mRNA abundances (molecules per cell) and concentrations (molecules per fL 
of biomass) were calculated from the previous values based on determined μ-
dependent biomass concentration and cell counts in the culture broth, 30% dry fraction 
of wet biomass [140–142] and cell buoyant density of 1 g ml−1 to estimate cell volume. 
 

3.4.4.  Proteomics 
 
Proteome analysis in Publication I based on 15N-labelling and LC-MS/MS was 
conducted in two independent A-stat experiments producing protein expression ratios 
for around 1,600 proteins between μ = 0.20 ± 0.01; 0.26; 0.30 ± 0.01; 0.40 ± 0.00; 0.49 
± 0.01 h−1 and 0.10 ± 0.01 h−1 (chemostat point prior to the A-stat phase) (PRIDE 
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accession numbers 12189–12199). In short: samples were flash frozen in liquid 
nitrogen, total protein extracted, sample at each μ was pooled together in equal 
amounts with 15N-labelled E. coli biomass (‘internal standard’) and separated on gel 
followed by protein digestion with trypsin, peptide extraction and LC-MS/MS analysis. 
Protein expression ratios between A-stat samples and chemostat reference point at μ = 
0.10 ± 0.01 h−1 were calculated through ratios between each cultivation sample and the 
‘internal standard’. Proteins were identified and quantified for each μ at a >95% 
confidence interval in average from 89,303 distinct two or more high-confidence 
peptides with a Mascot score >20. 

Absolute quantification of proteomes (molecules per cell or per fL of biomass) was 
performed in two independent A-stat experiments for 1,185 proteins in chemostat 
reference points at μ = 0.11 h−1 using the label-free iBAQ quantification approach [99] 
and published in [143]. In short: a cultivation sample was pooled together with the 
Universal Proteomics Standard (UPS2; Sigma-Aldrich), which is a mixture of proteins 
with known amounts, differing in size and concentrations, followed by protein 
digestion, extraction and LC-MS/MS analysis. Protein concentrations in chemostat 
samples were determined using precursor ion current areas and UPS2 standard curve. 
Finally, intracellular protein abundances (molecules per cell) and concentrations 
(molecules per fL of biomass) were calculated from the previous values based on 
determined μ-dependent biomass concentration and cell counts in the culture broth, 
30% dry fraction of wet biomass [140–142] and cell buoyant density of 1 g ml−1 to 
estimate cell volume.  

Absolute quantification of proteomes (molecules per cell or per fL of biomass) in 
Publication IV for μ = 0.20; 0.30; 0.40; 0.49 h−1 was carried out based on absolute 
quantification at μ = 0.11 h−1 and relative protein expression data described above 
based on determined μ-dependent biomass concentration, cell counts and total 
protein % in DCW (Table S1 in Publication IV) measured by the Lowry method [144], 
30% dry fraction of wet biomass [140–142] and cell buoyant density of 1 g ml−1 to 
estimate cell volume. 

Details of proteome analysis conducted in Publication III can be found in the latter 
publication. 
 
3.5. Metabolic flux analysis 
 
Metabolic flux analysis (MFA) was conducted using a simplified metabolic network 
taking into account the central carbon metabolism pathways—glycolysis, pentose 
phosphate pathway (PPP), tricarboxylic acid (TCA) cycle—, a part of the pyrimidine 
pathway (to include CBASP, DHO and orotate) and the NAA synthesis reaction 
(Figure S1 in Publication II). The reconstructed network converted into a fully 
determined and calculable stoichiometric matrix consisting of 24 metabolites and 50 
fluxes (24 unknown, 1 measured inflow, 7 outflow and 18 calculated fluxes based on 
biomass composition and stoichiometries of anabolic pathways) taking into account 
ATP, NADH and NADPH stoichiometry. A constant P/O = 2 not dependent on μ was 
assumed in the calculations. We also determined μ-dependent biomass composition: 
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RNA as described above; amino acids with UPLC [145]; lipids with an UPLC-MS 
method [51] and polysaccharides based on lipids data (Table S1 in Publication II). 
DNA content was taken from [55], ash and residual water in dry biomass were 
calculated as residual of the latter. The only difference between MFA conducted in 
Publications I and III was that oxaloacetate or pyruvate, respectively, was set as the 
missing carbon outflow flux not identified experimentally. Refer to Additional file 2 in 
Publication II for MFA details. 
 
3.6. Covariance analysis 
 
Apparent in vivo catalytic rates of enzymes (kapp, s−1) were calculated for 191 metabolic 
enzymes associated with catalyzing the fluxes calculated by MFA and 52 ribosomal 
proteins assuming each protein chain being catalytically active. Proteins were assigned 
to fluxes according to the EcoCyc database [64]. The sum of all amino acid synthesis 
fluxes was used as the flux catalyzed by ribosomal proteins. kapp values were calculated 
as follows: 

݇ ൌ
݁ݐܽݎ	ݔݑ݈݂	݂ܿ݅݅ܿ݁ݏ

݊݅݁ݐݎ
	ൈ 		 ܰ 	ൈ 	0.3

10ଵଶ
	 

 
where specific flux ratei (mol/gDCW/s) is the flux catalyzed by proteini (molecules/fL 
of biomass), NA is the Avogadro number (~6.02 × 1023), 0.3 is dry fraction of one gram 
of wet biomass [140–142] and 1012 is the conversion factor from fL to g assuming a 
buoyant density of 1 g ml−1. 
 
 We used covariance analysis to determine the relevant most and least costly 
proteins using protein synthesis cost (nATP; see below for calculation) over the whole 
range of μ and for statistically determining the regulation levels (e.g. transcriptional 
(TR), translational (TL)) as it describes both the direction and magnitude of mRNA, 
protein and flux changes with increasing μ making it a suitable statistical method for 
analysis of absolute quantitative data. 

Covariance (COV) was calculated according to the following formulas: 
 
for nATP as: 
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for gene expression regulation analysis at protein and mRNA level (pm) as: 
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for gene expression regulation analysis at specific flux rate and protein level (kapp) as: 
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where mRNA, prot and spec flux represent mRNA and protein concentrations, and 
specific flux rates measured at their respective μ. 
 

nATP was calculated according to formula: 
 

்ݔ ൌ ௧ݔ ൈ ሺݔ െ 1ሻ ൈ 4.306 
 

where xprot is the protein concentration measured at the respective μ, xnAA is the number 
of amino acids in the protein and 4.306 represents the cost of polymerization of one 
amino acid into the growing peptide chain by the ribosome in ATP [55]. 
 
 Refer to Publication IV for details of covariance analysis. In short: in addition to 
determination of COV values, uncertainty values of COV were calculated for the 
statistical hypothesis testing using one-sided Z-test of covariance values being 
statistically different or not different from zero. The significance threshold was set to 
0.05 and tests were also subjected to false discovery rate (FDR) filtering at level α = 
0.05 according to the Benjamini–Hochberg method [146].  

According to the results of Z-test, genes were divided into three groups. One group 
corresponded to genes with a covariance value statistically higher than zero. In gene 
expression regulation analysis, these genes’ expression regulation level is referred to as 
post-TR or TL for control of protein levels, and post-TL for control of flux levels. The 
second group corresponded to genes with a covariance value equal to zero at the 
statistically significant level. In gene expression regulation analysis, these genes’ 
expression regulation level is referred to as TR for control of protein levels, and TL for 
control of flux levels. The rest of the genes (not included in the first two groups) were 
described by such a high uncertainty level of covariance that it was impossible to 
determine their nature towards zero. 
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4. RESULTS AND DISCUSSION 
 
The results of this systems biology study of specific growth rate (μ)-dependent 
metabolism of Escherichia coli are presented and discussed in the following six 
sections organized by topic. 

 
4.1. Macroscopic growth characteristics (Publications I and II) 
 

4.1.1.  Characterization of metabolic switch-points 
 
We chose to analyze μ-dependent metabolism of E. coli by cultivating the cells in 
accelerostat (A-stat) cultures [3] which allows to study the cells in strictly defined 
physiological states determined by controlled growth conditions and describes steady 
state physiology equally to chemostat [20–26]. Moreover, A-stat enables to collect vast 
amount of data in short time to monitor the dynamics of metabolism with very high 
resolution and precisely detect metabolic switch-points (e.g. start of acetate overflow). 

E. coli K-12 MG1655 was grown in three independent A-stat experiments on 
defined minimal medium supplemented with 4.5 g/L glucose under aerobic conditions 
at 37 ⁰C and pH 7. Glucose-limited cultures were first stabilized in chemostat at 
dilution rate (D) = 0.1 h−1 to achieve steady state conditions after which the A-stat 
phase was started with a continuous increase of D using acceleration 0.01 h−2. 
Continuous increase of μ (μ = D in steady state) enabled to detect several important 
changes in E. coli metabolism until cells could not keep up with the rising D after 
achieving maximum specific growth rate (μmax) at 0.54 ± 0.03 h−1 (average ± standard 
deviation; n = 3), resulting in culture washout (Figure 1).  

Cells reached maximum specific CO2 production (qCO2) and O2 consumption rates 
(qO2) at μ = 0.46 ± 0.02 h−1 after which metabolic fluctuations were observed until μmax. 
The nature of these fluctuations was not studied in much detail but simultaneous and 
inverse fluctuations to CO2 in residual glucose levels were detected as well. We were 
successful in precisely detecting the metabolic switch-point of metabolism shifting 
from fermentative to respire-fermentative growth—start of acetate overflow 
metabolism—at μ = 0.27 ± 0.02 h−1 (see arrow in Figure 1). Interestingly, the high-
resolution A-stat data also detected a two-phase acetate accumulation profile: slow 
accumulation started at μ = 0.27 ± 0.02 h−1 with concomitant change in qCO2 while 
faster accumulation of acetate commenced after cells had reached maximum qCO2 at μ 
= 0.46 ± 0.02 h−1. The latter correlation between acetate and CO2 fluxes can be 
explained by the fact that less acetyl-CoA is available to enter the tricarboxylic acid 
(TCA) cycle if carbon is lost into acetate. Notably, the faster accumulation phase of 
acetate was preceded by a sharp decline of the important carbon catabolite repression 
(CCR) signaling molecule cyclic AMP (cAMP) (Figure 1). It was interesting to detect 
the dynamics of cAMP with rising μ together with the acetate profile as cAMP could 
play a role in the regulation of acetate overflow (see Acetate overflow metabolism for 
details). 
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Figure 1. Specific growth rate-dependent E. coli K-12 MG1655 metabolism characterization 
in one A-stat cultivation. D, dilution rate; X, biomass concentration (gram dry cellular weight 
(gDCW)/L); , specific growth rate; qCO2, specific CO2 production rate; OAc−, acetate 
concentration; Glc, glucose concentration; cAMP, cyclic AMP concentration. Arrow indicates 
the start of acetate overflow. Start of vertical axes was chosen for better visualization. 
 

As expected, the specific glucose consumption rate (qglc) increased proportionally 
with rising μ (R2 = 0.99) from 1.47 ± 0.07 to 6.35 ± 0.13 mmol/(gram dry cellular 
weight (gDCW) h) from μ = 0.11 to 0.47 h−1, respectively. This also means that the 
biomass yield on glucose (YXS) was constant at 0.41 ± 0.01 gDCW/g glucose 
throughout the studied range of μ. 
 

4.1.2.  Detailed analysis of exo-metabolome and carbon balance 
 
We noted that although the total carbon flow from glucose to the ‘well-known’ 
products of biomass, CO2, acetate and lactate almost closed the carbon balance at slow 
growth (~97%), their fraction from the carbon balance decreased with rising μ and 
covered only ~82% near μmax. As there were no indications that the measurement 
accuracy of these compounds could worsen with increasing μ, the latter phenomenon 
hinted that cells might increasingly divert carbon to other by-products with faster 
growth. Indeed, evidence for this came from carefully studying the HPLC 
chromatograms which revealed several unknown peaks increasing at faster growth. We 
were able to identify these peaks using HPLC-MS as orotate, dihydroorotate (DHO), 
carbamoyl-aspartate (CBASP) and acetyl-aspartate (NAA) based on the m/z values 
observed for each peak and literature survey [36,37].  
 Accumulation of the pyrimidine pathway compounds—orotate, DHO and 
CBASP—can be explained by the E. coli K-12 MG1655 genotype. This specific strain 
is prone to pyrimidine starvation due to an rph frameshift mutation leading to low pyrE 
(encodes PyrE protein which catalyzes orotate conversion into orotidine-5-phosphate) 
expression [147], which could possibly lead to accumulation of pyrimidine pathway 
precursor molecules which all the latterly mentioned compounds are (Figure 2). This 
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was proven by chemostat experiments using medium supplemented with uracil as it 
almost completely abolished accumulation of pyrimidine pathway intermediates (data 
not shown). 

 
Figure 2. rph frameshift mutation triggered accumulation of pyrimidine pathway precursor 
compounds in E. coli K-12 MG1655. Carbamoyl-P, carbamoyl-phosphate; CBASP, 
carbamoyl-aspartate; DHO, dihydroorotate; Oro-5P, orotidine-5-phosphate; TCA cycle, 
tricarboxylic acid cycle; PPP, pentose phosphate pathway; pyrB, aspartate 
carbamoyltransferase; pyrC, dihydro-orotase; pyrD, dihydro-orotate oxidase; pyrE, orotate 
phosphoribosyltransferase. Gene names are in italic. 
 
 Although excretion of these pyrimidine pathway intermediates by E. coli has been 
observed before [4,36,37], these carbon wasting outflows are generally not taken into 
account in metabolic flux analysis (MFA) studies. Thus the metabolic network with the 
missing outflows is not completely accurate possibly leading to questionable 
conclusions. Therefore, determination of μ-dependent carbon wasting profiles of these 
pyrimidine pathway intermediates is important for more accurate description of 
metabolic regulation. 
 Excretion of pyrimidine pathway intermediates during increase of μ was detected in 
three phases (Figure 3). DHO and CBASP accumulated increasingly up to the start of 
acetate overflow. After this, DHO started to decline whereas orotate and CBASP 
leveled off until their levels started to rise again simultaneously (Figure 3) with the 
sharp decrease of cAMP and faster accumulation of acetate (Figure 1). This rise could 
be explained by the high demand for RNA synthesis at higher μ which leads to 
precursor molecule accumulation because of the low pyrE expression. These 
observations demonstrate a strong link between acetate overflow and carbon wasting 
into other products. It seems probable that this CBASP-DHO-orotate bottleneck can 
lead to the excretion of NAA since oxaloacetate is over-produced in the TCA cycle and 
this excess carbon cannot be shunted towards the pentose phosphate pathway (PPP). 
 Quantification of these additional carbon wasting outflows increased the accuracy 
of MFA (see Flux dynamics) and a possible limitation of μmax by RNA synthesis 
through precursor accumulation and carbon wasting due to the E. coli K-12 MG1655 
genotype proposes a way how to increase μmax and YXS which is relevant for the 
biotechnology industry. 
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Figure 3. Specific growth rate-dependent dynamic carbon wasting profiles in three E. coli K-
12 MG1655 A-stat cultivations. μ, specific growth rate. O, production of compound per 
biomass (mmol/gram dry cellular weight (gDCW)): CBASP, carbamoyl-aspartate (green 
triangle); DHO, dihydroorotate (blue diamond); orotate (red square); OAc−, acetate (orange 
circle). Grey arrow denotes acetate overflow switch with concomitant stop of DHO and CBASP 
increase whereas black arrow depicts faster acetate accumulation coupled induction of orotate 
and CBASP excretion. Error bars represent standard deviation of triplicate A-stat experiments. 
 
 Detailed carbon balance analysis in A-stat showed that 47.2 ± 0.8% of carbon was 
used for biomass synthesis throughout the studied range of μ while the fraction of 
carbon used for CO2 production decreased with rising μ from ~49% to ~29% (Figure 4). 
Importantly, inclusion of the previously non-accounted by-products orotate, DHO, 
CBASP and NAA clearly improved the carbon balance throughout the studied range of 
μ as the carbon balance became fully closed at slowest and reached ~87% at faster 
growth. The latter still points to loss of carbon into some other not detected compounds. 
In detail, total carbon wasting into by-products (excluding CO2) increased from 3 to 
11% from the carbon balance comparing μ = 0.11 to 0.47 h−1 (Figure 5). Acetate 
quickly became the main excreted compound after the start of acetate overflow. 

 
Figure 4. Specific growth rate-dependent carbon balance in three E. coli K-12 MG1655 A-
stat cultivations. μ, specific growth rate. Carbon recovery % in carbon balance into: biomass 
(blue); CO2 (green); sum of carbon wasting into acetate, lactate, orotate, carbamoyl-aspartate, 
dihydroorotate and acetyl-aspartate (red). Error bars represent standard deviation of triplicate 
A-stat experiments. 
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Figure 5. Specific growth rate-dependent dynamic carbon wasting profiles in three E. coli K-
12 MG1655 A-stat cultivations. μ, specific growth rate. Carbon wasting % in carbon balance 
into: acetate (red); lactate (orange); acetyl-aspartate (green); orotate (grey); dihydroorotate 
(blue); carbamoyl-aspartate (violet). Error bars represent standard deviation of triplicate A-
stat experiments. 
 

4.1.3.  A-stat reproducibility and comparison with chemostat 
 
Our three A-stat cultures were highly reproducible, evidenced by the less than 10% 
variation among the detected switch-points and other macroscopic growth 
characteristics highlighted above (Table 1). Also the protein concentrations and their μ-
dependent dynamics in two independent A-stat cultures showed high reproducibility 
(see below). 
 
Table 1. A-stat reproducibility and comparison of A-stat and chemostat growth 
characteristics 

 
A-stat values represent the average of three independent experiments and standard deviation 
follows the ± sign. Chemostat values from one experiment. μ, specific growth rate. NDE, not 
detected. ND, not determined. RSD, relative standard deviation. a, biomass yield (gram dry 
cellular weight (gDCW)/g glucose). b, acetate production per biomass (mmol/gDCW). c, cAMP 
production per biomass (mmol/gDCW). d, CO2 production per biomass (mmol/gDCW).e, data 
from one A-stat experiment. 
 

An important parameter in A-stat cultivations is the selected acceleration of D. If 
the appropriate value is chosen, A-stat data could be considered to describe steady state 
physiology equally to chemostat. The acceleration 0.01 h−2 used in all A-stats reported 
in this thesis yielded quantitatively comparable results with chemostat cultures at the 
level of both macroscopic growth characteristics (Table 1 & Table 2), and 
transcriptome and proteome levels (Figure S3 in Publication I and [25]). Thus all the 
quasi steady state data of A-stat covered in this thesis can be considered to represent 
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steady state physiology similar to chemostats, as also concluded before for different 
organisms if the appropriate acceleration is chosen [20–26]. 
 
Table 2. Comparison of carbon wasting in A-stat and chemostat 

 
μ, specific growth rate. A-stat values represent the average of three independent experiments 
and standard deviation follows the ± sign. Chemostat values from one experiment. ND, not 
detected. O, production of compound per biomass (mmol/gram dry cellular weight (gDCW)): 
CBASP, carbamoyl-aspartate; DHO, dihydroorotate; NAA, acetyl-aspartate. 
 
4.2. Metabolic flux dynamics and energy metabolism (Publication II) 
 
To gain insights into μ-dependent regulation of metabolic flux dynamics and energy 
metabolism in E. coli, we conducted a simplified MFA to map carbon flows through 
central carbon metabolism (CCM) with two advantages over classical MFA studies. 
Firstly, we included the novel carbon wasting routes in our MFA obtained by detailed 
carbon balance analysis which makes our MFA more accurate as the missing carbon is 
usually accounted as a flux to a single excreted compound. Although the absolute 
amount of these excreted substances in the carbon balance is not substantial (less than 
5%), linking their accumulation dynamics to μ and metabolic routes is relevant for 
acknowledging the potential imbalance between pyrimidine metabolism, acetate 
recycling and non-growth associated ATP production (see below). If orotate, DHO, 
CBASP and NAA by-product outflows would be excluded from MFA and missing 
carbon accounted solely as pyruvate outflow, pyruvate dehydrogenase (PDH), TCA 
cycle and PEP carboxylase fluxes would deviate by 11, 24 and 60%, respectively, at μ 
= 0.47 h−1 from the values calculated by our model (Table S6 in Publication II). 
Secondly, rarely is biomass composition experimentally determined in MFA studies 
but taken from the literature [4,9,27,39]. Furthermore, dependence of biomass 
composition on growth conditions [27,39,51–53] is also neglected, and both of the 
latter could possibly lead to distorted MFA results and equivocal conclusions. 
Therefore, we experimentally determined μ-dependent biomass composition of amino 
acids, RNA, lipids and polysaccharides (Table S1 in Publication II). Inclusion of μ-
dependent biomass composition in MFA was important as highlighted by up to a 15% 
difference in flux values calculated using either μ-dependent or constant biomass 
composition (Table S2 in Publication II), also shown before by sensitivity analysis [52]. 
 Our simplified fully determined metabolic network (Figure S1 in Publication II) 
consisted of three main CCM pathways—glycolysis, PPP, TCA cycle—, a part of the 
pyrimidine pathway (to include CBASP, DHO, orotate) and the NAA synthesis 
reaction with 50 fluxes and 24 metabolites taking into account ATP, NADH and 
NADPH stoichiometry. 
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4.2.1.  Metabolic flux dynamics 
 
All specific flux rates increased with faster growth. However, to have a better 
description of changes in carbon flow distribution within the metabolic network, we 
compared fluxes in units of flux per biomass (mmol/gDCW). In addition to 
quantitatively describing the flux magnitude per cell biomass, it also characterizes the 
carbon flow through the flux relative to total consumed carbon in these experiments 
since YXS (gDCW/g glucose) varied only 2% over the range of μ i.e. flux per biomass 
is equivalent to flux per consumed carbon. 

It is clearly seen from MFA that acetate overflow plays an important role in overall 
flux patterns since major carbon flux re-distribution was initiated with the start of 
acetate overflow at μ = 0.27 ± 0.02 h−1 with simultaneous change in qCO2 (Figure 1). 
Acetate overflow reduced the carbon flow from glycolysis and acetate recycling in the 
phosphotransacetylase-acetyl-CoA synthetase (PTA-ACS) node (see Importance of 
PTA-ACS node) to acetyl-CoA and CCM, triggering the reduction of TCA cycle fluxes 
(Figure 6). Decrease of TCA cycle throughput was also seen by the decline of the 
proportion of CO2 and NADH produced by the TCA cycle (Additional file 3 in 
Publication II). Start of acetate overflow and reduction of TCA cycle throughput 
subsequently led to the induction of PPP fluxes, reduction of glycolysis (Figure 6) and 
ATP produced from it (Figure 8), most probably to meet the increasing NADPH 
demands for higher RNA synthesis with faster growth [55–58]. Although the above-
mentioned E. coli μ-dependent patterns of TCA cycle, glycolysis and PPP have also 
been observed in general using glucose-limited chemostat cultures and 13C-MFA 
analysis [4,7–9], the switch-point in flux dynamics can exactly be captured only with 
A-stat cultures. 

An important branch point flux in CCM—PDH—reached its maximum throughput 
at μ = 0.42 h−1 with concomitant slight increase in glycolysis fluxes also resulting in 
accelerated carbon wasting into by-products (Figure 3 & Figure 6). In addition, 
decrease of flux through pyruvate kinase (Pyk) with increasing PEP carboxylase (Ppc) 
and Vprod (missing carbon outflow flux from oxaloacetate in our model) fluxes during 
slow growth until the start of acetate overflow shows that some of the consumed 
carbon was in excess and excreted as oxaloacetate through the Ppc flux (Figure 6). 
These observations demonstrate a strong link between acetate overflow and carbon 
wasting into other products. 
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Figure 6. Metabolic flux, protein and mRNA dynamics in E. coli K-12 MG1655 central 
carbon metabolism with rising specific growth rate in three A-stat cultivations. μ, specific 
growth rate. A. Flux or expression fold change (log2) is calculated for each μ compared to μ = 
0.10 h−1; grey box depicts missing value; Acs flux was switched to Pta after μ = 0.31 h−1 in 
MFA since acetate excretion exceeds its production accompanying biosynthesis. Error bars 
represent standard deviation of triplicate A-stat experiments. B. Selected glycolysis, TCA cycle, 
PPP, anaplerotic and acetate related fluxes. 
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4.2.2.  Energy metabolism 
 
The part of unaccounted ATP in MFA calculations for the analysis of energy 
metabolism is always an intriguing aspect. It is important to point out that we refer to 
this imbalance between ATP production in catabolism and consumption for anabolism 
as non-growth associated ATP production (ATP spilling; mmol of ATP/gDCW). We 
use ATP spilling and avoid using terms maintenance or non-growth associated and 
growth-associated maintenance due to the confusion regarding their exact biological 
nature [44,45,60]. 
 It became clear from MFA calculations that acetate overflow also plays an 
important role in energy metabolism as disruption of the ATP-wasting PTA-ACS node 
resulting in acetate overflow at μ = 0.27 ± 0.02 h−1 reduced ATP spilling by 36% with 
rising μ (Figure 7). This response in energy metabolism was detected in this study 
since the futile PTA-ACS cycle (an equivalent amount of ATP to acetate is wasted 
with acetate recycling) shown to operate in vivo in Publications I and III (see below for 
details) and in [33,34] was included into the model network. 

 
Figure 7. Specific growth rate-dependent ATP spilling and biomass yield in three E. coli K-12 
MG1655 A-stat cultivations. μ, specific growth rate; gDCW, gram dry cellular weight; ATP 
spilling, non-growth associated ATP production (blue square); YXS, biomass yield (red triangle). 
Error bars represent standard deviation of triplicate A-stat experiments. 
 

Decrease of ATP spilling (40 mmol/gDCW in total) might indicate increase of YXS, 
however, it remained constant at 0.41 ± 0.01 gDCW/g glucose throughout the studied 
range of μ (Figure 7). This apparent discrepancy between the decrease in ATP spilling 
and constant YXS (Figure 7) could be explained by the fact that carbon wasting 
increased from 3 to 11% with rising μ (Figure 5) as follows. As acetate recycling by 
synthesis and assimilation in the PTA-ACS node (Publication I and III) is a futile cycle, 
an equivalent amount of ATP to acetate is simultaneously wasted with synthesis and 
assimilation of acetate (see Importance of PTA-ACS node for the explanation of its 
biological relevance). Hence, accumulation of acetate likely triggers a 36% decline of 
ATP spilling (Figure 7) since re-assimilation of acetate (wasting 1 molecule of ATP) 
decreases with rising μ after the start of acetate overflow. This energy save is, however, 
counteracted by the increase of carbon wasting in the carbon balance from 3 to 11%, 
which results in constant YXS. However, E. coli might also possess additional 
mechanisms to maintain constant YXS under increasing carbon wasting conditions. 
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Expectedly, the total specific ATP production rate (qATP) increased with rising μ but 
changed its slope after the start of acetate overflow (Figure 8). The non-growth 
associated maintenance cost is assumed to be constant and generally estimated by 
extrapolating qglc measured in chemostat cultures to μ = 0 h−1 [9,40,44,45,60], based on 
the belief that energy production or substrate consumption is linear with μ. However, 
our A-stat data (Figure 8) clearly demonstrates that this ‘extrapolation’ method is not 
accurate. This is because the non-growth associated maintenance cost estimated as 
explained above using data points from before or after the start of acetate overflow μ = 
0.27 ± 0.02 h−1 yield very different values of ~3 and ~19 mmol/(gDCW h), respectively. 
Although these values are within the estimates found in the literature 
[10,39,44,45,60,148], the 6-fold difference between the estimated values demonstrates 
that even high-resolution data of A-stat should not be used for estimating non-growth 
associated maintenance costs using the ‘extrapolation’ method.  

 
Figure 8. Specific growth rate-dependent total specific ATP production rate and proportion 
of ATP production by glycolysis in three E. coli K-12 MG1655 A-stat cultivations. μ, specific 
growth rate; gDCW, gram dry cellular weight; qATP, total specific ATP production rate (blue 
squares); ATP production by glycolysis (red triangle). Error bars represent standard deviation 
of triplicate A-stat experiments. 
 
4.3. Transcriptome and proteome dynamics (Publication I) 
 
Adaptation of microorganisms to different environmental conditions is usually 
accompanied by a change in μ and of many properties of cell physiology e.g. cell 
morphology [1–3], gene expression [4–8], metabolic flux patterns [4,7–10]. The 
majority of these mechanisms are regulated through changes in gene expression. Hence, 
to gain detailed insights into μ-dependent regulation of gene expression, we carried out 
simultaneous functional-genomics analyses of transcriptome and proteome in the same 
A-stat cultures described above. 
 DNA microarray analysis of 4,321 transcripts was conducted with the Agilent 
platform using samples from one A-stat cultivation. Gene expression ratios between μ 
= 0.21; 0.26; 0.31; 0.36; 0.40; 0.48 h−1 and 0.11 h−1 (chemostat point prior to the A-stat 
phase) were calculated. Using a 15N-labelling and LC-MS proteome approach, E. coli 
protein expression ratios for around 1,600 proteins were generated by comparing two 
independent A-stat cultures at μ = 0.20 ± 0.01; 0.26; 0.30 ± 0.01; 0.40 ± 0.00; 0.49 ± 
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0.01 h−1 with 0.10 ± 0.01 h−1 (chemostat point). High reproducibility of both A-stat 
cultures and our proteome approach is demonstrated by high correlations of R = 0.8–
0.9 (Pearson correlation coefficient) between protein expression changes in two 
independent cultures (Figure 9A). 
 

 
 
Figure 9. Reproducibility of proteome dynamics, and correlation of transcriptome and 
proteome changes in E. coli K-12 MG1655 A-stat experiments. μ, specific growth rate. R, 
Pearson correlation coefficient. Data for all μ is in Additional file 1 in Publication I. A. 
Correlation between log2 protein expression changes between μ = 0.4 and 0.1 h−1 in two 
independent A-stats. A and B represent duplicate experiments. B. Correlation between log2 
mRNA and protein expression changes between μ = 0.4 and 0.1 h−1. Average protein expression 
ratio is from two independent A-stats. Genes with coefficient of variation smaller than 20% 
among its multiple spots on DNA microarrays were included for analysis. 
 

4.3.1.  Correlation of transcriptome and proteome dynamics 
 
Analyzing the correlation between changes in mRNA (transcriptome) and protein 
(proteome) levels can point to levels of gene expression regulation (e.g. transcriptional, 
post-transcriptional). Several recent reviews [67–70] have highlighted that time-course 
analyses of bacteria and yeast reveal large differences between mRNA and protein 
abundance changes in perturbed systems indicating considerable post-transcriptional 
regulation. Hence, they conclude that understanding of perturbed systems is still 
incomplete and requires further analysis. Interestingly, our perturbed E. coli cultures 
show high correlations up to R = 0.8 between mRNA and protein changes with rising μ 
(Figure 9B). 

Investigating the effects of –omics data processing to correlations revealed that the 
initially observed correlations (R up to 0.8) are maximum for our data since neither 
increasing threshold limits in mRNA and protein measurements, nonlinear 
transformation nor removing outliers improved correlations (data not shown). As cells 
in the studies analyzed by the reviews [67–70] were mostly cultured in non-steady state 
conditions, the high mRNA-protein correlations observed in our dynamic experiments 
conducted under strictly defined and controlled growth conditions might imply that the 
state of the culture for analysis (steady state vs. non-steady state) could be an important 
factor for mRNA-protein correlation determination. In line with this are the good 
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mRNA-protein correlations observed for 56 genes in E. coli [4] and at global scale also 
in Lactococcus lactis A-stat cultures [26]. 

Interestingly, recent time-dependent analysis in yeast cells subjected to osmolarity 
[149] and oxidative stress [150] revealed good correlations between mRNA and 
protein expression changes only for up-regulated genes. However, other studies in 
yeast and bacteria have not detected this kind of behavior [70]. Our results are in 
accord with the latter as we did not detect differences in mRNA-protein correlation 
between up- and down-regulated genes. We did not observe different correlations 
between enzymatic, non-enzymatic and genes with hypothetical protein functions (data 
not shown). 
 

4.3.2.  Functional-genomic responses in central carbon metabolism 
 
Although flux changes reflect the re-organization of metabolism, knowing the 
preceding gene expression dynamics of both flux catalyzing enzymes and other 
proteins is important for deciphering the complex cellular regulation patterns enabling 
the cells to achieve faster growth [13,14]. 
 The major sugar transport system in E. coli is the phosphoenolpyruvate: 
carbohydrate phosphotransferase system (PTS) enabling fast glucose uptake also under 
glucose-limitation [55,151,152]. Interestingly, our -omics data showed down-
regulation of both mRNA and protein of the glucose-specific PTS permease ptsG near 
μmax (Figure 6) while glucose consumption per biomass was maintained constant. This 
means that the reduced glucose uptake by the PTS system is likely compensated 
through increasing alternative non-PTS glucose transport. Indeed, we detected up-
regulation of alternative glucose transporter galactose permease (galP) and predicted 
transporter tsgA (also seen in [6]). However, the former is not a strong candidate as a 
PTS substitution since expression of glucokinase (glk), which is responsible for 
catalyzing glucose phosphorylation after it is transported into the cell by GalP, was 
repressed with rising μ. Thus it remains unknown through which mechanism(s) glucose 
transport is increased at high μ. 
 In contrast to a change in glucose transport mechanism(s) across the studied range 
of μ, expression of both mRNAs and proteins in glycolysis were rather insensitive to 
increasing μ (Figure 6). Constant enzyme expression under strongly increasing flux 
throughput (5-fold increase of μ in these A-stats) alludes to post-translational 
regulation of fluxes (see Control of protein and flux levels to achieve faster growth for 
analysis). Expression of PPP components, however, increased with faster growth, most 
probably to meet the higher NADPH demands (Figure 6). Notably, most of the TCA 
cycle gene and protein levels were maintained or even increased up to μ = 0.40 h−1 
followed by sudden repression (Figure 6 & Figure 10A), concomitant with achieving 
maximum qCO2 at μ = 0.46 ± 0.02 h−1 (Figure 1). This may suggest that there is no 
limitation at the TCA cycle expression level before μ = 0.40 h−1 to process the carbon 
from glycolysis, thus making the hypothesis of TCA cycle bottleneck triggering acetate 
overflow [81,82] questionable. These observations are in general consistent with the 
literature [4–7]. 
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Comparison of μ-dependent mRNA and protein expression changes of our A-stat 
cultures with the only other μ-dependent transcriptome and proteome data set 
determined in continuous cultures by Ishii et al. 2007 [4] showed good correlations of 
R ~ 0.5 at both levels. Correlating our mRNA expression data with other published μ-
dependent transcriptome data sets acquired in continuous cultures showed moderate (R 
~ 0.3) and very weak correlations (R ~ 0.1) with [40] and [5], respectively, though, we 
observed a >70% overlap with [5] in the direction of mRNA expression changes. 

 

 
 
Figure 10. Specific growth rate-dependent TCA cycle, glyoxylate shunt, glyconeogenesis and 
carbon catabolite repressed protein expression changes in E. coli K-12 MG1655 A-stat 
cultures. μ, specific growth rate. A. TCA cycle (average of proteins from the same operon are 
depicted as one point e.g. AcnAB). B. Glyoxylate shunt (AceA, AceB) and glyconeogenesis. C. 
Carbon catabolite repressed proteins. Protein data points are average of two independent A-
stat experiments, error bars are not shown for better visualization (refer to Additional file 2 in 
Publication I for standard deviations). 
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4.3.3.  Activation of carbon catabolite repression 
 
It is well known that the presence of glucose often prevents the use of other, secondary, 
carbon sources and this preference for glucose is realized through carbon catabolite 
repression (CCR) [65,66]. More specifically, CCR is defined as a regulatory 
phenomenon by which the expression of functions for the use of secondary carbon 
sources and the activities of the corresponding enzymes are reduced in the presence of 
a preferred carbon source [65,66]. It is plausible that the increasing residual glucose 
concentration accompanying smooth rise of μ in A-stat could trigger CCR.  

Indeed, we observed the beginning of CCR induction prior to the start of acetate 
overflow. This was indicated by down-regulation (3-fold on average) of CCR- 
mediated components: alternative (to glucose) substrate transport and utilization 
systems like galactose (MglAB), maltose (MalBEFKM), galactitol (GatABC), L-
arabinose (AraF), D-ribose (RbsAB), C4-dicarboxylates (DctA) and acetate (ActP, 
YjcH) (Figure 10C). Moreover, expression of transcription activator Crp (cyclic AMP 
receptor protein) and Cra (catabolite repressor activator) were reduced 1.5 and 2-time 
(Figure 11), respectively, similarly to carbon catabolite repressed proteins mentioned 
above. Simultaneously, components of the gluconeogenesis pathway (Pck, MaeB, Pps) 
and glyoxylate shunt (GS) enzymes AceA, AceB were repressed with increasing μ 
(Figure 10B). These results are consistent with transcriptome data of the literature [4–
7]. This shows that E. coli is exerting CCR leading to the preference of glucose with 
faster growth even under glucose-limitation. 
 

4.3.4.  Expression dynamics of acetate metabolism-related genes 
 
As it is known that acetate overflow is a μ-dependent phenomenon with no excretion of 
acetate at slow and high excretion at fast growth [4–10,31–34], it is interesting to look 
into the gene expression dynamics of the main pathways involved in acetate production 
and consumption around the start of acetate overflow in detail in A-stat cultures. 
 Since the common theories regarding the cause of acetate overflow assume 
activation of acetate synthesis pathways [10,31,32,79–82], it was surprising to see in 
our A-stats a 2-fold down-regulation both on mRNA and protein levels of the two main 
known acetate synthesis pathways [72]—phosphotransacetylase-acetate kinase (PTA-
ACKA) and pyruvate oxidase (POXB)—initiated before the start of acetate overflow 
(Figure 11). A similar pattern has also been seen in chemostat cultures but without 
emphasizing the possible physiological consequences [4,5,33]. At the same time, we 
observed a 10-fold repression of the acetate utilization enzyme acetyl-CoA synthetase 
(Acs) expression (Figure 11). This substantial 5-fold stronger repression of the acetate 
consuming Acs in comparison with acetate synthesizing PTA-ACKA suggests 
disruption of acetate recycling at the PTA-ACS node (highlighted in red in Figure 11). 
The importance of these observations for the elucidation of the regulation of acetate 
overflow metabolism will be discussed in the next section. 
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Figure 11. Specific growth rate-dependent acetate synthesis and utilization pathways’, 
selected TCA cycle and carbon catabolite repressed mRNA and protein expression levels in E. 
coli K-12 MG1655 A-stat experiments. μ, specific growth rate. PTA, phosphotransacetylase; 
ACKA, acetate kinase; ACS, acetyl-CoA synthetase; POXB, pyruvate oxidase; PDH, pyruvate 
dehydrogenase complex; TCA, tricarboxylic acid cycle; GS, glyoxylate shunt; Crp, cyclic AMP 
receptor protein; Cra, catabolite repressor activator; Icd, isocitrate dehydrogenase; SucD, 
succinyl-CoA synthethase; SdhB, succinate dehydrogenase. Thickness of red arrows denotes 
level of ACS and PTA-ACKA pathway repression (thicker line represents stronger repression). 
Protein data points are average of two independent A-stat experiments, error bars are not 
shown for better visualization (refer to Additional file 2 in Publication I for standard 
deviations). mRNA names are in italics. 
 
4.4. Acetate overflow metabolism (Publications I and III) 
 
Several explanations for acetate overflow metabolism in E. coli propose limitations in 
respiratory capacity [31,32,79], TCA cycle throughput [81,82], energy generation 
[10,72] or activity of the GS [33,83]. Despite these and other studies over many years, 
the mechanism and regulation of acetate overflow still remain unclear. Thus one of the 
more specific aims of this thesis was to gain new insights into the regulation of acetate 
overflow metabolism using a μ-dependent quantitative multi-omics approach and 
utilize this knowledge to mitigate carbon wasting into acetate. Figure 12 
 

4.4.1.  Importance of PTA-ACS node 
 
A very important observation in our experiments was the 5-fold stronger repression of 
the acetate consuming Acs in comparison with acetate synthesizing PTA-ACKA 
(Figure 11) together with a decline in TCA cycle fluxes (Figure 6) since it suggests 
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disruption of acetate recycling at the phosphotransacetylase-acetyl-CoA synthetase 
(PTA-ACS) node. While this node may seem only as a futile cycle (an equivalent 
amount of ATP to acetate is wasted with acetate recycling), the fact is that numerous 
metabolic tasks involving the intermediate molecules of this cycle—acetyl phosphate 
(acetyl-P) and acetyl-AMP (Figure 11)—are essential for E. coli growth (Figure 12). 
For example, both molecules play a critical role in chemotaxis regulation [153–155] 
and in acetylation of many proteins [156–158], while acetyl-P is additionally vital in 
pathogenesis [159], protein degradation [160] and can influence the regulation of 
almost 100 genes in E. coli [161]. It is important to note that the only known pathway 
in E. coli for acetyl-P synthesis is the PTA-ACKA [72,155]. Utilizing both acetyl-P 
and acetyl-AMP in these metabolic tasks through dephosphorylation results in acetate 
formation. Hence, acetate should be synthesized and consumed simultaneously during 
growth (not only at fast growth) to maintain proper homeostasis of these metabolites in 
the PTA-ACS node. Thus we proposed that acetate overflow is triggered by the strong 
repression of Acs resulting in disruption of the PTA-ACS node due to decreased 
consumption of acetate by Acs relative to its production by Pta. In fact, a similar 
hypothesis for acetate overflow has been proposed for Saccharomyces cerevisiae [91]. 

 
Figure 12. Acetyl phosphate as an important signaling molecule. Ac-CoA, acetyl-CoA; Acetyl-
P, acetyl phosphate; PTA, phosphotransacetylase. Roles of acetyl-P in other processes than 
stated in the text are also shown – refer to Publication I for detailed explanation. 
 

4.4.2.  Experimental proof of the novel hypothesis for acetate overflow 
metabolism 

 
We first sought out to experimentally test the latter hypothesis by analyzing μ-
dependent acetate consumption capability of E. coli using dilution rate stat (D-stat) and 
two-substrate (glucose + acetic acid) A-stat cultivations. Two substrate A-stat and D-
stat experiments directly proved that acetate consumption capability of E. coli is μ-
dependent as acetate consumption started to decrease from μ = 0.25 h−1 (Figure S2 in 
Publication I) and acetate consumption capability rapidly decreased 12-fold around the 
start of acetate at μ = 0.27 ± 0.02 h−1 (Figure 13), respectively. The good correlation 
between loss of acetate consumption capability and Acs down-regulation is further 
evidence to the hypothesis of Acs repression causing disruption of PTA-ACS node and 
triggering acetate overflow (Figure 13). 
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Figure 13. Dilution rate-dependent acetate consumption capability in E. coli K-12 MG1655 
D-stat cultures. gDCW, gram dry cellular weight; KOAc−, acetate consumption per biomass (red 
triangle); OAc−, acetate concentration in chemostat before the start of acetic acid 
supplemented medium addition (violet circle); cAMP, cyclic AMP concentration (blue square); 
Acs, acetyl-CoA synthetase protein expression levels from A-stat (green diamond). Error bars 
represent standard deviation from two independent D-stat experiments. 
 

Next, it is reasonable to ask what could cause Acs repression? As acetate is a 
secondary and less-preferred carbon source compared to glucose [65,66], it is possible 
that CCR is responsible for the repression of its high affinity scavenging enzyme Acs 
[93], as also proposed earlier [162]. We saw simultaneous activation of CCR and 
repression of Acs prior to the start of acetate overflow (Figure 10 & Figure 11). As it is 
well known that CCR is initiated by the presence of glucose in the environment [65,66], 
we assumed that the increasing residual glucose concentration accompanying smooth 
rise of μ in A-stat could trigger Acs down-regulation by CCR. The cAMP-Crp complex 
is one of the major players in CCR of E. coli as cAMP binding to Crp drastically 
increases its affinity towards activating the promoters of catabolic enzymes, including 
Acs [65,66,93]. We measured a 1.5-fold decrease in Crp expression with increasing μ 
(Figure 11) and a strong decline of cAMP levels after the start of acetate overflow 
close to zero by μ = 0.45 h−1 (Figure 1) where acetate consumption capability in D-stats 
was totally lost (Figure 13). As a result of all the previous observations, we proposed a 
novel hypothesis that acetate overflow is triggered by CCR-mediated Acs repression 
resulting in decreased consumption of acetate produced by Pta and disruption of the 
PTA-ACS node. 
 

4.4.3.  Coordinated activation of PTA-ACS and TCA cycles strongly reduces 
acetate overflow 

 
To test if our proposed hypothesis for acetate overflow can also lead mitigation of 
carbon wasting to acetate, we carried out analysis of several E. coli mutant strains. For 
this, we switched to E. coli K-12 BW25113 wild-type (WT), so we would have an 
appropriate wild-type reference strain for comparing our results obtained with Keio 
collection single-gene knockout strains [136] and other mutant strains affecting 
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acetate-related pathways constructed by ourselves. The strains were analyzed in A-stats 
under identical growth conditions as in the experiments described above (only 
exception being culture stabilization in chemostat at D = 0.2 h−1 in some A-stats) with 
absolute quantitative exo-metabolome and proteome analyses coupled to MFA. WT 
and ΔarcA, Δpka ΔarcA strains were cultivated in four and two independent A-stat 
experiments, respectively. Other strains were cultivated in single A-stat experiments. 
We note that here growth characteristics of different strains are compared relative to 
qglc, instead of μ, since glucose uptake is known to regulate the magnitude of CCR 
[65,66], as described above, possibly triggering Acs repression and acetate overflow. 
 We first wanted to verify the hypothesis that E. coli actually synthesizes acetate 
also at low μ but acetate is not excreted because of sufficient consumption by Acs. For 
this, we analyzed growth of WT with deleted acs (Δacs), which should lead to 
disruption of the PTA-ACS node and loss of acetate recycling. Indeed, the PTA-ACS 
node disruption in Δacs led to acetate overflow at all qglc values studied, while no 
acetate accumulated in WT up to qglc ~ 4.2 mmol gDCW−1 h−1 (Figure 14A). This 
phenotype of Δacs is consistent with previous observations [33,34] and confirms the 
hypothesis that acetate is constantly synthesized in vivo at all μ. This data estimates 
that ~0.8 mmol gDCW−1 h−1 of acetate is constantly recycled in the PTA-ACS node of 
wild-type E. coli to enable rapid regulation of the acetyl-P and acetyl-AMP pools. 
 

 
 
Figure 14. Specific glucose consumption rate-dependent carbon flow to acetate in E. coli K-
12 BW25113 wild-type and its Acs-related mutants. gDCW, gram dry cellular weight; qglc, 
specific glucose consumption rate. Carbon flow to acetate is percentage from consumed 
glucose. Lines for each strain are best-fit splines of 9–36 acetate and glucose concentration 
measurements in each experiment. Error bars represent standard deviation of four independent 
A-stat experiments. [Publication III] - Reproduced by permission from Springer Science and 
Business Media. 
 
 As we proposed that acetate overflow is triggered by Acs repression, we next tested 
the effect of increasing Acs expression on acetate excretion by constructing an acs 
over-expression strain (acsOE). However, acetate overflow started at a lower qglc in 
acsOE and the strain also excreted more carbon as acetate than WT at all the qglc 
studied (Figure 14A). Unfortunately, no clear conclusions could be drawn from 
literature data with acs over-expression strains [33,92]. The lack of a positive effect of 
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acs over-expression on mitigating acetate overflow could possibly be a result of either 
the negative effects of too high protein over-expression and/or due to most of the Acs 
protein pool being inactive. Hence, we next concentrated on the effects regulating Acs 
protein activity. 
 Two enzymes in E. coli are known to regulate the activity of Acs protein: protein 
lysine acetyltransferase (Pka) inactivates Acs by acetylation [163], while the NAD+-
dependent regulator protein deacetylase CobB can release Acs from repression by 
deacetylating it [164]. Thus, to investigate the effects of altered protein acetylation on 
acetate metabolism, we analyzed growth of Pka (Δpka) and CobB (ΔcobB) single-gene 
knockout mutants of E. coli. ΔcobB cells, which cannot reactivate Acs by deacetylation, 
excreted acetate at all qglc studied and more compared to WT (Figure 14B), similarly to 
Δacs. This further confirms the importance of the state of the Acs pool and an active 
PTA-ACS node in acetate metabolism. Deletion of Pka should eliminate or at least 
substantially decrease the fraction of inactivated Acs protein in the cell, possibly 
leading to higher recycling of acetate in the PTA-ACS node and delayed acetate 
overflow. Indeed, Δpka showed a postponed start of acetate overflow at qglc = 5.5 
compared to ~4.2 mmol gDCW−1 h−1 in WT (Figure 14B). 
 Due to the positive effect of pka deletion on mitigating acetate metabolism, we next 
introduced pka knockout into the acsOE background (Δpka acsOE) to test if the lack of 
a positive effect of acs over-expression on diminishing acetate overflow could have 
arisen from a substantial part of the Acs pool being inactive in the acsOE strain. This 
did not seem plausible since acetate overflow was not decreased in Δpka acsOE 
compared to WT (Figure 14B) because this acs over-expression strain should possess a 
fully active Acs pool. 
 We next hypothesized that acetate overflow could be further reduced in Δpka if Acs 
levels would be slightly higher, but not too high as in Δpka acsOE. Moreover, even if 
Δpka cells could recycle more acetate due to higher levels of active Acs, downstream 
pathways such as TCA cycle could still be limiting in processing the recycled acetyl-
CoA in diverting carbon away from acetate. Deletion of the dual transcriptional 
regulator for anoxic redox control (ArcA) increases both TCA cycle gene expression 
[5,165] and flux throughput [166]. As arcA deletion also leads to about a 2-fold higher 
expression of acs [167], it seemed that deleting arcA in the Δpka would hit two birds 
with one stone by increasing both levels of active Acs and downstream throughput in 
the TCA cycle. Indeed, the double-knockout strain (Δpka ΔarcA) showed even further 
diminished acetate overflow as the onset of acetate overflow was delayed until qglc ~ 6 
mmol gDCW−1 h−1 compared to qglc ~ 4.2 mmol gDCW−1 h−1 in WT, and more 
remarkably, carbon wasting into acetate was more than 4-fold lower compared to WT 
(2 vs. 8% of total carbon) at maximum qglc (Figure 15A). Absolute quantitative 
proteome analysis confirmed that Acs expression had increased ~1.7-fold in response 
to arcA deletion (Figure 4 in Publication III). Notably, more CO2 instead of acetate was 
produced in Δpka ΔarcA (2–8% more than WT) (Figure 15B). Furthermore, MFA 
showed that higher CO2 production was the result of increased TCA cycle fluxes 
(Figure 15C), as expected from an arcA deletion [166], while PPP throughput was 
reduced (Figure 15D). 
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Figure 15. Specific glucose consumption rate-dependent carbon flow through metabolism in 
E. coli K-12 BW25113 wild-type and its acetate overflow-reduced mutants. gDCW, gram dry 
cellular weight; qglc, specific glucose consumption rate; TCA, TCA cycle; PPP, pentose 
phosphate pathway. The percentage of carbon flow from glucose to acetate (A) and CO2 (B). 
The percentage of carbon flow from glucose through TCA cycle (C) and PPP (D) represented 
by suc and gnd fluxes, respectively, expressed as the C-molar percentage of flux through the 
reaction from consumed carbon. Lines for each strain are best-fit splines of 13–43 glucose and 
product concentration measurements in each experiment. Error bars represent standard 
deviation of four and two independent A-stat experiments for wild-type and ΔarcA, Δpka ΔarcA, 
respectively. [Publication III] - Reproduced by permission from Springer Science and Business 
Media. 
 

As acetate overflow could be postponed by a single arcA deletion in E. coli K-12 
MG1655 [5], we also analyzed ΔarcA in our BW25113 background to check if the 
diminished acetate overflow in Δpka ΔarcA could actually arise from only the arcA 
deletion. This was not the case as acetate overflow started earlier in ΔarcA compared to 
WT (qglc ~ 3.5 vs. ~ 4.2 mmol gDCW−1 h−1) (Figure 15A). 

It is important to note that the Δpka ΔarcA strain with greatly diminished acetate 
overflow did not accumulate any other harmful by-product, maintained μmax of WT 
(Figure 15A) and displayed only ~5% lower YXS compared to WT. This makes it 
superior to previous acetate overflow-reduced E. coli strains of deletions in main 
acetate synthesis pathways (pta + ackA or poxB) due to their greatly elevated lactate 
and formate excretion, reduced μ or YXS [29,76,87–90]. Furthermore, the Δpka ΔarcA 
strain would permit the production of target molecules in the absence of acetate at 
higher glucose uptake rates, presumably leading to higher volumetric productivities 
(~22% higher gDCW L−1 h−1 compared to WT based on this work). 
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One of the textbook theories is that acetate overflow in E. coli is triggered by 
limitations in respiratory capacity [31,32,79], meaning that cells start to excrete acetate 
after reaching maximum qO2. However, our high-resolution A-stat data clearly showed 
that although there is a change in the slope of qO2 with the start of acetate overflow, no 
saturation of respiratory capacity is observed (Figure 16). 

 
Figure 16. Specific growth rate-dependent respiratory capacity and acetate overflow in E. coli 
K-12 BW25113 wild-type. , specific growth rate; gDCW, gram dry cellular weight; qO2, 
specific O2 consumption rate (blue square); OAc−, acetate concentration (red triangle). 

 
It can be concluded from this study of acetate overflow metabolism that a fine-

tuned coordination between increasing the recycling capabilities of acetate in the PTA-
ACS node through a higher concentration of active acetate-scavenging Acs and 
downstream metabolism throughput in the TCA cycle leads to greatly reduced acetate 
overflow in E. coli. Figure 16 
 
4.5. Absolute quantification of transcriptome and proteome (Publication 

IV) 
 
To have a more comprehensive understanding of cellular processes, a systems biology 
approach of integrating transcriptome, proteome and fluxome data coupled to models 
of different levels of detail is needed [14,68,116,117]. This may seem as an immense 
challenge, but as understanding of both the regulation levels of protein and flux levels 
and other molecular relationships enabling the cells to modify μ is of instrumental 
importance towards a more complete description of the control principles of cell 
metabolism [13,14], more accurate modeling [97,112,113] and successful 
biotechnology and synthetic biology efforts [17], genome-wide absolute quantitative 
multi-omics analysis in one study is highly needed. For instance, absolute quantitative 
proteome (e.g. proteins per cell or cell volume) data is required to analyze the 
allocation principles of cellular proteome resources, the energetic and expression load 
of certain proteins or pathways, estimate apparent in vivo catalytic rates of enzymes 
and ribosomes etc. What is more, μ-dependent genome-wide absolute quantitative 
mRNA and proteome data for E. coli are missing altogether. Thus we performed μ-
dependent absolute quantification of transcriptome and proteome in E. coli K-12 
MG1655 A-stat cultures.  
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4.5.1.  Global specific growth rate-dependent absolute proteome and 
transcriptome 

 
Both the intracellular abundance (molecules per cell) and concentration (molecules per 
fL of biomass) for all the quantified mRNAs and proteins were determined taking into 
account μ-dependent cell counts and volume, and total RNA and protein fractions in 
the biomass (Table S1 in Publication IV). Absolute quantification of proteome was 
performed for 1,185 proteins in chemostat at μ = 0.11 h−1 using the iBAQ approach 
[99] and published in [143]. Correlation and coefficient of variation (CV) between two 
independent A-stat experiments were R = 0.99 and 11%, respectively. Absolute 
quantification for μ = 0.20; 0.30; 0.40; 0.49 h−1 was carried out based on relative 
protein expression data obtained in Publication I which also showed high 
reproducibility. High confidence of our absolute quantitative proteome data set is 
indicated by the fact that the sum of all quantified proteins by iBAQ was on average 
only 10% lower than the cellular total protein concentration determined by Lowry 
analysis. Genome-wide absolute quantitative transcriptome data for μ = 0.11; 0.21; 
0.31; 0.40; 0.48 h−1 were determined for around 4,300 mRNAs from the DNA 
microarray data of Publication I. CV between six DNA microarray technical replicates 
was 11%. All the following data can be found in Table S2 of Publication IV. 
 Proteomic coverage of protein-coding quantified mRNAs reached 100% with 
higher mRNA concentrations (Figure 17A) which is consistent with the proposed ‘lazy 
step function’—the ability to detect proteins rising at higher mRNA levels—of protein 
identification in E. coli, Bacillus subtilis and higher organisms [70,167]. Both mRNA 
and protein concentrations spanned approximately three orders of magnitude (Figure 
17B) while protein concentrations were on average 1,000-fold higher than their 
respective mRNAs. A larger dynamic range of protein abundances has been observed 
in yeast [100] and mammalian cells [70]. 
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Figure 17. Global absolute proteome and transcriptome characteristics. , specific growth 
rate. A. Proteomic coverage of protein-coding quantified mRNAs at μ = 0.11 h−1. All quantified 
protein-coding mRNAs are binned by their concentration. The number of different mRNAs and 
mRNAs with respectively quantified translation product—protein—belonging to a particular 
bin is indicated in blue and red, respectively. Black circles denote the proteomic coverage of 
transcriptome. B. mRNA and protein concentration dynamic range at low and high μ. 
[Publication IV] - Reproduced by permission of The Royal Society of Chemistry. 
 
 As expected with increasing cell size, the sum of mRNAs and proteins per cell 
increased 4.2- and 2-fold, respectively, from μ = 0.11 to 0.49 h−1 (Figure S2A in 
Publication IV). This is in line with the increase of RNA-to-protein mass ratio with 
rising μ also observed previously in E. coli [97,168]. However, the sum of intracellular 
mRNA and protein concentrations (molecules per fL) showed a different behavior: 1.8-
fold increase for mRNAs and 1.2-fold decrease for proteins was observed (Figure S2B 
in Publication IV). Similarly, opposite μ-dependence of protein abundances and 
concentrations has also been observed for unregulated constitutive genes in E. coli 
[114]. The latter indicates a faster increase of cell volume compared to protein 
abundance with faster growth. Furthermore, the different μ-dependent mRNA and 
protein abundance and concentration behavior is an important observation for in silico 
modeling approaches where cell metabolism is simulated as a function of μ [112–114]. 
 

4.5.2.  Correlation of transcriptome and proteome levels 
 
One would expect strong correlation between mRNA and protein levels based on the 
central dogma of molecular biology, especially for prokaryotes due to simultaneous 
transcription and translation. So far, correlations of R ~ 0.4–0.7 have been noted in the 
literature for bacteria, yeasts and multi-cellular organism at population level studies 
looking either at a small number of genes or lacking direct measurements of both 
mRNA and protein concentrations (reviewed in [67–70]). Lately, simultaneous 
quantification of mRNA and protein abundances in Mycoplasma pneumoniae [108] 
and E. coli at single cell level [110] revealed correlations of R = 0.52 and 0.77, 
respectively. Our genome-wide mRNA and protein concentration data show high and 
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increasing correlations from R = 0.62 to 0.78 in the range of μ studied (Figure 18A), 
similar to the other E. coli continuous culture data set, though for only 56 genes [4]. 
These values are maximum for our data since correlations were neither improved using 
nonlinear transformation nor removing outliers (data not shown). Interestingly, mRNA 
and protein levels correlated better in longer transcription units and for genes located at 
the 5' end (Figure S18 in Publication IV), similar to M. pneumoniae [108]. 

 
Figure 18. Correlation of protein concentrations with mRNA concentrations and protein-per-
mRNA ratios in E. coli K-12 MG1655. , specific growth rate; R, Pearson correlation 
coefficient; #, number of compared genes; pm, protein-per-mRNA ratio. Red line shows the 3rd 
order polynomial best fit. Data for all  in Figure S1 and S3 in Publication IV. [Publication IV] 
- Reproduced by permission of The Royal Society of Chemistry. 
 

The part of protein abundances which cannot be explained by the correspondence 
between transcript and protein abundances can be caused by different regulation of 
mRNA and protein degradation, protein translation, post-translational modification and 
possible functional requirement for protein binding [67–70]. Of course, experimental 
and biological noise emerging from the inherent gene expression stochasticity [169] 
cannot be excluded either [67]. 

Comparison of absolute proteome data with the literature showed the highest 
overlap with another E. coli steady state study [4] (detailed comparison in [143]). Our 
transcript abundances correlated highly with other genome-wide E. coli calculated 
values using DNA microarrays in chemostat (R ~ 0.8) [40] and batch cultures (R = 
0.91) [102], and modestly (R = 0.52) with recent single cell analysis [110] (data not 
shown). 
 

4.5.3.  Protein-per-mRNA characteristics 
 
The protein-per-mRNA ratio (pm) estimates translation efficiency and changes in pm 
give indications about the level of gene expression regulation either through protein 
translation or degradation making it an important molecular characteristic [69]. Values 
of pm for ~1,200 genes ranged from around 100 to 10,000 at low μ compared to 50 to 
4,000 at high μ (Figure 18B) pointing to different levels of post-transcriptional 
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regulation [67–70] and explain the non-perfect mRNA and protein correlations. 
Plotting pm values against protein concentrations showed that abundant proteins 
possess ~100-time higher pm values than low abundant ones regardless of μ with 
values saturating at around 4,000 and 2,500 at low and high μ, respectively (Figure 
18B). A similar difference in pm values between low and high abundant proteins and 
the saturation effect are seen in yeast [100] and for translation rates in mammalian cells 
[99]. Median pm decreased 2.3-fold from 1,532 to 656 with μ increasing from 0.11 to 
0.48 h−1. The lower ratio determined at μ = 0.48 h−1 is close to those of log-phase E. 
coli cells [102,110]. The finding of non-constant translation rates is important and 
already included in recent in silico simulations of μ-dependent gene expression [112]. 
 Codon bias i.e. non-random occurrence of codons for coding amino acids, is a 
mechanism for the cell to maximize translation efficiency [67,101] and recently 
genome-wide correlation between codon adaptation index (CAI) [170], a common 
estimate for codon bias, and protein expression levels has been shown for E. coli [102–
106]. However, experiments using synthetic genes show that neither local nor global 
codon bias have significant effects on mRNA or protein levels [171], although these 
results have later been objected [172]. Our results are in accord with the previous 
genome-wide studies as CAI values correlated with protein concentration and pm 
(Figure S12 in Publication IV), and interestingly increased slightly with rising μ 
alluding to possible growing pressure for higher translation efficiency for achieving 
faster growth. 

It has been stated that the pm may vary between genes with different function and 
also change under different conditions [69], as proved by the higher pm ratios for 
metabolic genes in mammalian cells [173]. We observed that genes belonging to 
clusters of orthologous groups (COG) [174] of translational machinery (J), energy 
generation (C) and post-translational modification (O) showed higher pm ratios (Figure 
S4 in Publication IV) indicating the importance of efficient translation of these 
enzymes. However, pm values decreased uniformly for all COGs with rising μ (data 
not shown). 
 Variable patterns of pm can be affected by protein half-lives known to be 
influenced by particular amino acids present at the N-terminal end of proteins (the N-
end rule) [67]. This has also been reported for E. coli with the destabilizing amino 
acids being Arg, Lys, Leu, Phe, Tyr and Trp [175]. Our analysis of whole protein 
sequences throughout the range of μ confirms the latter as Arg, Leu, Trp and Glu 
showed statistically significant enrichment (p-value < 0.05) in proteins with both the 
lowest pm ratios and concentration (Figure S10 in Publication IV), demonstrating the 
influence of protein degradation on pm levels. 
 Our data set did not show significant correlations between pm (translation 
efficiency) and gene length, protein molecular weight, mRNA levels opposite to what 
has been proposed previously [69]. Furthermore, weak correlations were found 
between pm and mRNA half-lives determined in the literature [40,110,176,177] (data 
not shown). 
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4.5.4.  Characteristics of proteome resource allocation 
 
Knowing that a cell increases expression of protein X 10-fold as a response to an 
environmental perturbation does not necessarily mean that the expression load of 
protein X on metabolism is more significant than that of protein Y which is up-
regulated only 2-fold. This is because the real metabolic load of protein expression is 
determined also by the protein amount and that metabolic load would be much higher 
for protein Y if its abundance is 10-fold higher than that of protein X. Since 
translational capacity is believed to be rate-limiting for faster growth of E. coli [97], it 
is useful to analyze the allocation principles of proteome resources. 
 As expected, the most abundant proteins on average over the studied range of μ 
were involved in translation (elongation factor TufA, ribosomal proteins) and CCM 
(glycolysis, TCA cycle and PPP) (Table S2 in Publication IV). To find out which 
proteins are the most and least costly for E. coli to express for achieving faster growth, 
we calculated the protein synthesis cost in ATP (nATP; protein concentration × protein 
length × 4.306 ATP) for each protein and applied covariance analysis to statistically 
detect the most and least relevant proteins (see Materials and methods for details). The 
most costly protein for E. coli by far with increasing μ was MetE (Figure 19), probably 
expressed to counteract the detrimental accumulation of homocysteine [78] after the 
start of acetate overflow leading to increasing acid stress. MetE was followed mainly 
by ribosomal and amino acid metabolism-related proteins. On the other hand, E. coli 
‘saved’ the most energy at higher μ by repression of GS enzymes AceA and AceB, 
acetate scavenging Acs, enzymes involved in utilization of alternative substrates and 
several stress response proteins, pointing to the rationale of CCR for regulating 
proteome resources [178]. 

 
Figure 19. Covariance analysis of protein synthesis cost for the 20 most and least costly 
proteins for E. coli to achieve faster growth. nATP, protein synthesis cost. Covariance values 
are calculated between each protein’s nATP values and μ. Red and blue colored bars indicate 
increasing and decreasing nATP, respectively, with rising μ. Change of nATP is statistically 
significant for all shown proteins since their covariance values are different from zero. Refer to 
Figure 21 legend for description of error bars and statistical analysis. [Publication IV] - 
Reproduced by permission of The Royal Society of Chemistry. 
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 To obtain a functional picture of proteome allocation and expression costs, we 
grouped all proteins into COG functional classes [174]. Although, translational 
machinery proteins (J) were by far the most abundant COG group (23–36% of total 
proteome; p < 0.0001), nATP of group J proteins was increasingly exceeded with 
rising μ by the cost of proteins related to energy generation (C), carbohydrate (G) and 
amino acid (E) metabolism (Figure 20A; p < 0.0011). This is expected since increased 
substrate utilization, amino acid synthesis and energy generation are needed for faster 
growth. Turning attention to pathways, proteins of glycolysis, TCA cycle, GS and 
purine synthesis accounted for both the highest concentration (~19%) and nATP 
(~27%) of the total proteome (Figure 20B). 

 
Figure 20. Proteome resource allocation in E. coli K-12 MG1655. nATP, protein synthesis 
cost. A. Distribution of protein concentrations and nATP among COG functional classes at μ = 
0.49 h−1. Areas of slices are proportional to absolute values. COG nomenclature: O, post-
translational modification; K, transcription; F, nucleotide transport and metabolism; H, 
coenzyme transport and metabolism; Rest, sum of COGs not shown with independent slices; see 
text for others. B. Pathways with highest nATP from total proteome synthesis cost at μ = 0.11 
h−1. Percent shows fraction from total cost. See Table S7 in Publication IV for the genes 
assigned to pathways according to the EcoCyc database [64]. Data for all  in Figure S1 and 
S3 in Publication IV. [Publication IV] - Reproduced by permission of The Royal Society of 
Chemistry. 
 

A Pareto principle—top 20% of proteins by abundance accounting for 80% of total 
protein mass—of proteome resource allocation has been observed in yeast [179], 
Leptospira interrogans [180] and M. pneumoniae [108] while the top 20% comprise 
above 90% in mammalian cells [181,182]. Our data is similar to that of 
microorganisms, as the top 20% accounted for 76% of protein mass. Interestingly, the 
20 most prominent proteins accounted for 19% of protein mass while slightly higher 
mass fractions of top 20 proteins were reported in all the latterly referred studies (data 
not shown). 

As cells have evolved under energy-limited conditions, the amino acid composition 
of the proteome should be biased towards containing more amino acids with lower 
nATP. Indeed, highly expressed proteins in E. coli and B. subtilis contain more ‘cheap’ 
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(Glu, Asp, Gly) and less ‘costly’ (Trp, Phe, His, Cys, Leu) amino acids [183]. Our 
proteome-wide data show the same as the most and least abundant proteins contained 
more ‘cheap’ and more ‘costly’ amino acids, respectively (Figure S11 in Publication 
IV). 

Ribosomes, mainly composed of ribosomal proteins and rRNA, are one of the most 
important molecules enabling the cells to grow bigger and faster. It has been concluded 
that ribosomal protein levels are insensitive to μ [184]. However, our data demonstrate 
3.4-fold higher median ribosomal protein abundances (7,164 vs. 24,509 molecules per 
cell) in faster growing cells while accounting for 9–16% of the total protein mass 
which is close to the estimated value of 21% previously reported for fast growing log-
phase E. coli cells [55]. Also, our data shows close stoichiometry for ribosomal 
proteins at all μ values (Figure S7A in Publication IV) and confirms the previously 
described dimerization of the acidic ribosomal protein RplL [185], also known as 
RpL7/L12 by being present in roughly double the abundance of other ribosomal 
proteins at all μ. We also noted 2-fold higher abundance for a 30S subunit ribosomal 
protein RpsP. 

4.5.5.  Efficiency of energy generation pathways 

Quantification of both μ-dependent absolute proteome and flux values enables to gain 
unique insights into regulation of energy metabolism by calculating efficiency of 
energy generation (EATP) for energy generating pathways. We define EATP as ATP 
produced in the pathway per ATP spent for the synthesis of the pathway proteins 
(molecules-ATP/molecules-ATP) and analyze EATP dynamics with rising μ for the 
main energy generating pathways under aerobic growth of E. coli: glycolysis, acetate 
synthesis and the TCA cycle coupled to the respiratory chain (RC) (Table 3). Protein 
synthesis costs of the ATP producing pathways might be a relevant factor in 
optimization of the overall strategies of energy generation since ~50% of total ATP for 
cell proliferation is used for protein synthesis [44,56].  

The most efficient energy generating pathway over the studied range of μ was the 
TCA cycle + RC, for which EATP varies within 105–152 and is ~5- to 7-fold higher 
compared to glycolysis (Table 3). In addition, E. coli starts to generate additional ATP 
through acetate overflow after disruption of the PTA-ACS cycle at μ = 0.27 h−1 and 
this seems to be beneficial for E. coli since EATP from acetate synthesis exceeds 
glycolysis at μ = 0.4 h−1 and even surpasses TCA cycle + RC near μmax (141 vs. 132). 
This provides a new angle for the potential rationale of acetate overflow for energy 
generation [10,72] at whole-cell level and is a good example of how new biological 
knowledge can emerge from integration of genome-wide multi-level quantitative data. 
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Table 3. Specific growth rate-dependent efficiency of energy production pathways (EATP) for 
the main ATP generating pathways under aerobic growth of E. coli K-12 MG1655. 
 

Pathway μ=0.11 h−1 μ=0.20 h−1 μ=0.30 h−1 μ=0.40 h−1 μ=0.49 h−1 

Glycolysis 22.6 21.2 20.3 18.8 19.7 

TCA cycle + RC 151.1 116.9 105.5 105.5 132 

Acetate synthesis ND ND 7.3 41.9 141.2 
 

EATP is calculated as ATP produced in the pathway per ATP spent for synthesis of the pathway 
proteins (molecules–ATP/molecules–ATP). ATP produced in the pathway was calculated based 
on all the ATP producing and consuming fluxes based on MFA. ATP spent for synthesis of the 
pathway proteins was calculated as a sum of nATPs of all the quantified proteins in the 
pathway. See Table S7 in Publication IV for the genes assigned to pathways according to the 
EcoCyc database [64]. , specific growth rate; RC, respiratory chain; ND, not determined 
since the calculation would be inaccurate due to lack of accurate data for both Pta-AckA and 
Acs fluxes in the PTA-ACS node before the start of overflow metabolism of acetate at μ = 0.27 
h−1 while functioning only as an intracellular futile cycle. [Publication IV] - Reproduced by 
permission of The Royal Society of Chemistry. 
 
4.6. Control of protein and flux levels to achieve faster growth  

(Publication IV) 
 
Cells have to increase throughput of metabolic fluxes to grow faster. It has become 
clear, however, that changes in metabolic flux patterns are not a straightforward 
consequence of transcriptional regulation of enzyme levels [116,122,126,127]. 
Furthermore, control mechanisms of metabolic fluxes are instrumental for 
understanding regulation of metabolism since they represent the integrated response of 
all levels of cellular regulation [41]. Thus one of the aims of this thesis was to 
determine at which regulation levels of the gene expression cascade (transcriptional 
(TR), translational (TL), post-TR, post-TL) is control of protein and fluxes levels in 
different E. coli metabolic pathways realized for achieving faster growth. 
 Our experimental approach was novel since we coupled absolute quantitative global 
transcriptome and proteome with flux analysis under steady state growth conditions to 
statistically determine the gene expression regulation levels enabling an organism to 
grow faster. We used covariance analysis for statistically determining the regulation 
levels as it describes both the direction and magnitude of mRNA, protein and flux 
changes with increasing μ making it a suitable statistical method for analysis of 
absolute quantitative data (see Materials and methods for details). 
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4.6.1.  Control of protein concentrations 
 
Impact of TR, post-TR or TL regulation on controlling protein concentrations for E. 
coli to achieve faster growth was quantitatively determined by calculating covariance 
between each gene’s pm (protein-per-mRNA ratio) and μ. The generated covariance 
values were subjected to statistical hypothesis testing of being significantly (p-value < 
0.05) not different or different from zero (all tests were subject to correction by false 
discovery rate filtering according to the Benjamini–Hochberg procedure [146] at level 
α = 0.05). 

A covariance value not different from zero represents TR regulation of protein 
levels by the pm being constant at all μ. Strikingly, from the total of 1,112 analyzed 
genes with both quantified mRNA and protein concentrations, only 25% (275) showed 
TR regulation (Table S3 in Publication IV). Genes involved in GS, NADH metabolism 
and various degradation pathways showed high fraction of TR regulation (Table S4 in 
Publication IV). However, for the majority of genes (56%; 627), protein concentrations 
were controlled at the post-TR level determined by their covariance value being 
negative and different from zero (Figure 21A), meaning decreasing pm with rising μ 
(protein concentrations increase less than those of mRNA or decrease more than 
mRNA). Particularly high enrichment of post-TR regulated genes was observed in 
COGs of cell cycle (D), translation (J), amino acid metabolism (E) (Table S5 in 
Publication IV) and amino acid synthesis pathways (Table S4 in Publication IV). Also 
the protein levels in the pathways carrying the highest flux—glycolysis and TCA 
cycle—were regulated at post-TR level for >60% of genes. We detected only four 
genes (0.4%) with TL level regulation indicated by positive covariance values different 
from zero, meaning increasing pm with rising μ (protein concentrations increase more 
than those of mRNA or decrease less than mRNA). The small number of proteins 
which levels were controlled at TL level could be considered as an indication for the 
faster increase of transcription rate compared to translational rate with growing μ [114]. 
 Similar domination of post-TR regulation of protein concentrations at mRNA and 
protein levels was lately reported in a study of the fermentative bacterium L. lactis 
[123]. Furthermore, post-TR regulation is the predominant mechanism for controlling 
pm ratios in M. pneumoniae [108], mammalian cells [99] and also for ~37% of genes 
in B. subtilis [111]. Transcription was also shown to have limited control over 
capacities of key central metabolism enzymes in E. coli with faster growth in 
chemostat cultures [8]. Thus it seems that post-TR regulation of protein levels is 
significant in organisms with very different growth characteristics, and practically in 
all the main metabolic subsystems. 
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Figure 21. Covariance analysis of protein and flux control levels. pm, protein-per-mRNA 
ratio; kapp, apparent in vivo catalytic rate of enzyme. Error bars denote 95% confidence 
intervals of covariance values. p-values represent the results of the statistical hypothesis testing 
of covariance values being statistically significantly different or non-different from zero. A. 
Covariance analysis of protein control levels for 50 randomly chosen genes. Covariance values 
are calculated between each gene’s pm values and μ. Red and blue colored bars indicate 
increasing and decreasing pm with rising μ, respectively. Color of gene name indicates control 
level: red, post-TR; blue, TR; black, measurement error too large for determination of control 
level. Data for all genes can be seen in Data S1 in Publication IV. B. Covariance analysis of 
flux control levels for 50 randomly chosen genes. Covariance values are calculated between 
each gene’s kapp values and μ. Red colored bars indicate increasing kapp with rising μ. Color of 
gene name indicates control level: red, post-TL; blue, TL; black, measurement error too large 
for determination of control level. Data for all genes can be seen in Data S2 in Publication IV. 
[Publication IV] - Reproduced by permission of The Royal Society of Chemistry. 
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4.6.2.  Control of metabolic flux rates 
 
Next, we moved one layer up to determine the regulation levels of metabolic fluxes for 
E. coli to achieve faster growth. Measurement of both protein concentrations and flux 
rates in this study enabled to quantitatively determine the impact of change in protein 
concentration and its catalytic rate for realizing higher flux throughput. For this, we 
calculated apparent in vivo catalytic rates of enzymes (kapp, s−1) from the ratio of 
specific flux rate (mmol/(gDCW h)) and protein concentration (mmol/gDCW). Flux 
control levels—TL or post-TL—were determined by covariance analysis of changing 
kapp and μ.  
 Covariance value being statistically not different from zero represents protein 
control of flux (TL regulation) as protein concentration increases proportionally to the 
specific flux rate with rising μ (i.e. constant kapp). Only 9% (18) out of 191 genes under 
analysis showed flux control through protein levels (TL regulation) (Table S6 in 
Publication IV) which included genes from glutamine and nucleotide synthesis 
pathways (Table S4 in Publication IV). Notably, for 10 out of these 18 genes, flux 
control is at the TR level as both of their pm and kapp covariance values were not 
different from zero. Recently, transcriptional regulation of fluxes was shown in the 
TCA cycle, GS and acetate excretion but not in PPP using transcription factor mutant 
strains of E. coli [186]. The 10 genes for which we detected TR level control of fluxes 
did not, however, belong to any of these pathways.  

Flux throughput was controlled at the post-TL level for the great majority of genes 
(81%; 154) shown by positive covariance values different from zero, meaning 
increasing kapp with rising μ (Figure 21B). For nearly all the genes organized into 
COGs of energy production and conversion (C), translation (J) and high flux 
pathways—TCA cycle and glycolysis—flux control was achieved through post-TL 
regulation (Tables S4 and S5 in Publication IV). These are all highly abundant proteins 
(over 5,000 copies per cell) indicating, similarly to control of protein levels, that E. coli 
has to implement additional regulatory processes for increasing their enzymatic 
capacities to fulfill the demands of rising biomass and energy synthesis throughput 
with faster growth. This is also reflected by the observation that the average protein 
abundance and synthesis cost for post-TL compared to TL-regulated genes were ~2-
fold higher (5,190 vs. 2,923 molecules per cell and 6.2 × 106 vs. 3.1 × 106 ATP 
molecules per cell, respectively). Thus it seems to be energetically favorable for E. coli 
to increase the catalytic capacity of abundant proteins through post-TL processes and 
save ATP from lower protein synthesis costs. These results are in contrast to an in 
silico study which proposed that low-cost enzymes in E. coli are less likely to be post-
TR regulated [187].  

Predominant post-TL control of several central metabolism fluxes in E. coli has 
been reported using in vitro enzyme assays when cells were shifted from low to high D 
in chemostats [8]. Our results are also in accord with an E. coli study based on EcoCyc 
database [64] information on gene expression regulation, which showed coupling of 
energy generating reactions to enzymatic regulation, important for short-term 
maintenance of energy homeostasis [188]. In addition, several studies on yeast using 
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hierarchical regulation analysis [124] have also concluded that fluxes through 
glycolytic and fermentative pathways are mainly regulated at the post-TR level [125]. 
Furthermore, prevalence of post-TL regulation in controlling flux throughput through 
CCM was also observed in L. lactis [123] and has been recently concluded to be 
probably the primary flux controlling mechanism based on numerous studies [116,126]. 

Post-TL regulation includes modifications of proteins after translation (post-TL 
chemical modification or allosteric regulation) or change of its catalytic rate through 
hyperbolic change of enzyme kinetics solely due to substrate concentration changes 
[122]. As a substantial amount of quantitative evidence for the importance of post-TL 
regulation in flux control has accumulated by now, it will be highly relevant in the 
future to further dissect the specific post-TL regulation mechanisms in action when a 
reliable non-targeted intracellular metabolome method for E. coli continuous cultures, 
and considerable amount of information on protein specific post-TL modifications and 
allosteric regulation by reactant metabolites becomes available [116,122,126,127,189]. 
 

4.6.3.  Apparent in vivo catalytic rates of enzymes in central carbon metabolism 
 
Control of fluxes at post-TL level indicates increasing enzymatic capacities through 
catalytic rates. Indeed, we detected a median 3.7-fold increase of kapp of 191 CCM and 
biosynthetic enzymes (Figure 22) compared to non-changing median protein 
concentration with rising μ confirming that higher flux throughput for faster growth in 
E. coli is mainly achieved through increased catalytic rates of enzymes.  

 
Figure 22. Dynamic range of 191 central carbon metabolism and biosynthetic enzyme 
apparent in vivo catalytic rates at low and high μ. , specific growth rate; kapp, apparent in 
vivo catalytic rate of enzyme. Blue and red vertical lines with arrowheads above the chart 
denote the median at μ = 0.11 and 0.49 h−1, respectively. [Publication IV] - Reproduced by 
permission of The Royal Society of Chemistry. 
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realized through increasing catalytic rates of enzymes (Figure 23). This further 
supports the conclusion of the relevance of post-TL regulation in metabolic control as 
these are the pathways carrying the highest flux and responsible for feeding precursor 
molecules into energy generation and biosynthetic pathways. Our results are in line 
with a similar recent report for L. lactis where a 3.6-fold increase of average kapp for 
CCM and biosynthetic enzymes was detected with 5-time faster growth [123]. 

When comparing the actual values of kapp among the most important pathways, one 
can see that the average values for the TCA cycle (49–156 s−1 from μ = 0.11 to 0.49 h−1, 
respectively) are higher than for glycolysis (34–110 s−1) and PPP (4–88 s−1) (Figure 23) 
indicating that pathways with higher contribution of ATP production to the total ATP 
pool also possess enzymes with higher catalytic rates. Notably, these kapp values 
closely match the range of kcat values for CCM enzymes of E. coli measured in vitro 
[190]. 

 
Figure 23. Flux control in the most important pathways for aerobic growth of E. coli. , 
specific growth rate; gDCW, gram dry cellular weight; kapp, apparent in vivo catalytic rate of 
enzyme. Each circle represents the average value of the pathway if not otherwise noted. See 
Table S7 in Publication IV for the genes assigned to pathways according to the EcoCyc 
database [64]. [Publication IV] - Reproduced by permission of The Royal Society of Chemistry. 
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 Also at the COG functional class level, kapp values for energy metabolism enzymes 
(C) were an order or two higher than those of biomass monomer synthesis (E, F, H, I) 
(Figure S6 in Publication IV). Similar higher (~30-fold) catalytic rates for CCM 
compared to secondary metabolism enzymes is seen when ~2,000 kcat values measured 
in vitro for prokaryotes and eukaryotes were analyzed [190]. Hence, cells maintain 
higher abundance of proteins required for biomass synthesis (translational machinery, 
monomer precursor synthesis) whereas enzymatic capacities for energy generating 
proteins are more likely to be increased through post-TL regulation. Interestingly, we 
also noted that the pathways carrying the highest flux—glycolysis, TCA cycle and 
PPP—showed both higher protein concentration and kapp compared to biosynthetic 
pathways (Figure 24). This refers to an evolutionary push towards proteins carrying 
high flux being more abundant and possessing higher catalytic rates to reduce the cost 
of protein production, as proposed previously [190,191]. 
 Overall, it seems that under strong nutrient limitation at low μ, metabolism of E. 
coli is on ‘standby’ mode: protein abundances are high and catalytic rates not saturated 
for biomass and energy generation so that cells could quickly respond to changing 
environmental conditions by modifying protein catalytic rates without wasting time for 
increasing their levels. An analogy for this could be drawn from drag racing: drivers 
‘pump up’ the revolutions of the engines of their cars before the start signal so they 
could instantly take off with full torque once the light turns green. The same 
phenomenon is also demonstrated by glucose-pulse experiments where cells are able to 
rapidly increase μ 3-fold after a substrate pulse [30,192], clearly pointing to the ability 
to immediately increase catalytic rates if needed. 
 

 
 
Figure 24. Protein concentrations and their apparent in vivo catalytic rates in pathways 
carrying the highest flux compared to biosynthetic pathways. kapp, apparent in vivo catalytic 
rate of enzyme; See Table S7 in Publication IV for the genes assigned to pathways according to 
the EcoCyc database [64]. [Publication IV] - Reproduced by permission of The Royal Society of 
Chemistry. 
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 Our quantitative data enable us to investigate patterns of protein catalytic rates 
within many pathways. In L. lactis, first enzymes in central pathways tend to have 
lower abundances and, hence, higher kapp values [123], also seen indirectly in yeast 
[193]. This hints for possible allosteric control of feedback regulation through the 
product of the pathway to precisely control the flux [187]. Our data are in accordance 
with the latter and provide further pathway-specific observations. Both initial enzymes 
of glycolysis and PPP, Pgi and Zwf, respectively, possess higher kapp values compared 
to subsequent enzymes probably for enabling strict distribution of carbon flow between 
these pathways for fast switching between the need for more ATP (glycolysis) or 
NADPH (PPP). One would expect that a biosynthesis pathway is activated when its 
product is needed and flux is controlled by its first enzyme. However, a difference 
among biosynthetic pathways was observed: longer pathways (e.g. purine, aromatic 
amino acids, Arg, Lys) showed higher kapp values for their first enzymes which was not 
seen for shorter ones (e.g. Ser, Thr, Leu, His). It might be useful for the cell to control 
flux through initial enzymes in longer pathways to realize a fast response as opposed to 
a time-consuming situation where all the enzyme levels are maintained low and 
increased uniformly once the pathway capacity has to be enhanced. More detailed 
analysis could be found in Publication IV. 
 

4.6.4.  Ribosomal translation rate 
 
Faster growing cells are bigger since they need more ‘catalytic units’ to process 
nutrients and synthesize biomass faster. For this, a cell needs to increase its 
translational capacity with rising μ for maintaining the necessary concentrations of 
enzymes, the cellular ‘workhorses’. How is this achieved? 
 In our experiments, the median ribosomal protein concentration increased only 1.5-
fold with 5-time faster growth (Figure S7A in Publication IV) indicating the need for 
higher translation rates to maintain sufficient translational capacity. Indeed, estimating 
ribosomal translation rates by calculating kapp for ribosomal proteins revealed 2.8-time 
(median; CV = 11% among 52 quantified ribosomal proteins) higher values with 
increasing μ (Figure S7B in Publication IV), demonstrating that increasing the 
concentration of ribosomal proteins is not sufficient for achieving faster growth and, 
therefore, also translation rates have to be increased. The observation of increased 
translation rates in faster growing cells is in concordance with the literature using 
indirectly calculated values [55,168,194]. 
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5. CONCLUSIONS 
 
The main conclusion of this thesis is that the developed comprehensive systems 
biology approach of absolute quantitative multi-omics analyses coupled to advanced 
continuous cultivation and computational methods was validated in elucidation of 
novel regulation principles of cell metabolism which allows further successful 
metabolic engineering of strains with superior characteristics at a new level. 
 
Other more specific conclusions resulting from this thesis are: 
 
I  It was confirmed that highly reproducible accelerostat (A-stat) cultures precisely 

detect metabolic switch-points (e.g. start of acetate overflow), elucidate the 
dynamics of metabolism and describe steady state physiology equally to 
chemostat, making A-stat suitable for steady state physiology studies and 
screening bioprocesses. 

 
II  Detailed carbon balance analysis and experimentally determined μ-dependent 

biomass composition increased accuracy of metabolic flux analysis and enabled 
to propose that despite increasing carbon wasting with rising μ, E. coli could 
maintain a constant biomass yield through simultaneous reduction of non-growth 
associated ATP production.  

 
III We propose a novel hypothesis that acetate overflow metabolism in E. coli is 

triggered by carbon catabolite repression-mediated acetyl-CoA synthetase (Acs) 
repression resulting in decreased consumption of acetate produced by Pta and 
disruption of the phosphotransacetylase-acetyl-CoA synthetase (PTA-ACS) node. 

 
IV Fine-tuned coordination between increasing the recycling capabilities of acetate 

in the PTA-ACS node through a higher concentration of active acetate-
scavenging Acs and downstream metabolism throughput in the TCA cycle 
strongly reduces acetate overflow in E. coli. 

 
V E. coli K-12 BW25113 Δpka ΔarcA strain with increased acetate recycling and 

TCA cycle throughput is superior to previous acetate overflow-reduced E. coli 
strains since it does not accumulate any other detrimental by-product and 
maintains μmax of wild-type presumably leading to higher volumetric 
productivities in bioprocesses in the absence of acetate. 

 
VI High correlations (R ~ 0.8) between both genome-wide mRNA and protein 

expression changes with rising μ and concentrations observed under strictly 
defined and controlled growth conditions suggest that the state of the culture 
could be an important factor in mRNA-protein correlation analysis. We also 
conclude that E. coli achieves faster growth through increasing catalytic and 
translation rates of proteins by predominantly controlling protein abundances and 
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metabolic flux rates at post-transcriptional and post-translational levels, 
respectively. This serves the basis for the development of more sophisticated 
whole-cell models through including the complex regulation layers of gene 
expression and metabolic fluxes dependent on the physiological state of the cell. 

 
VII E. coli enzymes carrying high fluxes seem to be more abundant and also possess 

higher apparent in vivo catalytic rates, suggesting an evolutionary push to reduce 
protein synthesis costs. 
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u��
c��u��uQ��c���n�����v������w�U!-�.-xsyif%�%*f%*#-'#'&��.#%(%�(%VV.�*.V#$%f�/.*'*#-�*#(��/%-$'*.V/�"/%#'&��.-"�)z%V)*f%( �)-�V%�./.#'#.�*.*012345623672896:;<YA?@]=>DEFF��H{|�EKEKNEKKF�LK����
Q����}��
T~�O������}���
�o}��('*V-(.�#.�*'�%""%-#V�"U�y�%z�(%VV.�*.*012345623672896:;<=>D�C�EFFM�I�aK�L��������Q�����
�	���c��
�����c�����s%-$'*.V/�"#$%f�+*i(% )�'#.�*�"-xsy(%-%�#�(�(�#%.*&! �)-�V%.*012345623672896W(��%�"')#�(% )�'#.�*�"#$%-(� %*%:�\<�;aMM��HI�KFGGNKF�E�LL����Q��������������c�c�����NR��n��T�v�������	������""%-#�"257 %*%,*�-,�)##� %#$%(+.#$4��'*f629� %*%V,*�-,�)#�*#$%/%#'&��.V/.*012345623672896:�]AB\=A]>̂=>DEFF��H{|�LLMNGLa�L̀�c��	���������n��oT�l����m����c�
����l�����d)'V.V#%'f!V#'#% (�+#$�"�72�82822�1972�61.* �)-�V%i�./.#%f'--%�%('#.�*V#'#�xiV#'#�-)�#)(%V:�C?>C=@[YC�@@��@CB>@�EFFM�{g�EaMNEÈ�LG������
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�������
����
����aRb�

cdcecdfg
cdhicdjf
cdekcdlemnof

ch
jl
pfcqrstu

ch
eg
fcfhvwsotu

cfdj
hdpjdh
edlgdcswuxyu

cdcecdfg
cdhicdjf
cdekcdleynof

ccde
fdcfde
hdchdez{|m}~��

hj
gfc
fkfl�}vhtt�r�{|m}~|n

cdce cdfg cdhi cdjf cdek cdlem�r�����|����|�nof�

m
qrsvwso

swux yz
�}vh��������=?:@9BC=JKC>NFC<=:9F@K@Z@=K@=F�������E������  L@F9;<>CBL?[9:9?F@:C¡9FC<=C=<=@DEBF9F?N>FC¢9FC<=£¤¥¦§̈©ª§«¬®ª̄°±²³́µ¶¥·§«̧ ®¹¹º«¬º̄¬ª®ª§«¬°»¦¼º̄¨̈©̈®½̄§»±ª°»¤¾¿́ÀÁ́µÂ¥¹Ã̄º§Ä§º»«½ª±®ª̄°±²³́µÅ¾ÆÇ¥¹Ã̄º§Ä§º¾ÆÇÃ«¦©ºª§«¬®ª̄°̧ «̧̈À»¤¾¿±́µÆÈº²¥®º̄ª®ª̄º«¬º̄¬ª®ª§«¬°̧É́µÊ̈º¥»̈©º«¹̄º«¬º̄¬ª®ª§«¬°̧É́µºÈÉË¥º¼º̈§ºÈÉËº«¬º̄¬ª®ª§«¬°ÂÉ́£È«½§¬¦§º®ª̄¹ª±̄ ¹ª®ª«Ä«Ì̄Ä̈«½¸̄ ª®·«̈§¹̧£Íª®ª«ÄÌ̄ª§º®̈®Î̄¹½®¹º±«¹̄¬Ä«·̄ªª̄Ì§¹©®̈§Ï®ª§«¬£Ð̄Ã«¦©º̄¦·¼Ã̧̄§¹¹§«¬Ä«̧ Ñ®̈»̄Ã̄®ÒÓÔÕ£Ö³³×£

ØÙÚÛÜÝÜÙÞßàáâãäåæçèßÞéèãêëáëìçíîïïðñòïîóôõõÝòöö÷÷÷âøùúûÜüýÜþõ�ÙÚâýúûöï��í�î�î�ö�öïîó �ÙÛÜ�ú�ïï



���������
���������
���

������������
������������
����

���� ���� ���� ���� ���� ���� ���� ���� ���� ����
�	�
�� ������������	��
����	�����	��

���� �����������

!�"#$�



������������
���%���&����
��������

���� ���� ���� ���� ���� ���� ���� ���� ���� �����	'

��	������ ����
�������

!�"#$�

�
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Valgepea K, Adamberg K, Seiman A & Vilu R 
 
Escherichia coli achieves faster growth by increasing catalytic and translation 
rates of proteins. 
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/012134/567138769/:3;<6714;=>?;/4@;3<;0;;923;::/A0A3B;41>A7/:B C;0D?B;154/E/4/;:FGHIA:4A84@;:46=/;:/B27;JB;04/0<4@/:1223A15@@1E;/0E;:4/<14;=?;1:410=5A0576=;=4@148769;:4@3A6<@<7?5A7?4/510=:;7;54;=8;3B;0414/E;214@JK1?:13;3;<6714;=/01=/E;3:;10=:6>47;K1?K/4@2A:4JLM3;<6714/A0>;/0<4@;=AB/0104B;5@10/:B C3;E/;K;=/0E10N60;0OPQRSTFGU0A41>7;:46=?6:/0<4@/:1223A15@/:4@14A8<7?5A7?:/:B;41>A7/:B 2;3463>14/A0>?4@;1>:;05;A8A9?<;010=4@;23;:;05;A8ULVJ=;27;4/0<>;0DA/515/=5AB213;=4A1;3A>/55A0=/4/A0:/0 WQXXYQZ[\]XÔ XOZO_̀̂ Q̀OaK@;3;4@;164@A3:K;3;1>7;4A=/::;54<;0;;923;::/A03;<6714/A0/0<7?5A7?:/:/04A8/E;71?;3:bLMaLca2A:4JLcaBMdU10=23A4;/0=;<31=14/A0GefAK;E;3a4@;:;10=A4@;3:46=/;:/04@;7/4;31J463;a4A4@;>;:4A8A63g0AK7;=<;a@1E;0A4>;;05133/;=A644A:46=?<7A>17hJ=;2;0=;0423A4;/01>60=105;10=87695A043A77;E;7:a4@6:0A423A=65/0<<;0AB;JK/=;i6104/414/E;7?3;7/1>7;=141K@/5@5A67=>;6:;=8A34@;;765/=14/A0A84@;23/05/27;:A8<3AK4@3;<6714/A010=i6104/414/E;BA=;7/0<Gf;05;a1BA3;5AB23;@;0:/E;1223A15@/:0;;=;=GU74@A6<@B10?hJ=;2;0=;045;776713<7A>173;714/A0:@/2:@1E;>;;0=;4;3B/0;=/0jSX[R̀>145@567463;:ak@/<@Ji617/4?;92;3/B;04177?=;4;3B/0;=i6104/414/E;/04;3=;2;0=;05/;:A8h10=4@;BA:43;7;E1045;7767135@13154;3/:4/5:/0576=/0<4310:J53/24AB;almn B;41>A7AB;10=8769AB;aoapqapp 23A4;AB;aprapH>/AB1::5AB2A:/4/A0appapr10=5;77EA76B;pTape13;:5135;Gs@14/:BA3;ahJ=;2;0=;04<;0AB;JK/=;1>:A764;i6104/414/E;BMdU10=23A4;AB;=141CBA7;567;:2;35;7710=5A05;0431J4/A0:F8A3jSX[R̀13;B/::/0<174A<;4@;3GU5AB23;@;0:/E;60=;3:410=/0<A84@;2@?:/A7A</51723A5;::;:/05;77:5177:8A31:?:4;B:>/A7A<?;88A34A8/04;<314/0<@/<@Ji617/4?1>:A764;i6104/414/E;4310:53/24AB/5a23A4;AB/510=B;41>A7AB/5=1415A627;=4ABA=;7:A8=/88;3;047;E;7:A8=;41/7GpkmpoL@/:B1?:;;B1:10/BB;0:;5@177;0<;a>641:60=;3:410=/0<A8>A4@4@;3;<6714/A07;E;7:A8B;41>A7/58769;:10=A4@;3BA7;567133;714/A0:@/2:;01>7/0<4@;5;77:4ABA=/8?h/:A8/0:436B;0417/B2A34105;4AK13=:1BA3;5AB27;4;=;:53/24/A0A84@;5A043A723/05/27;:A85;77B;41>A7/:Bpkapn10=:655;::867>/A4;5@0A7A<?10=:?04@;4/5>/A7A<?;88A34:arq<;0AB;JK/=;1>:A764;i6104/J414/E;B674/J7;E;71017?:/:/0A0;:46=?/:@/<@7?0;;=;=GIA3;JAE;3a/4/:/B2A341044@144@/:>/A7A</517/08A3B14/A0/:15i6/3;=83AB 5;77567463;:/0:43/547?=;8/0;=2@?:/A7A</517:414;:àSOS5A04/06A6:567463;:GrparrN91547?4@/:@1:>;;015@/;E;=/04@;23;:;04212;3Gs;23;E/A6:7?5133/;=A6443/27/514;hJ=;2;0=;04<765A:;J7/B/4;=5A04/06A6:567463;C155;7;3A:414CUJ:414FrHF;92;3/B;04:K/4@jSX[R̀tJprIupkee5A627;=4A3;714/E;BMdU10=23A4;/0;923;::/A010=B;41>A7/587691017?:;:GppapHL@;:;;92;3/B;04:177AK;=6:4A23A2A:;10;K4@;A3?8A3AE;387AKB;41>A7/:BA815;414;pH10==;4;54=;53;1:;=;0;3<?:2/77/0<K/4@3/:/0<h10=513>A0K1:4/0<GppLA60=;3:410=4@;A>:;3E;=2@;0AB;0110=3;<6714/A0A8B;41>A7/:B8634@;3K;2;38A3B;=/04@/::46=?101>:A764;i6104/414/E;v̀_̀_[>/A5@;B/:43?1017?:/:ẁSOS5A604J/0<A8BMdU:10=23A4;/0:2;35;7710=B;1:63/0<4@;/3/04315;7767135A05;04314/A0:w5@13154;3/D14/A0A84310:714/A017;x5/;05/;:>?23A4;/0J2;3JBMdU314/A:w=;4;3B/014/A0A823AJ4;/010=87695A043A77;E;7:>?:414/:4/5175AE13/105;1017?:/:w
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����� ����������� ¡¢£¤�¡¢�¥¢�¦§¡¤�¦�̈¤©£¡�¥¢ ª̈�¤�̈¡¢¤©�¡©̈�«¬®̄¤�¡¢�¥©̈ �̈°¢¤�±¢�²£¤�¡¢©¦³̈�§©¦±  ́�¦¡©²©¢§¥µ¶��¡G· «̧¹¹ª̂¹«��́ �¦¡©²©¢§£¤�¡¢©¦³̈�§©¦±¥µ¶��¤¢�©¦¦¢§�º¡ª¢©¤ �̈¦̈¢¦¡¤�¡©�¦«»ª¢¦ ¥�¢¤�²§©¼¢¤¢¦¡¥µ¶��¦§¥µ¶�½©¡ª¤¢�£¢̈¡©°¢�º  ́�¦¡©²©¢§¡¤�¦���¡©�¦£¤�§ ̈¡¾£¤�¡¢©¦¾�¢��¦±©¦±¡��£�¤¡©̈ ��¤�©¦©�©¦§©̈�¡¢§©¦�� ¢�¦§¤¢§¿¤¢�£¢̈¡©°¢�º«À��̈Á̈©¤̈�¢�§¢¦�¡¢¡ª¢£¤�¡¢�¥©̈ �̈°¢¤�±¢�²¡¤�¦�̈¤©£¡�¥¢«¬À®¥µ¶�¦§£¤�¡¢©¦�̈¦̈¢¦¡¤�¡©�¦§º¦�¥©̈¤�¦±¢�¡��½�¦§ª©±ªG«

ÂÃÄÅÆÇÄÈÉÊ�ÃËÌÍÎÅÏÍ ÐÈÑÅÉ



��������	
���������
��������������������� ������� !"#�$����%&%��''((��)* +,-.

/0012345671789:95;/<454=>108?926@21093A29/7B9C9BDEFGFHIGJ/7/K12/BB6959LM47801C/24/509NOPC/BA9L/5329L@9074C9<QRS/53@2179459T@29LL415?A2395M47824L456U0/5?9L99545J/7/VWXYVZ[IGS01C/24/509C/BA951734KK92957K21<\92129@29L957L]Q296AB/74151K69599T@29LL415?̂ 789@<2/741?9456015L7/57/7/BBUG_95179892978/7]Q296AB/P74150/5/BL1?9/77/45937821A6808/56456<QRS3962/3/74152/79L?A7789<908/54L<7821A68M8408<QRS01509572/7415L/29015721BB93319L517/KK9077890/B0AB/74151K@<C/BA9L/5378929L@9074C9B̂3924C93296AB/7415B9C9BLGV724̀456B̂NK21<789717/B1KWWWa/5/B̂\936959LM478?178bA/574K493<QRS/53@21794501509572/7415LN15B̂aHcXadHIL81M93]Q296AB/7415X]/?B9VeNYVZ[IGf959L45C1BC93456B̂1T̂B/79L8A57XfVINRSJ><97/?1B4L< /53C/241AL3962/3/7415@/78M/̂LL81M938468K2/074151K]Q296AB/7415X]/?B9VgNYVZ[IG>1M9C92NK12789</;1247̂ 1K6959LXHhcihadIN@21794501509572/7415LM929015721BB93/7789@1L7P]QB9C9B39792<4593?̂ 7894201C/24/509C/BA9?9456596/74C9/5334KK92957K21<\921Xj46GaSIN<9/545639029/L456@<M47824L456UX@21794501509572/7415L45029/L9B9LL78/5<QRS159L1239029/L9<12978/5<QRSIGk/2740APB/2B̂8468952408<9571K@1L7P]Q296AB/7936959LM/L1?L92C9345lmfL1K09BB0̂0B9XJIN72/5LB/7415XnIN/<451/043<97/?1B4L<XYIX]/?B9VHNYVZ[I/53 /<451/043 L̂5789L4L@/78M/̂LX]/?B9VgNYVZ[IGSBL1789@217945B9C9BL45789@/78M/̂L0/22̂45678984689L7KBATo6B̂01B̂L4L/53]lS0̂0B9oM929296AB/793/7@1L7P]QB9C9BK12phFc1K6959LG_93979079315B̂K1A26959LXFGgcIM478]qB9C9B296AB/741545340/793?̂ @1L474C901C/24/509C/BA9L34KK92957K21<\921N<9/545645029/L456@<M47824L456UX@21794501509572/7415L45029/L9<12978/5<QRS159L1239029/L9B9LL78/5<QRSIG]84LL</BB5A<?9201AB3?9015PL439293/L/545340/7415K12789K/L79245029/L91K78972/5L024@P74152/7901<@/2937178972/5LB/7415/B2/79M478621M456UGeWV4<4B/231<45/74151K@1L7P]Q296AB/74151K@217945015P09572/7415L/7<QRS/53@217945B9C9BLM/LB/79B̂29@1279345/L7A3̂ 1K789K92<957/74C9?/07924A< rstuvtvttwxystuzxGe{jA27892<129N@1L7P]Q296AB/74154L789@2931<45/57<908/P54L< K12015721BB456@< 2/741L45|}tvOysx~sO��w~v�zs�NgF</<</B4/509BBLag/53/BL1K12�edc1K6959L45��xw�uzyzxGgW]2/5L024@7415M/L/BL1L81M5718/C9B4<4793015721B1C920/@/04749L1K̀ 9̂ 09572/B<97/?1B4L< 95\̂<9L45��tvyzM478K/L792621M7845089<1L7/70AB7A29LGgaZ5/3347415NL9C92/BL7A349L15 9̂/L7AL4568492/20840/B296AB/7415/5/B̂L4L8/C9/BL10150BA39378/7@2179459T@29LL415456B̂01B̂740/53K92<95P7/74C9@/78M/̂L4L</45B̂296AB/793/7789@1L7P]QB9C9BGgNH]8AL47L99<L78/7@1L7P]Q296AB/74151K@217945B9C9BL4LL4654K40/5745126/54L<LM478C92̂34�92957621M7808/2/07924L740LN/53@2/074P0/BB̂45/BB789</45<97/?1B40LA?L̂L79<LG��������������������������������������������������R9T7NM9<1C93159B/̂92A@7139792<459789296AB/7415B9C9BL1K<97/?1B40KBAT9LK12��tvyz71/0849C9K/L792621M78G�9/LA29P<9571K?178@21794501509572/7415L/53KBAT2/79L45784LL7A3̂95/?B93AL71bA/5747/74C9B̂39792<4597894<@/071K08/56945@21794501509572/7415/5347L0/7/B̂7402/79K1229/B4\456846892KBAT7821A68@A7Gj12784LN0/7/B̂7402/79L1K95\̂<9LM9290/B0AB/793/L7892/7411KL@904K40KBAT/53@21794501509572/7415

/5339K4593/L789/@@/29570/7/B̂7402/79X�/@@NL�WIGjBAT015721BB9C9BLo]q12@1L7P]qoM92939792<4593?̂ 01C/24/509/5/B̂L4L1K08/56456�/@@/53UGk1L7P]q296AB/7415450BA39L<134K40/7415L1K@217945L/K79272/5LB/7415X@1L7P]q089<40/B<134K40/741512/BB1L79240296AB/7415I1208/5691K@217945/074C47̂ 3A9718̂@92?1B4008/5691K95\̂<9 4̀59740LL1B9B̂3A971LA?L72/7901509572/741508/569LGgeSLN71789?9L71K1A2̀ 51MB9369N5129B4/?B94572/09BBAB/2<97/?1B1<9bA/574K4P0/7415<97813 9̂79T4L7LK12��tvyz015745A1AL0AB7A29LN47M/L517@1LL4?B9719T@924<957/BB̂45C9L746/79789B/7792@1LL4?4B47̂/5334�929574/79?97M9957897M17̂@9L1K296AB/7415<908/5P4L<L1K95\̂</740/074C4749LGl1C/24/509C/BA9?9456L7/74L740/BB̂51734�92957K21<\92129@29L957L@217945015721B1KKBATX]q296AB/7415I/L@21794501509572/741545029/L9L@21@127415/BB̂71789L@904K40KBAT2/79M47824L456UXz���015L7/57�/@@IGm5B̂{cXW I1A71KW{W6959LA5392/5/B̂L4LL81M93KBAT015721B7821A68@217945B9C9BLX]q296AB/7415IX]/?B9VhiJ/7/VaNYVZ[IM8408450BA3936959LK21<6BA7/<459/535A0B917439L̂5789L4L@/78M/̂LX]/?B9VgNYVZ[IGR17/?B̂NK12WF1A71K789L9W 6959LKBAT015721B4L/7789]QB9C9B/L?1781K78942@</53�/@@C/BA9LM92951734�92957K21<\921GQ90957B̂N72/5L024@7415/B015721B1KKBAT9LM/LL81M545789]lS0̂0B9NfV/53/097/799T0297415?A751745kkkAL45672/5L024@7415K/0712<A7/57L72/45L1K��tvyzGgg]89WF6959LK12M8408M939790793]QB9C9B015721B1KKBAT9L343517N81M9C92N?9B15671/5̂ 1K789L9@/78M/̂LGjBAT7821A68@A7M/L015P721BB93/7789@1L7P]qB9C9BK12789629/7</;1247̂1K6959LX WciWHgIL81M5?̂ @1L474C901C/24/509C/BA9L34�92957K21<\921N<9/545645029/L456�/@@M47824L456UXj46Ga:IGj1259/2B̂/BB7896959L126/54\934571lmfL1K95926̂ @213A07415/53015C92L415XlIN72/5LB/7415XnI/538468KBAT@/78M/̂Lo]lS0̂0B9/536B̂01B̂L4LoKBAT015721BM/L/0849C937821A68@1L7P]q296AB/7415X]/?B9LVg/53VHNYVZ[IG]89L9/298468B̂/?A53/57@217945LX1C92HFFF01@49L@9209BBI45340/7456NL4<4B/2B̂ 71@217945/?A53/509015721BXL99/?1C9IN78/7��tvyz8/L714<@B9<957/3347415/B296AB/712̂@2109LL9LK1245029/L4567894295\̂</7400/@/04749L71KABK4BB78939</53L1K24L456?41P</LL/5395926̂ L̂5789L4L7821A68@A7M478K/L792621M78G]84L4L/BL129KB90793?̂ 7891?L92C/741578/7789/C92/69@217945/?A53/509/53L̂5789L4L01L7K12@1L7P]q01<@/29371]qP296AB/7936959LM929�aPK1B3846892XHW{F¡x�a{ae<1B9P0AB9L@9209BB/53hGa¢WFh¡x�eGW¢WFhS]k<1B90AB9L@9209BBN29L@9074C9B̂IG]8AL47L99<L71?9959269740/BB̂K/C12/?B9K12��tvyz7145029/L97890/7/B̂7400/@/047̂1K/?A53/57@217945L7821A68@1L7P]q@2109LL9L/53L/C9S]kK21< B1M92@217945L̂5789L4L01L7LG]89L929LAB7L/294501572/L771/5z�xzyztvL7A3̂M8408@21@1L9378/7B1MP01L795\̂<9L45��tvyz/29B9LLB4̀9B̂71?9@1L7P]Q296AB/793GgHk2931<45/57@1L7P]q015721B1KL9C92/B09572/B<97/?1B4L<KBAT9L45��tvyz8/L?99529@12793AL456z�¡zu£v95\̂<9/LL/̂LM89509BBLM929L84K793K21< B1M71846834BA74152/79L45089<1L7/7LGgamA229LAB7L/29/BL145/00123M478/5��tvyzL7A3̂ ?/L9315Y01l̂03/7/?/L9gh45K12</74151569599T@29LPL415296AB/7415NM8408L81M9301A@B4561K95926̂ 69592/745629/07415L7195\̂</740296AB/7415N4<@127/57K12L8127P792<</45795/5091K95926̂81<91L7/L4LGgdjA27892<129N@29C/B9509

¤¥¦§̈ ©ª«§¬«¥̈ ®̄ª°±²³§́ ²



���� ����	
����������������������� ������ !"#$��%��&'�(#$)�*�&+(�,-�&.��+!(����

YZ[\] _̂̀abcadefadaghici_jkb_lfcde_defdlbalc_dadmjgnoe_dlb_ggf̀fgipqrŝ_̀abcadefadaghici_je_dlb_g_jkb_lfcde_defdlbalc_dij_btubadm_vghew_ifdxfdfip_̂̀abcadef̀ agnfiabfeagengalfmyflzffdfaewxfdf{ikv àgnfiadm|p}fmadmygnfe_g_bfmyabicdmcealfcdebfaicdxadmmfebfaicdxkvzclwbcicdx|~bfikfelc̀fghp_̂g_bi_jxfdfdavfi�bfmmfd_lfie_̀abcadef̀agnfyfcdxilalcilceagghicxdcjceadlghmc�fbfdljb_v�fb_~vfadcdxk_il��}e_dlb_g_jkb_lfcde_defdlbalc_d�ygnfmfd_lfie_̀abcadef̀agnfyfcdxilalcilceagghicxdcjceadlghd_lmc�fbfdljb_v�fb_~vfadcdx�}e_dlb_g_jkb_lfcde_defdlbalc_d�ygae�mfd_lfixfdfizclwl__gabxfvfainbfvfdlfbb_bj_bbfxngalc_dmflfbvcdalc_dp�alaj_baggxfdfieadyfiffdcd�ala��q����sp�bb_byabimfd_lf�t�e_djcmfdefcdlfb̀agi_je_̀abcadef̀ agnfip�bb_byabiwàfyffdeagengalfmnicdxfbb_bkb_kaxalc_dkbcdeckgfiadmcdmc̀cmnagfbb_bi_jv}�radmkb_lfcde_defdlbalc_dip��̀agnfibfkbfifdllwfbfingli_jlwfilalcilceagwhk_lwficilfilcdx_je_̀abcadef̀agnfiyfcdxilalcilceagghicxdcjceadlghmc�fbfdl_bd_d�mc�fbfdljb_v�fb_p}fjfbl_�okfbcvfdlagj_bmflacgfmmfiebcklc_d_je_̀abcadefeagengalc_d~fbb_badaghiciadmilalcilceagicxdcjceadeflfilcdxpq�ŝ _̀abcadefadaghici_jjgnoe_dlb_gj_btubadm_vghew_ifdxfdfip̂_̀abcadef àgnfiabfeagengalfmyflzffdfaewxfdf{i�akk àgnfiadm|p}fme_g_bfmyabicdmcealfcdebfaicdx�akkzclwbcicdx|p̂_g_bi_jxfdfdavfi�bfmmfd_lfie_̀abcadef̀ agnfyfcdxilalcilceagghicxdcjceadlghmc�fbfdljb_v�fb_~vfadcdxk_il���jgnoe_dlb_g�ygnfmfd_lfie_̀abcadef̀ agnfyfcdxilalcilceagghicxdcjceadlghd_lmc�fbfdljb_v�fb_~vfadcdx��jgnoe_dlb_g�ygae�mfd_lfixfdfizclwl__gabxfvfainbfvfdlfbb_bj_bbfxngalc_dmflfbvcdalc_dp�alaj_baggxfdfieadyfiffdcd�ala��q����sp}fjfbl_�cxp�rgfxfdmj_bmfiebcklc_d_jfbb_byabiadmilalcilceagadaghicip

����������Z��� ¡�¢  £�¤��



��������	
���������
��������������������� ������� !"#�$����%&%��''((��)* +,-&

.//0123450406748510429:;0//<=>5234106?240@=689?23A7?29BCDEFGHIJKLMNOPQIRQMKRRSQOMTMOTUVWPIKQRXYZTLUJTLPIOHMQ[MN\TIRKQP\PL]KHMNKHQRKVJMQJPIN\QLT̂ _ àbbc̀adeHfbagM\HQPTUVWKHPLV\HSVKOINhQPQIUMiQJhjMNOPQIRMN\QNijkIKMOOISIZOMKMQRQMKHQPKHPLV\HMNOPQIRQJSPLKQMNIhVNJINOQRLPOIKIUjKMOPIKQRalUVWQRMNBCDEFG]QPQSPQJLkMNINKUjOLNKPLUUQJKHPLV\HSLRKZmnPQ\VUIKMLNIRSPQRQNKQJIhL[QaoNJQQJp]QJQKQOKQJIkQJMINqarZTLUJMNOPQIRQLTsISSLTbebOQNKPIUkQKIhLUMRkINJhMLRjNKHQKMOQNijkQRtlM\auYpvuowxOLkSIPQJKLNLNZOHIN\MN\kQJMINSPLKQMNOLNOQNKPIKMLN]MKHPMRMN\^OLNTMPkMN\KHIKHM\HQPTUVWKHPLV\HSVKTLPTIRKQP\PL]KHMNBCDEFGMRkIMNUjIOHMQ[QJKHPLV\HMNOPQIRQJOIKIUjKMOPIKQRLTQNijkQRamHQRIkQSPMNOMSUQTLPTUVWOLNKPLUIURLISSUMQRKLKHQkLRKMkSLPKINKSIKH]IjRTLPIQPLhMO\PL]KHLTBCDEFGyKHQI[QPI\QSPLKQMNOLNOQNKPIKMLNRLT\UjOLUjRMRpKHQmz{OjOUQpKHQSQNKLRQSHLRZSHIKQSIKH]Ijt|||xINJIOQKIKQRjNKHQRMR]QPQkIMNKIMNQJOLNRKINKLPQ[QNJQOPQIRQJ]MKHPMRMN\̂ INJHM\HQPTUVWKHPLV\HZSVK]IROUQIPUjPQIUMiQJKHPLV\HMNOPQIRMN\QNijkQsISStlM\aqxamHMRTVPKHQPRVSSLPKRKHQOLNOUVRMLNLTKHQPQUQ[INOQLTSLRKZmnPQ\VUIKMLNMNkQKIhLUMOOLNKPLUIRKHQRQIPQKHQSIKH]IjROIPPjMN\KHQHM\HQRKTUVWINJPQRSLNRMhUQTLPTQQJMN\SPQOVPRLPkLUQOVUQRMNKLQNQP\j\QNQPIKMLNINJhMLRjNKHQKMOSIKH]IjRamHQPMRMN\sISS[IUVQRSLRRMhUjOLNKPMhVKQKLKHQMNOPQIRQJkQKIhLUMOQTTMOMQNOjTLPQNIhUMN\BCDEFGKLkIMNKIMNIOLNRKINKhMLkIRRjMQUJVNJQPMNOPQIRQJOIPhLN]IRKMN\]MKHPMRMN\̂ abb}VPPQRVUKRIPQMNUMNQ]MKHIRMkMUIPPQOQNKPQSLPKTLP~CF�D�G�]HQPQqa�ZTLUJMNOPQIRQLTI[QPI\QsISSTLPOQNKPIUkQKIhLUMOINJhMLRjNKHQKMOQNijkQR]MKHYZTLUJTIRKQP\PL]KHOLNKPMhVKQJKLPMRMN\hMLkIRRjMQUJaqe

�HQNOLkSIPMN\KHQIOKVIU[IUVQRLTsISSIkLN\KHQkLRKMkSLPKINKSIKH]IjRpLNQOINRQQKHIKKHQI[QPI\Q[IUVQRTLPKHQmz{OjOUQtdecbY�RfbTPLk _̂̀ abbKL̀ adeHfbpPQRSQOKM[QUjxIPQHM\HQPKHINTLP\UjOLUjRMRtqdcbb̀ RfbxINJ|||tdc��RfbxtlM\aqxMNJMOIKMN\KHIKSIKH]IjR]MKHHM\HQPOLNKPMhVKMLNLT{m|SPLJVOKMLNKLKHQKLKIU{m|SLLUIURLSLRRQRRQNijkQR]MKHHM\HQPOIKIUjKMOPIKQRa�LKIhUjpKHQRQsISS[IUVQROULRQUjkIKOHKHQPIN\QLTsOIK[IUVQRTLPOQNKPIUOIPhLNkQKIhLUMRkQNijkQRMNBCDEFGkQIRVPQJG��G��EademHQRIkQOINhQLhRQP[QJIKKHQz}�TVNOKMLNIUOUIRRUQ[QUIRsISS[IUVQRLTQNQP\jkQKIhLUMRkQNijkQRtzx]QPQINLPJQPLPK]LHM\HQPKHINKHLRQLThMLkIRRkLNLkQPRjNKHQRMRtvplpgpoxtlM\au�pvuowxauMkMUIPHM\HQPtXq̀ZTLUJxOIKIUjKMOPIKQRTLPOQNKPIUOLkSIPQJKLRQOLNJIPjkQKIhLUMRkQNijkQRMRRQQN]HQNX�̀`̀ sOIK[IUVQRkQIRVPQJG��G��ETLPSPL�IPjLKQRINJQV�IPjLKQR]QPQINIUjiQJadegQNOQpOQUURkIMNKIMNHM\HQPIhVNJINOQLTSPLKQMNRPQ�VMPQJTLPhMLkIRRRjNKHQRMRtKPINRUIKMLNIUkIOHMNQPjpkLNLkQPSPQOVPRLPRjNKHQRMRx]HQPQIRQNijkIKMOOISIOMKMQRTLPQNQP\j\QNQPIKMN\SPLKQMNRIPQkLPQUM�QUjKLhQMNOPQIRQJKHPLV\HSLRKZmnPQ\VUIZKMLNaoNKQPQRKMN\Ujp]QIURLNLKQJKHIKKHQSIKH]IjROIPPjMN\KHQHM\HQRKTUVW�\UjOLUjRMRpmz{OjOUQINJ|||�RHL]QJhLKHHM\HQPSPLKQMNOLNOQNKPIKMLNINJsISSOLkSIPQJKLhMLRjNKHQKMOSIKH]IjRtlM\adxamHMRPQTQPRKLINQ[LUVKMLNIPjSVRHKL]IPJRSPLKQMNROIPPjMN\HM\HTUVWhQMN\kLPQIhVNJINKINJSLRRQRRMN\HM\HQPOIKIUjKMOPIKQRKLPQJVOQKHQOLRKLTSPLKQMNSPLJVOKMLNpIRIURLSPLSLRQJSPQ[MLVRUjade}[QPIUUpMKRQQkRKHIKVNJQPRKPLN\NVKPMQNKUMkMKIKMLNIKUL] p̂kQKIhLUMRkLTBCDEFGMRLN�RKINJhj�kLJQySPLKQMNIhVNJINOQRIPQHM\HINJOIKIUjKMOPIKQRNLK
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