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ABSTRACT  
 

Facultatively anaerobic, Gram-negative ethanol producing bacterium Z. mobilis 

is of great interest from a biotechnological perspective. Showing an extremely rapid 

catabolism, which is quite loosely matched to the needs of cellular biosynthesis, Z. 

mobilis is considered as a classical example of the ucoupled energy metabolism. 

Ucoupled energy metabolism or uncoupled growth phenomenon, is largely what 

makes this bacterium an outstanding ethanol producer. However, the mechanisms of 

uncoupled growth so far are not fully understood. Although Z. mobilis possess high 

respiratory capacity, the respiratory system still remains poorly understood and it does 

not appear to be primarily required for energy conservation. The aim of the 

dissertation was (I) to examine the structure and function of electron transport chain 

and its relation to the uncoupled growth, (II) via creating computional kinetic model 

of the Entner-Doudoroff pathway, to investigate the possible regulatory factors of Z. 

mobilis rapid catabolism. Results of the research allow to conclude that: (I) the 

respiratory chain of Z. mobilis contains only one functional NAD(P)H dehydrogenase 

and at least two electron pathways to oxygen, (II) inhibition of respiration stimulates 

Z. mobilis aerobic growth due to reduction of toxic acetaldehyde in the media, (III) 

one of the functions of Z. mobilis respiratory chain might be to prevent endogenous 

oxidative stress, (IV) The absence of oxidative phosphorylation activity in aerobically 

growing Z. mobilis primarily results from insufficient degree of energy coupling 

between the proton-motive force and the F0F1 type H+-dependent ATPase, (V) 

metabolic control analysis revealed that the majority of flux control resides outside 

the Entner-Doudoroff pathway, suggesting that glycolytic flux during the uncoupled 

growth is largely controled by ATP-consuming reactions, (VI) Increase of ATP-

consuming reactions within physiological capacity, making growth more uncoupled, 

might serve as the appropriate strategy to increase the glycolytic flux in Z. mobilis. 

 

Work was performed at the Institute of Microbiology and Biotechnology, 

University of Latvia.  
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KOPSAVILKUMS 
 

Fakultat$vi anaerobajai, Gram-negat$vai, etanolu produc#jo%ai bakt#rijai Z. 

mobilis ir noz$m$gs biotehnolo&isks potenci"ls. Uzr"dot augstu no biosint#zes 

neatkar$gu katabolisma "trumu, Z. mobilis bakt#rijas ir uzskat"mas par tipisku atj'gt" 

ener&#tisk" metabolisma piem#ru. Liel" m#r" tie%i atj'gtais ener&#tiskais metabolisms 

vai citiem v"rdiem, atj'gt"s aug%anas fenomens padara %o bakt#riju par potenci"li 

izcilu etanola producentu. Neskatoties uz to, atj'gt"s aug%anas mehanismi l$dz %im ir 

nepiln$gi izp#t$ti. Turkl"t, lai ar$ Z. mobilis piem$t akt$va elpo%anas (#de, t"s prim"r" 

loma l$dz galam nav skaidra un visdr$z"k nav saist"ma ar ener&ijas ra!o%anu. )$s 

disert"cijas m#*(i bija (I) izp#t$t Z. mobilis elpo%anas (#des struktur"l"s un 

funkcion"l"s $patn$bas un t"s saist$bu ar atj'gto aug%anu, (II) konstru#t Entnera-

Dudorova ce+a kin#tisko datormodeli un ar t" pal$dz$bu skaidrot Z. mobilis strauj" 

katabolisma galvenos regulatoros faktorus. Darb" ieg'tie rezult"ti +auj secin"t, ka: (I) 

Z. mobilis elpo%anas (#de satur vienu funkcion"li akt$vu NAD(P)H dehidrogen"zi un 

vismaz divus elektronu transporta atzarus uz sk"bekli, (II) pateicoties zem"kai 

acetaldeh$da koncentr"cijai vid#, elpo%anas (#des inhib#%ana stimul# Z. mobilis 

aerobo aug%anu, (III) viena no elpo%anas (#des funkcij"m iesp#jams ir saist"ma ar Z. 

mobilis aizsardz$bu pret endog#no oksidat$vo stresu, (IV) Oksidat$v"s fosforil#%anas 

aktivit"tes tr'kums aerobi augo%"s Z. mobilis %'n"s ir skaidrojams ar nepietiekamu 

protondzin#jsp#ka un F0F1 tipa H+-atkar$g"s ATF"zes ener&#tisku saj'g%anu, (V) Z. 

mobilis glikol$zes "trums tiek kontrol#ts ne tikai E-D ce+", bet gan galvenok"rt ir 

atkar$gs no ATF pat#ri,a, kas atj'gt"s aug%anas gad$jum" da+#ji tiek nodro%in"ts ar 

F0F1 tipa H+-atkar$g"s ATF"zes pal$dz$bu, (VI) ATP pat#r#jo%o reakciju aktivit"tes 

palielin"%ana Z. mobilis fiziolo&isk"s kapacit"tes robe!"s var kalpot k" efekt$v"k" 

strat#&ija glikol$zes "tuma palielin"%anai E-D ce+". 

 

 Darbs ir izstr"d"ts Latvijas Universit"tes Mikrobiolo&ijas un Biotehnlo&ijas instit't".  
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INTRODUCTION 
 
 Zymomonas mobilis is a facultatively anaerobic, Gram-negative bacterium 

with a very efficient and rapidly operating homoethanol fermentation pathway. Its 

rapid catabolism, in combination with tolerance to high ethanol and sugar 

concentrations, have kept Z. mobilis in the focus of biotechnological interest. One of 

the shortages of Z. mobilis is its limited carbon substrate range as it can only use 

glucose, fructose and sucrose for ethanol fermentation. As a result, studies on Z. 

mobilis genetic manipulation to extend substrate range for ethanol production has 

been intense during the last decades. Also, recently reported complete genome 

sequences of various Z. mobilis strains greatly contribute not only to biotechnological 

development, but also to better understanding of Z. mobilis unusual physiology. 

 Despite the extensive physiological studies, various aspects of Z. mobilis 

metabolism still remain poorly understood. Z. mobilis produces little cell mass, grow 

with a low energetic efficiency, and biomass synthesis is by far not the main 

consumer of ATP produced in the Entner-Doudoroff pathway. Thus, Z. mobilis is 

considered as a classical example of the ucoupled energy metabolism or uncoupled 

growth phenomenon, showing an extremely rapid catabolism, which is quite loosely 

matched to the needs of cellular biosynthesis. Excessive production of ATP in the E-

D pathway raises a long-standing question, what might be the routes of its utilization. 

 Besides, Z. mobilis was shown to posses respiratory chain, the role of which in 

the bacteria‘s metabolism also has not been fully explained. Z. mobilis respiratory 

system does not appear to be primarily required for ATP synthesis during the different 

growth phases, since the rapid catabolism is loosely coupled with anabolic reactions. 

Data published so far, do not provide a coherent picture of the specific energetic 

mechanisms explaining the low energetic efficiency of its respiratory chain, and its 

relation to the uncoupled growth of Z. mobilis. In-depth structural and physiological 

studies of Zymomonas mobilis respiratory chain, supported by in silico metabolic 

modelling of central metabolic routes may reveal the relation between the high 

glycolytic flux and the uncoupled Z. mobilis metabolism both under aerobic and 

anaerobic conditions. Therefore the aim of the present thesis was, on the basis of 

experimental and theoretical studies, to explore the problems of Z. mobilis uncoupled 

energy metabolism, which have not received enough attention so far. 
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1 LITERATURE REVIEW 
 

 
1.1 Characteristics of Z. mobilis  

Zymomonas mobilis is a facultatively anaerobic Gram-negative bacterium, 

possesing a very efficient and rapidly operating homoethanol fermentation of glucose 

to equimolar amounts of ethanol and carbon dioxide. It belongs to the family of 

Sphingomonadaceae (White et al., 1996; Kosako et al., 2000), Group 4 of the alpha-

subclass of the class Proteobacteria. The complete genome sequences of various Z. 

mobilis strains, has been reported recently (Seo et al., 2005; Kouvelis et al., 2009; 

Pappas et al., 2011; Desiniotis et al., 2012). The genome of Z. mobilis strain ATCC 

29191 (Zm6), that was used in present study, consists of a single circular chromosome 

of 1,961,307 bp and three plasmids, p29191_1 to p29191_3, of 18,350 bp, 14,947 bp, 

and 13,742 bp, respectively. The entire genome has 1,765 protein-coding genes, 51 

tRNA genes, and 3 rRNA gene clusters. Zm6 genome is smaller than that of reference 

strain ATCC 31821 (Zm4),  yet it contains 41 genes that are unique compared to ZM4 

(Desiniotis et al., 2012).  

 

1.2 Z. mobilis central metabolism 

Z. mobilis is an obligately fermentative microorganism. The network of Z. 

mobilis central metabolism (Fig. 1) is simpler, than in most model microorganisms, 

including E. coli and Saccharomyces cerevisiae. In conjunction with the pyruvate 

decarboxylase and two alcohol dehydrogenases Z. mobilis ferments glucose, fructose 

and sucrose to equimolar amounts of ethanol and carbon dioxide via the Entner-

Doudoroff (2-keto-3-deoxy-6-phosphogluconate) pathway (Gibbs & DeMoss, 1954; 

Dawes et al., 1966). The Embden–Meyerhof–Parnas (EMP) pathway is not operating 

in this bacterium, (Fuhrer et al., 2005). Although a weak phosphofructokinase activity 

has been reported (Viikari, 1988), it was not confirmed afterwards, coresponding gene 

is lacking in all sequenced Z. mobilis strains (Seo et al., 2005; Kouvelis et al., 2009; 

Pappas et al., 2011; Desiniotis et al., 2012). Early studies of the central metabolism of 

Z. mobilis by Dawes et al. (1970), revealed that the Krebs cycle in this bacterium is 

truncated and apparently functions only to provide precursors for biosynthesis. 

Lacking activities of "-ketoglutarate dehydrogenase, succinyl thiokinase, succinate 

dehydrogenase, fumarase (Dawes et al., 1970) and  malate dehydrogenase (Bringer-
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Meyer and Sahm, 1989) was later confirmed by genome analysis (Seo et al., 2005) 

Likewise, part of enzymes of the pentose phosphate pathway are missing, and also the 

glyoxylate shunt is absent in Z. mobilis. (De Graaf et al., 1999; Seo et al., 2005). The 

pyruvate dehydrogenase complex has been purified and characterised, and the 

sequence and localisation of the corresponding genes have been analysed (Neveling et 

al., 1998). Two anaplerotic enzyme activities, those of PEP carboxylase and malic 

enzyme, have been found in cell free extracts (Bringer-Meyer & Sahm, 1989). 

Besides the PEP carboxylase, Z. mobilis genome also contains genes for citrate lyase, 

malic enzyme and fumarate dehydratase (Seo et al., 2005). Therefore, the highly 

active Entner–Doudoroff glycolytic pathway, together with pyruvate decarboxylase 

and two alcohol dehydrogenase isoenzymes, form the true ‘backbone’ of the 

otherwise simple Z. mobilis central metabolism. 

The enzymatic reactions producing building blocks for biosynthesis are 

extremely weak in comparison to the mainstream catabolic pathway (Bringer-Meyer 

& Sahm, 1989), thus serving as a basis for the uncoupled metabolism. In part, that 

explains the tiny percentage of the substrate carbon converted into biomass, and, at 

the same time, the very efficient conversion of glucose into ethanol. Up to 98% of the 

glucose metabolized by Z.mobilis is converted to ethanol and carbon dioxide, while 

only 3–5% of substrate carbon is converted into biomass (Swings & DeLey, 1977; 

Rogers et al., 1982). 
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Fig. 1 The network of Z. mobilis central metabolism. Reactions of the Entner-Doudoroff 

pathway with sucsessive pyruvate decarboxylase and alcohol dehydrogenase reactions are 

highlighted in dark red color. Inset: putative aerobic electron transport chain of Z. mobilis 

proposed by Kalneieks, 2006. 
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1.3 Uncopled metabolism and Entner-Doudoroff pathway  

The intrinsically rapid carbohydrate metabolism of Z. mobilis result from its 

unique physiology, particularly, from the properties and regulation of E-D pathway, 

that has been studied in great detail during the past decades (Barrow et al., 1984; 

Osman et al., 1987; De Graaf et al., 1999). All the enzymes of the E-D pathway have 

been purified and characterized kinetically, also the corresponding genes were cloned 

and sequenced allready in the 1980s and 1990s (Scopes 1983; 1984; 1985; Scopes et 

al., 1985; Scopes & Griffiths Smith 1984; 1986; Kinoshita et al., 1985; Pawluk et al., 

1986; Viikari 1988; Sahm et al., 1992). In contrast to most other bacteria, Z. mobilis 

uses a facilitated diffusion system with a glucose facilitator protein (GLF) for 

intracellular glucose transport which does not utilise metabolic energy, and is suited 

for growth in sugar-rich media (DiMarco & Romano, 1985; Snoep et al., 1994; 

Weisser et al., 1995). Under anaerobic conditions exponentially growing Z. mobilis 

consumes glucose with specific uptake rate 4.0 – 5.6 g glucose g dry wt.!-1 h!-1 

(Rogers et al., 1982; Viikari, 1988; Jones & Doelle, 1991; Arfman et al., 1992).  

Z. mobilis is the only known microorganism that uses the E-D pathway under 

anaerobic conditions, in place of the EMP glycolytic pathway. Since EMP pathway 

produces two ATP per glucose while the E-D produces only one, it might seem that 

the EMP pathway is energetically superior.  However, by introducing methods to 

analyze pathways in terms of thermodynamics and kinetics, it has been recently 

shown that the ED pathway is expected to require several-fold less enzymatic protein 

to achieve the same glucose conversion rate as the EMP pathway (Flamholz et al., 

2013). According to the calculations of Flamholtz et al. (2013), the EMP pathway 

could generate an equivalent glycolytic flux in Z mobilis whith not less than 3.5 times 

of the protein investment. This seems fairly surprising and infeasible in Z. mobilis, 

knowing that enzymes involved in the fermentation (mainly in E-D pathway) 

comprise as much as 50% of total protein (Algar & Scopes, 1985; An et al., 1991). 

Furthermore simple calculation shows that, in comparison to yeast, catabolism of Z. 

mobilis generates ATP with a considerably higher specific rate. As an example, yeast 

produce 2 moles of ATP per mole of glucose in the EMP pathway, at the same time 

having a three to five (but not just two) times lower catabolic rate (Rogers et al., 

1982). Therefore statements about the low energetic efficiency of the E-D pathway 

that pictures Z. mobilis as a bacterium, suffering from the lack of ATP, may be 
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considered as misleading, and ATP production in E-D pathway can be rather 

characterized as excessive.  

The relatively low growth yield values, ranking between 2.3 and 10.5 g dry 

wt.! (mol glucose)!-1 (Belaich & Senez, 1965; Lawford & Stevnsborg, 1986; Sahm & 

Bringer-Meyer, 1987; Kim et al., 2000; Lawford & Rousseau, 2000), with existing  

high catabolic rate in E-D pathway, do not coincide with the fact that energy 

production and consumption must always be well balanced. Biomass synthesis is by 

far not the main consumer of ATP produced in E-D pathway, since Z. mobilis 

produces little cell mass, grow with a low energetic efficiency (Belaich & Senez, 

1965; Rogers et al., 1982) and is a typical example of uncoupled growth. Low growth 

yield values together with the rapid catabolism also point to the presence of ATP-

dissipating reaction(s). Apparently, ATP dissipation is compulsory to permit 

glycolysis to proceed without a concomitant biomass synthesis. Z. mobilis possesses 

several ATP-hydrolysing enzymes that may be attributable to these needs, including 

periplasmic nucleotidase, acid and alkaline phosphatases, and the membrane F0F1-

type H+ dependent – ATPase (H+ dependent – ATPase). The latter contributes up to 

the 20 % of the overall ATP turnover in the Z. mobilis cells under anaerobic 

conditions and has been considered as being partly responsible for the phenomenon of 

uncoupled growth (Reyes & Scopes, 1991). However, since the H+ dependent – 

ATPase does not dissipate energy, but just converts it into the form of transmembrane 

proton-motive force (!p), this finding does not solve the whole problem of energy 

dissipation.  

Z. mobilis „catabolic highway“ appears to function with minimal allosteric 

control. E-D pathway lacks allosterically regulated pyruvate kinase and 

phosphofructokinase that is typical of microorganisms possesing EMP pathway 

(Barrow et al., 1984; Strohhäcker et al., 1993; Snoep et al., 1996). Allosteric 

inhibition by phosphoenolpyruvate has been demonstrated for the second enzyme of 

the ED pathway, glucose-6-phosphate dehydrogenase (Scopes, 1997) that, according 

to studies by Snoep et al. (1996), appears to exert a considerable control over the 

glycolytic flux in E-D pathway. On the other hand, when ethanol is present at high 

concentration (around 10% w/w), the flux control is shifted to enolase and 

phosphoglycerate mutase (Barrow et al., 1984; Strohhacker et al., 1993; Snoep et al., 
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1996). Most likely these deviations in flux control may be assocoated with changes in 

enzymatic activities reported during bach fermentations (Osman et al., 1987).  

 

1.4 Z. mobilis aerobic metabolism and respiratory chain. 

Typicaly under aerobic conditions proton export in facultatively aerobic 

microorganisms is accomplished by respiratory chain, and therefore, H+-dependent 

ATPase operates in the direction of ATP synthesis. Indeed, since Z. mobilis possesses 

both, H+ dependent – ATPase and active, constitutive aerobic respiratory chain (Fig. 

1. inset) supporting high oxygen uptake rates (Strohdeicher et al. 1990; Kalnenieks et 

al. 1998), one may suggest its aerobic metabolism to supply energy for growth, as it 

does for example in E. coli. However the physiology of aerobic metabolism in Z. 

mobilis is unusual for bacteria, since aerobic biomass yields do not exceed the 

anaerobic ones, and ATP outcome in oxidative phosphorylation is significantly lower 

than in E. coli and other microorganisms. It has not been reported yet, whether the 

lack of oxidative phosphorylation stems from innefficy of energy-coupling in a 

particular branch of respiratory chain, or lies at the level of energy-coupling 

membrane or H+ dependent – ATPase. For example, high proton leakage of 

cytoplasmic membrane (Osman & Ingram, 1985; Osman et al., 1987) and 

accordingly, impaired maintenance of the proton-motive force, may contribute to poor 

energy-coupling.  

Also, it was reported that respiratory metabolism is inhibitory for growth  

because of the accumulation of acetaldehyde and other toxic byproducts in oxic 

conditions (Viikari, 1986; Viikari & Berry 1988, Kalnenieks et al., 2000). 

Finally, taking into account the active E-D pathway, the low energetic 

efficiency of Z. mobilis respiration raises the question - in which direction the H+-

dependent ATPase actually operates under aerobic conditions, when there is excess 

ATP available as the result of high glycolytic flux in E-D pathway.  

Despite that long ago it was established that Z. mobilis possesses a constitutive 

respiratory chain (Belaich & Senez, 1965; Pankova et al., 1985; Strohdeicher et al., 

1990), the organization of its components and the routes for electron transfer to 

oxygen have not been fully resolved. The genome sequence of Z. mobilis (Seo et al., 

2005; Kouvelis et al., 2009; Pappas et al., 2011; Desiniotis et al., 2012) reveals genes 

encoding several NAD(P)H dehydrogenases, as well as electron transport 

dehydrogenases for D- lactate and glucose, several c-type cytochromes, the bc1 
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complex and the cytochrome bd - the only one so far identified terminal oxidase 

(Kalnenieks et al. 1998; Sootsuwan et al. 2008). The known Z. mobilis genome 

sequences lack regions homologous to any known bacterial cytochrome c oxidase 

genes, also not supporting existence of a- or o-type terminal oxidases, which 

otherwise could be considered as terminal oxidases of the putative alternative 

pathway(s) (Seo et al., 2005). Therefore whether the electron transport to oxygen is 

branched, and what might be second terminal oxidase in a putative cytochrome bc1 

respiratory branch remains an open question  

Energy generation is the central, yet not the sole function of bacterial electron 

transport chains (Poole and Cook 2000). The aerobic respiration in bacteria generates 

reactive species of oxygen (ROS) (Gonzalez-Flecha & Demple 1995), but may also 

protect the cell interior from molecular oxygen (as demonstrated for nitrogen-fixing 

bacteria, see Kelly et al., 1990), and also from oxidative stress by diverting electrons 

from hydrogen peroxide-generating reactions (Korshunov & Imlay 2010). Low 

energetic efficiency of respiration potentially suggests respiratory-protective and 

ROS-protective roles of the electron transport in Z. mobilis, as a physiological 

alternative to oxidative energy generation. However such a hypothesis so far has 

attracted little attention. 

 

1.5 Biotechnology and metabolic engineering of Z. mobilis 

Rapid catabolism, which is quite loosely matched to the needs of cellular 

biosynthesis known as uncoupled growth phenomenon, is largely the mode of 

metabolism that makes Z. mobilis an outstanding ethanol producer. (Belaich & Senez, 

1965; Lawford & Stevnsborg, 1986; Jones & Doelle, 1991). Almost five times faster 

glucose uptake rate than that obtained with yeast, in combination with tolerance to 

high ethanol and sugar concentrations, have kept Z. mobilis in the focus of 

biotechnological interest over several decades. Although, microorganism was 

originally discovered in fermenting tropical plant saps, e.g., in the traditional pulque 

drink of Mexico (Swings & DeLey, 1977), its potential application is not in alcoholic 

beverages, but rather for use in bio-ethanol production. One of the shortages of Z. 

mobilis is its limited carbon substrate range as it can only use glucose, fructose and 

sucrose for ethanol fermentation. As a result studies on Z. mobilis genetic 

manipulation have focussed on extending substrate range for ethanol production 

during the past decades. Recombinant Z. mobilis strains capable of fermenting 
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pentose sugars is regarded as an important alternative to yeast and recombinant 

Escherichia coli for bio-ethanol synthesis from agricultural and forestry waste (Dien 

et al., 2003; Lau et al., 2010). Other end products of Z. mobilis metabolism, for 

example, sorbitol and fructose polymer levan (Viikari, 1988; Sprenger, 1996), also 

represent interest for the food industry and healthcare. Recently published 

stoichiometric analysis of Z. mobilis central metabolism, reveals several metabolic 

engeneering strategies for obtaining other high-value products, such as glycerate, 

succinate and glutamate, also suggesting possibility of glycerol conversion to ethanol 

(Pentjuss et al., 2013). However, analysis of the stoichiometric matrix just uncovers 

these possibilities and futher in-depth studies of the regulation of Z. mobilis central 

metabolism are required to proceed  with metabolic engineering.  

 

1.6 Modeling of Z. mobilis central metabolism. 

In spite of progress in the molecular biology of Z. mobilis, not always attempts 

to optimize metabolic processes by overexpression of enzymes that are thought to be 

important in the rate of ethanol formation, have led to counterintuitive  effects, such 

as decrease of glycolytic flux (Arfman et al., 1992, Snoep et al., 1995). Optimizing 

metabolic flux towards desired end product(s) requires understanding how the 

nonlinear enzymatic rate equations are impacted by heterologous enzyme expression 

levels. Earlier studies focusing on the rate of ethanol formation and thus on glycolytic 

flux in Z. mobilis have led to contradictory suggestions. As an example studies by 

Osman et al. (1987), suggested that glycolytic flux is determined by the activities of 

certain enzymes of the E-D pathway (Osman et al. 1987) or even the concentration of 

ethanol in media (Osman & Ingram 1985). Later it has been convincingly 

demonstrated that Z. mobilis glycolytic flux increases during growth under uncoupled 

growth conditions (Lawford & Stevnsborg, 1986). Such reports clearly underline the 

need for quantitative metabolic control analysis prior to selection of enzymes that 

might exert flux control in Z. mobilis. It can be directly achieved by means of kinetic 

in silico modeling of Z. mobilis central metabolism, and E-D pathway in particular.  

In spite of the diverse studies of Z. mobilis central metabolism during the past 

decades, accumulated knowledge has scarcely yet been exploited as the basis for 

building a comprehensive kinetic model of E-D pathway. The only recent attempt 

focusses on the aspects of interaction between the engineered pentose phosphate 

pathway and the native Z. mobilis E-D glycolysis for xylose fermentation, assuming 
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constant intracellular concentrations of the essential metabolic cofactors ADP, ATP, 

NAD(P)+, and NAD(P)H (Altintas et al., 2006). Whilst such a simplification certainly 

reduces model complexity, it significantly limits general applicability of the model 

and in particular, for the study of Z. mobilis uncoupled metabolism. Thus, a credible 

kinetic model of Z. mobilis E-D pathway would not just shed light to the control of 

the metabolic processes, but may also serve to understand better the regulation of 

uncoupled growth phenomenon in this bacterium.  
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2. MATERIALS AND METHODS 
 
 

2.1 Bacterial strains, Media and Cultivation 

2.1.1 Bacterial strains 

Bacterial strains used in the present study are listed and characterized in Table 

1. Last column depicts publications in wich each strain was used.  
 

Table. 1. Bacterial strains used in this study. 

 

2.1.2 Media 

Z. mobilis ZM6 (ATCC 29191), Zm6-ndh, Zm6-cytB, Zm6-cydB and Zm6-kat 

were grown in the standard culture medium containg (per 1iter): 5 g yeast extract, 50g 

glucose, 1g KH2PO4, 1 g (NH4) 2SO4, 0.5 g MgSO4 * 7H2O. Media for Z. mobilis 

mutant strains was additionally suplemented with chloramphenicol (30 µg ml-1). 

E. coli JM109 was routinely grown on LB medium per liter containing 10 g 

tryptone,  5 g yeast extract and 10 g NaCl. In experiments were specific rate of 

glucose consumption was measured media was supplemented with 35g glucose.  

 

2.1.3 Cultivation 

All Z. mobilis cultures were grown in shaken flasks or were cultivated in 

Labfors fermenter (Infors).  

Anaerobic Z. mobilis cultivation in 200 ml shaken flasks (50 ml culture 

volume) was caried out at 30°C, pH 6.0, while aerobic conditions were maintained on 

Strain Characteristics Source Publications

Zm6 Parent strain ATCC 29191 I, II, III, IV, V

Zm6-ndh Zm6 strain with a chloramphenicol insert in the ORF of respiratory Kalnenieks et al. I, II, III
type II NADH degydrogenase gene (ndh) (ZMO 1113) (2008)

Zm6-cydB Zm6 strain with chloramphenicol insert in the ORF the of subunit IIStrazdina et al. I, II, III, IV, V
(cydB) gene (ZMO 1572) the cytochrome bd terminal oxidase (2012)

Zm6-cytB Strazdina et al. I, II, III, IV, V
(2012)

Zm6-kat Strazdina et al. I, II, III
(2012)

E.coli JM-109 ATCC 53323 I, II, III, IV, V
"Promega"

Zm6 strain with chloramphenicol insert in the ORF of the cyto-
chrome b subunit gene (ZMO 0957) of of the bc1 complex

Zm6 strain with a chloramphenicol insert in the ORF of catalase 
gene  (ZMO 0918)
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a shaker at 150 rpm. For some cultivations, gassing with nitrogen or air was 

performed, as stated in Results. 

 Continuous cultivation was carried out in a Labfors fermenter (Infors) of 2.5 l 

working volume, containing 1 l of culture,  and a dilution rate of 0.18 h-1. Aerobic 

conditions were maintained by aeration with an air flow of 1.5 l min-1 and stirring rate 

300 rpm. Anaerobic conditions was established by gassing the culture with nitrogen 

gas,  at a flow rate of 1.4 l min-1, and stirring rate 100 rpm. 

E. coli JM109 was grown in 200 ml shaken flasks on a shaker at 150 rpm. 

 

2.1.4 Preparation of cell-free extracts and membrane vesicles. 

For preparation of cell-free extracts, cells were sedimented by centrifugation 

at 5,000 rpm for 15 min, washed, and resuspended in 100 mM potassium phosphate 

buffer, containing 2 mM magnesium sulfate, pH 6.9, to about 6.8–7.0 mg (dry wt) ml-

1. Cells were disrupted by 2.5 min long bead-vortexing in in the desintegrator at 3000 

rpm with 106 µm (diameter) glass beads. Typically, cell free extracts of 4.6–4.9 mg 

protein ml-1 were obtained. Subsequent removal of unbroken cells and separation of 

cytoplasmic membranes by ultracentrifugation were performed as before (Kalnenieks 

et al., 1993, 1998). 

 

 

2.2 Analytical methods 

2.2.1 Enzymatic assays 

Samples for ATP determination were quenched in ice-cold 10% 

trichloroacetic acid and assayed by the standard luciferin-luciferase method using 

LKB “Wallac 1251” luminometer (Anderson et al., 1985). 

Acetaldehyde concentration was determined by the alcohol dehydrogenase 

assay, as described previously (Kalnenieks et al., 2000).  

NAD(P)H concentrations were determined with an LKB “Wallac 1251” 

luminometer, using the “Roche” bacterial luciferase assay, basically following the 

standard protocol. 

Catalase activity in cellfree extracts was assayed spectrophotometrically, by 

monitoring absorbance decline at 240 nm (Gonzalez-Flecha & Demple, 1994). 
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Cytochrome c peroxidase activity was monitored by the decline in absorbance 

at the "-band of ferrocytochrome c at 550 nm on addition of cell-free extract and 

H2O2 (Ellfolk & Soininen, 1970).  

Glutathione reductase activity was measured by decrease of NADPH 

absorbance at 340 nm on addition of oxidized glutathione (GSSG) in the presence of 

permeabilized cells (Bergmeyer et al., 1974).  

 

2.2.2 Determination of glucose and ethanol  

Glucose and Ethanol concentrations were measured with high preassure liquid 

chromotography - HPLC (Agilent 1100 series), using a Biorad Aminex HPX—87H 

column. 

 

2.2.3. Monitoring of pO2 and pCO2 

Concentration of dissolved oxygen was monitored by Clark-type oxygen 

electrodes. An autoclavable Ingold electrode was used in the fermenter. Radiometer 

electrode was used in washed cell or membrane vesicle suspensions and measurments 

were caried out in a thermostatted electrode cell (30 oC). Whole cell oxygen uptake 

was measured for cells taken from steady-state cultures, pelleted, washed, and 

resuspended in 100 mM phosphate buffer, pH 6.9, supplemented with 10 g glucose l-1.  

Carbon dioxide production by cell suspensions was monitored with 

“Radiometer” CO2 electrode in thermostatted electrode cell (30 oC).   

 

2.2.4 Determination of H2O2 production 

H2O2 production by cells was determined fluorimetrically by monitoring 

Amplex UltraRed fluorescence during its reaction with H2O2, catalyzed by 

horseradish peroxidase (Korshunov & Imlay, 2010). Fluorescence was measured with 

a FluoroMax-3 spectrofluorimeter (Jobin–Yvon), using 520-nm wavelength for 

excitation, and 620-nm wavelength for emission. To quantitate the generated 

hydrogen peroxide, fluorescence increase was calibrated by addition of 1 mM H2O2 in 

5-ll increments.  

 

2.2.5 Determination of protein concentration  

Protein concentration in cell-free extracts and membrane samples was 

determined according to Markwell (Markwell et al., 1978). 
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2.2.6. Cell concentration 

Cell concentration was determined spectrophotometrically as OD550, and dry 

cell mass of the suspensions was calculated by reference to a calibration curve.  

 

2.2.7 Cytochrome spectroscopy 

Cytochrome spectroscopy was done at the University of Sheffield, Prof. 

Rebert K. Poole’s laborotory. Room-temperature reduced minus oxidized cytochrome 

absorption spectra were taken using membrane samples (1 ml) at a protein 

concentration of 5–6 mg ml-1 with small amounts of solid dithionite as reductant and 

potassium ferricyanide as oxidant. Spectra were recorded with a custom-built SDB4 

dual-wavelength scanning spectrophotometer (University of Pennsylvania School of 

Medicine Biomedical Instrumentation Group and Current Designs, Philadelphia, PA), 

as described previously (Kalnenieks et al., 1998). The timecourse of cytochrome d 

reduction after addition of NADH was recorded by rapid, repetitive scanning in the 

wavelength range between 610 and 650 nm, using the dual-wavelength scanning 

spectrophotometer. The degree of cytochrome d reduction was calculated as the 

average value of the absorbance differences at wavelength pairs 630/614 and 630/646 

nm. 

 

2.2.8 FT-IR analysis  

FT-IR analysis was performed using 5––15 µL of washed cell water 

suspension poured out by drops on a silicon plate and dried at T < 50 -C. Absorption 

spectra were recorded on an HTS-XT microplate reader (Bruker, Germany) over the 

range 4000 – 400 cm.1, with a resolution of 4 cm.1. Quantitative analysis of 

carbohydrates, nucleic acids, proteins, and lipids in biomass was carried out as 

described previously (Grube et al., 2002)  Data were processed with OPUS 6.5 

software. Hierarchical cluster analysis (HCA) was used to create dendrograms from Z. 

mobilis and its knockout mutant IS absorption spectra using Ward‘s algorithm. 
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2.4 Genetic engineering of mutant strains 

2.4.1 DNA extraction and purfication 

Genomic DNA from 1ml of overnight Z. mobilis cultures was isolated using a 

Promega Wizard Genomic DNA purification kit, following the manufacturer’s 

instructions or by a standart phenol/chloroform extraction. The QIAprep Spin 

Miniprep kit (Qiagen) was used for plasmid DNA isolation from Z. mobilis and E. 

coli. Purification of the amplified DNA fragments and purification of DNA from 

restriction and modifying reactions were done with the QIAquick PCR purification kit 

(Qiagen). The QIAquick gel extraction kit (Qiagen) was used for the recovery of 

plasmids and PCR products from agarose gels. 

 

2.4.2 PCR  

PCRs were carried out in a Thermo Hybaid gradient thermocycler or in 

Eppendorf Mastercycler, using Accuzyme (Bioline) or Fermentas DNA polymerase. 

Z. mobilis ndh, cytB, cydB, kat genes and chloramphenicol acetyltransferase (cat) 

gene were amplified by PCR, using primers according to Table 2. The engineered 

restriction sites for BamHI, HindIII and EcoR1 are underlined. Primers for PCR 
reactions were supplied by Operon and Invitrogen. 

 
Table. 2. Primers used for amplification of mobilis ndh, cytB, cydB, kat genes and 

chloramphenicol acetyltransferase (cat). 

 

Praimer Sequence Rest. Site Gene

Z.m.ndh1 AGAGAATAGAGGGGATCCATGTCGAAGAAT BamHI 
Z.m.ndh1 ATCAGTATAATTAAGCTTTAGGGCGTAACA HindIII

Z.m.b1 GAACTTATTATGAAGCTTTCACCACCCCCT HindIII
Z.m.b2 TTGAGCATATCAGGATCCCGTTCTTTTCTT BamHI 

Z.m.d1 ATGAAGCTTCTTGGATCCTGACCCATAGTC BamHI 
Z.m.d2 TACCCGTCACTGCTGGTAAGCTTGCCGTGG HindIII

Z.m.cat1 AAGAGGGATCCTATGACTAGACCCAATCTT BamHI 
Z.m.cat2 GAAGCAGCAAGCTTTATAACAGGCTATCGG HindIII

cm1 TTTGCTTTCGAATTCCTGCCATTCATCCGC EcoR1
cm2 CACTACCGGGCGAATTCTTTGAGTTATCGAG EcoR1

Zm6-cydB

ZMO 1113 Zm6-ndh

ZMO0957

ZMO1572

Corresponding strain

Zm6-cytB

ZMO0918 Zm6-kat

cat Zm6-kat
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2.4.3 qRT- PCR 

An RNeasy Mini kit (Qiagen) was used for mRNA purification. Reverse 

transcription was done with the Revert Aid Premium First Strand cDNA Synthesis kit   

and Maxima SYBR green/ROX qPCR Master Mix (both from Fermentas) was used 

for the PCR. The quantitative real-time PCRs (qRT- PCR) were carried out in 

duplicate in a real-time thermal cycler (Model 7300, Applied Biosystems). qRT-PCR 

data in all cases were normalized against the respective amounts of cDNA of the 

‘housekeeping’ gene glyceraldehyde-3-phosphate dehydrogenase (ZMO 0177). 

Primer pairs for 14 genes (Table 3) were designed to give PCR products of 200 (±8) 

bp length. 

Primers for qRT-PCR reactions were supplied by Invitrogen. 
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Table. 3. Primer pairs and the corresponding genes used for qRT-PCR analysis. 

 

 2.4.4 Cloning Techniques  

Restriction and ligation was done essentially by standard procedures 

(Sambrook et al., 1989).  Plasmids constructed and used in the present work are listed 

in Table 4. E. coli was transformed by the CaCl2 procedure as described by Sambrook 

et al. (1989). Z. mobilis was transformed by electroporation (Liang & Lee, 1998).  

All DNA constructs were confirmed by DNA sequencing, done by Beckman 

Coulter Genomics (former Lark Technologies). 

 

Praimer Sequence Gene

ahpC_f GGATTACGGCCAACATTCAA
ahpC_r ATTACGCTTGGCGGAAATCT

kat_f AGGGAATTGGGATTTAGTCG
kat_r AAGAGGAATACCACGATCAG

cydA_f TATGAATTCGGGACGAACTG
cydA_r CCAAGTCATGGAAATCAAGG

gapdeh_f AAGCTTGGCGTTGATATCGT
gapdeh_r GTGCAAGATGCGTTAGAAAC

gor_f TTTTATAAAGCGCGCGATCG
gor_r GATCGGGTTTTCGGTCATAA

grx_f GTTATAAGCTGGTGCCGATT
grx_r AATTCTGGCAAAGGTGCCAT

ldh_f TGAGCAGGTTATCTGTTTGC
ldh_r TGATACGAGCATAAAGGGTC

ndh_f AGAAGGCCATAAAATCAGCG
ndh_r TTGAGCAATCATGGTTCTGG

per_f CAAAGAGTTAAAAGGCGTGC
per_r TCTACAAAACCAATCAGGGC

perC_f TTTTCCTGTTCGTTGATCGC
perC_r CCATGATTGGGCAGAAGTTA

rnfA_f ATCCAACCGAGGAAGCAAAA
rnfA_r ATTCTGATTATCGCTTCGGC of RnfABCDGE type, RnfA subunit

sod_f CCATCTTTCAAAACGAGCCA
sod_r TTGTTCAACAATGCGGCACA

tor_f ATGCCTTTGATGCTGGTTTG
tor_r TTATTGCTGGGGAAGATAGC

trx_f TTTTGAAAAGCAGCAGGGTC
trx_r TAAAATCACCGGTGCCTGTT

Thioredoxin reductase

Thioredoxin

NADH : ubiquinone oxidoreductase 

ZMO1097

Putative iron-dependent peroxidase

Cytochrome c peroxidase

Superoxide dismutase

ZMO1142 

Alkyl hydroperoxide reductase

Catalase

Cytochrome bd subunit I

Glyceraldehyde-3-P dehydrogenase

NADPH-glutathione reductase

Glutaredoxin 2

D-lactate dehydrogenase

Type II NADH dehydrogenase

ZMO1573 

ZMO1136 

ZMO1814

ZMO1060 

ZMO1211 

ZMO0070 

ZMO0256 

ZMO1113 

ZMO1732 

ZMO0918 

ZMO1571 

ZMO0177 

Gene Product
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Table 4. Plasmids used in the study. 

 

 

2.5 Metabolic modeling  

2.5.1 System characteristics, simplifying assumptions and moieties 

The model includes all enzymes of the Entner-Doudoroff pathway, glucose 

facilitator, alcohol dehydrogenases and reaction simulating ethanol export (Fig. 2). 

A set of COPASI-generated differential equations was used to describe the 

time dependence of the metabolite concentrations (not shown). To reduce the model 

complexity, we have made two simplifying assumptions, derived from the stoichio-

metries of the E-D pathway and alcohol dehydrogenase reactions. These assumptions 

are attributable to adenine nucleotides and nicotinamide nucleotide pools. 

Plasmid Characteristics Source Publications

pGEM-3Zf(?) Ampr Promega I, II

pBT Cmr Stratagene I, II

pGEMndh pGEM-Zf(+) derivative, carrying a 1.3 kb fragment of PCR-ampl. Kalnenieks et al. I
genomic DNA with the ORF of the ndh  gene (ZMO 1113) cloned (2008)
between the HindIII and BamHI sites of the multiple cloning site

pGEMndh :: cmr Kalnenieks et al. I
of the chloramphenicol resistance ORF inserted in the AgeI site (2008)

pGEMb Strazdina et al. II
genomic DNA with the ORF of the cytochrome b subunit gene (2012)

and BamHI sites of the MCS

pGEMb :: cmr pGEMb derivative, carrying in the AgeI site of the cloned gene a Strazdina et al. II
 1.3- kb AgeI restriction fragment of pBT, with an 0.7-kb (2012)
chloramphenicol resistance ORF

pGEMd pGEM-Zf(+) derivative, carrying a 1.55-kb fragment of PCR- ampl.Strazdina et al. II
genomic DNA with part of the ORF of cydA (ZMO 1571) and the (2012)
 whole of cydB  (ZMO 1572), cloned between the HindIII and 
BamHI sites of the MCS

pGEMd::cmr pGEMd derivative, carrying in the AgeI site of  cydB  (ZMO 1572) Strazdina et al. II
 a 1.3-kb AgeI restriction fragment of pBT, with an 0.7-kb (2012)
chloramphenicol resistance ORF

pGEMcat pGEM-Zf(+) derivative, carrying a 1.4-kb fragment of PCR- ampl. Strazdina et al. II
genomic DNA with the ORF of the catalase gene (ZMO 0918) (2012)
cloned between the HindIII and BamHI sites of the multiple cloning 
site. Lacks EcoRI site in the MCS in result of elimination of an 
0.35-kb fragment between Eco24I restriction sites of pGEM-3Zf(+)

pGEMcat::cmr pGEMcat derivative, carrying an 0.8-kb PCR-amplified fragment Strazdina et al. II
of pBT with 0.7 kb of the chloramphenicol resistance ORF, inserted(2012)
 in the EcoRI site of the cloned gene

pGEMndh derivative, carrying 1.3 kb fragment of pBT with 0.7 kb 

of ndh

pGEM-Zf(+) derivative, carrying a 1.3-kb fragment of PCR-ampl.

 (ZMO 0957) of the bc1 complex, cloned between the HindIII 
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Fig. 2. Reactions included in the model of Entner Doudoroff (ED) glucose utilization pathway. The 

numbered enzymes in these pathways are: (1) glucose facilitator (GF); (2) glucokinase (GK); (3) 

glucose-6-P dehydrogenase (GPD); (4) 6-phospho- gluconolactonase (PGL); (5) 6-phosphogluconate 

dehydratase (PGD); (6) 2-keto-3-deoxy-6-phosphogluconate aldolase (KDPGA); (7) glyceraldehyde-3-

P dehydrogenase (GAPD); (8) 3-phosphoglycerate kinase (PGK); (9) phosphoglycerate mutase (PGM); 

(10) enolase (ENO); (11) pyruvate kinase (PYK); (12) pyruvate decarboxylase (PDC); (13) alcohol 

dehydrogenase (ADH); (14) ATP consuming reactions (ATPcons); (15) adenylate kinase (AK); (16) 

ethanol export (ETOHex). 
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According to earlier reports, we have assumed following total adenylate moiety: 

 

ATP + ADP + AMP = 3500 µM            (Eq. 1) 

 

Like in other glycolytic models, we have lumped all ATP hydrolysing 

reactions into one general ATP-consuming reaction, whose initial properties are set 

according to experimental data, considering that membrane-bound F0F1 type ATPase 

is responsible for a significant part of ATP turnover in Z. mobilis (Reyes & Scopes, 

1991). We have added adenylate kinase reaction to balance ADP and ATP pools 

according to experimental observations within the described moiety. 

Second assumption relates to NAD(P)(H) metabolism. Like in earlier studies, 

we have assumed that NAD(H) made up most of the 4500 µM intracellular 

NAD(P)(H) pool, detected in Z.mobilis by NMR, without taking into account 

NADP(H) (De Graaf et al., 1999).  

 

NAD+ + NADH = 4500 µM           (Eq. 2) 

 

2.5.2 Enzyme kinetics 

The rate equations for the individual enzymatic reactions are presented 

together with the transport reactions in Table 5. The numbers of these equations 

correspond with those depicted in Figure R. All the equations were modeled 

according to the available literature data on Zymomonas mobilis enzyme kinetics by 

using standard approaches, with an exeption of G-6-P dehydrogenase, where, in order 

to fit exprimental data, we have used the universal rate equation for systems biology 

derived by the Triple-J Group for Molecular Cell Physiology (Rohwer et al., 2006).  

 

2.5.3 Parameter optimisation 

To combine all in vitro kinetic parameters and equations into one kinetic 

model, maximum velocities of all reactions were optimized according to steady-state 

intermediate concentrations obtained by 31P NMR. Metabolite concentrations were 

determined from spectra of extracts prepared 3-4 min after addition of glucose to cell 

suspensions, which correspond to quasi steady-state concentrations (Strohhäcker et 

al., 1993). Initial values of the maximum velocities (Vf) were derived from the data of  
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Table 5. Rate equations used in this study. Reaction numbers correspond to those depicted in Fig. 2. 
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18th hour of batch fermentation, ensuring that the intermediate concentrations and Vf 

values used correspond roughly to the same physiological condition of the cells, 

where according to 31P NMR studies, specific glucose uptake rate slightly exceeds  5 

g/g/h (grams glucose on gram dry weight per hour) (Osman et al., 1987, De Graaf et 

al., 1999). We selected 5 g/g/h as the target value, representing glycolytic flux for 

parameter optimization. For calculations we assumed that 1 mg dry wt  of biomasss 

corresponds to 2.2 microliters of intracellular volume in average (Strohhacker et al., 

1993). According to previous reports, most of the enzymes from the ED pathway 

change their activity up to 5 times during bach fermentation, therefore the upper and 

lower boundaries of Vf values that we have set for each reaction during parameter 

optimization was within the factor of 5 above and below the initial value (Osman et 

al., 1987). Km(i) values, that have been assumed or obtained from other databases 

attributable to other microorganisms, were  optimized within the factor of 3 above and 

below the initial value.  Parameter optimization was carried out using COPASI 

software V 4.8 with various optimization algorithms (Hoops et al., 2006). 

 

2.5.4 Quantifying the flux control 

The control of an particular enzyme on a glycolytic flux under steady-state 

conditions was defined by flux control coefficient CJi   expressed in percents, 

  

    (Eq. 3) 

 

in which vi"is the rate of enzyme i, J is a steady-state pathway flux. The flux control 

coefficients of an enzymes and transporters was calculated by COPASI, and obtained 

results always obeyed the summation theorem, 

 

        (Eq. 4) 

 

in which the summation is over all enzymes i in the pathway. 

The effect of changing the activity (amount) of a single enzyme on the 

pathway flux, was determined according to Small & Kascer (1993), 
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       (Eq. 5) 

 

in which f  is a flux increase value and  r is the increase of the enzyme activity. 

 

2.5.5 Quantifying ATP homoeostasis 

The extent to which metabolite concentrations can be maintained relatively 

constant as fluxes change is a measure of metabolic homoeostasis (Hofmeyr et al, 

1993; Cornish-Bowden & Hofmeyr, 1994; Thomas & Fell, 1996, 1998). This can be 

quantified by the ratio of the metabolite's concentration control coefficient to the flux 

control coefficient of the same enzyme, which has been defined as the co-response 

coefficient (Hofmeyr et al, 1993; Cornish-Bowden & Hofmeyr, 1994). Thus for 

metabolite Sj, flux J and enzyme i: 

 

      (Eqn. 6) 

 

The final term in the above equation results from the terms ∂ln vi and the 

scaling factor 100 cancelling from the equation. This is useful since it is not necessary 

to know the change in enzyme activity used to perturb the systém in order to calculate 

the co-response coefficient from simultaneous measurements of metabolite 

concentration and flux, provided that the perturbation is produced by modulation of a 

single enzyme, i. This contrasts with experimental determinations of flux and 

concentration control coefficients, which do require a measure of the enzyme activity 

change involved. Hence the co-response coefficient may be 

obtained from the slope of a log-log graph of concentration against flux. 

Alternatively, for a small enough perturbation, the coresponse coefficient may 

approximated from the difference between adjacent points as: 
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       (Eqn. 7) 

 

In this paper, we determine the ATP:Jglycolysis co-response coefficient with respect to 

ATPase, i.e.           in this way. 
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3. RESULTS 
 

3.1 NADH dehydrogenase deficiency results in low respiration rate and improved 

aerobic growth of Zymomonas mobilis 

 



! $%!



! $&!

 

 

 



! $'!

 



! $(!

 



! $)!

 



! $*!

 



! %+!

 



! %"!

 

 

3.2 Electron transport and oxidative stress in Zymomonas mobilis respiratory 

mutants 
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3.3 Application of FT-IR spectroscopy for fingerprinting of Zymomonas mobilis 

respiratory mutants 
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3.4 The inefficient aerobic energetics of Zymomonas mobilis: identifying the 

bottleneck 
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3.5 Kinetic modeling of Zymomonas mobilis Entner-Doudoroff pathway: 

 insights into control and functionality 
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4 DISCUSSION 

 
 The results of the studies in this thesis present the comprehensive research of 

the mechanistic reasons for Zymomonas mobilis uncoupled metabolism both under 

aerobic and anaerobic conditions.  

 

 4.1 Structure and function of the respiratory chain 

 The question why Z. mobilis does not use oxidative phosphorylation to 

stimulate aerobic growth is partly attributable to the structure of the respiratory chain 

and energy coupling in particular. One of main tasks of the present thesis was to find 

out, whether some putative branche of its respiratory chain with low degree of 

energy-coupling is not dominating the electron transport. The genome sequence of Z. 

mobilis (Seo et al., 2005) reveals genes encoding several NAD(P)H dehydrogenases, 

as well as electron-transport dehydrogenases for D- lactate and glucose. Also the 

previous physiologycal studies supports the presence of more than one NAD(P)H 

dehydrogenase in its electron-transport chain revealing two components with different 

Km values for NADH (Kalnenieks et al., 1996). The apparent Km for the activity that 

prevails in anaerobically grown cells was found to be close to 7 µM, as for the 

energy-coupling NADH dehydrogenase complex I in E. coli, encoded by the nuo 

operon (Matsushita et al., 1987; Leif et al., 1995). However, since Z. mobilis genome 

does not contain any sequences homologous to nuo operon, the presence of ‘nuo-like’ 

(or the low-Km) energy-coupling NADH dehydrogenase seems obscure. The apparent 

Km of the other component, prevailing in aerobically grown cells, was around 60 µM 

(Kim et al., 1995; Kalnenieks et al., 1996). This is a typical value for the energy non-

generating type II NADH dehydrogenase, encoded by ndh (Yagi, 1991). Evidence 

that inactivation of ndh gene by insertion of the chloramphenicol-resistance 

determinant resulted in a total loss of NADH and NADPH oxidase activities in the 

mutant Z. mobilis ndh cell membranes (see Chapter 3.1), clearly shows that the ndh 

gene product is the sole functional respiratory NAD(P)H dehydrogenase in Z. mobilis. 

Therefore, lack of energy coupling NADH dehydrogenese may greatly lower the 

proton-motive force generation in Z. mobilis respiratory chain. Apart from ndh, the Z. 

mobilis genome (Seo et al., 2005) contains a gene homologous to mdaB of E. coli, 

encoding an NADPH-specific quinone reductase. Homologues of the MdaB protein 
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are known to act as antioxidant factors in many pathogenic bacteria, helping to cope 

with the oxidative stress accompanying inflammation processes (Wang & Maier, 

2004). The putative function of the MdaB homologue in Z. mobilis has not been 

investigated so far. Also, at present the physiological role of some other respiratory 

chain components remains uncertain. 

  Inactivation of NAD(P)H dehydrogenase in the Z. mobilis ndh mutant cell 

membranes resulted in overexpression of D-lactate oxidase that appeared to be the 

dominant oxidase in this mutant strain (Fig. 1b, c; see section 3.1 in Chapter 3.1). It is 

suggested that the elevated D- lactate oxidase in aerated cells has some physiological 

importance for the aerobic metabolism of Z. mobilis ndh mutant. Some-what similar 

as it was reported for a Corynebacterium glutamicum type II NADH dehydrogenase-

deficient strain, D-lactate dehydrogenase might serve to compensate for the lack of 

respiratory NAD(P)H oxidation (Nantapong et al., 2004). D-lactate in Z. mobilis 

might be produced from pyruvate and NADH by the cytoplasmic lactate 

dehydrogenase, and then reoxidized by the respiratory D-lactate dehydrogenase. That 

it may form a kind of ‘lactate shunt’ for NADH reoxidation. However, very low rate 

of the oxygen uptake in the mutant strain suggests low activity of such a putative 

shunt. Furthermore importance of lactate shunt is also questioned by NADH 

reoxidation in the respiratory chain since it competes with highly active alcohol 

dehydrogenase reaction. Therefore it is tempting to think that increased D-lactate 

oxidase activity in the mutant strain under aerobic conditions, might have some other, 

so far unknown function that most likely have a loose conection to oxidative 

phosphorylation.  

 Despite only one functional respiratory NAD(P)H dehydrogenase, downstream 

of quinones Z. mobilis apparently has a branched electron transport chain. The known 

Z. mobilis genome sequences contain genes encoding a cytochrome bc1 complex and 

cytochrome c (Seo et al., 2005; Yang et al., 2009; Kouvelis et al., 2011), yet lack 

sequences homologous to any known bacterial cytochrome c oxidase genes. At the 

same time, the ability of both aerobically cultivated mutants, Zm6- cytB and Zm6-

cydB, to consume oxygen, as well as the difference seen in the antimycin sensitivity 

of their respiration, and in the kinetics of the cytochrome d reduction with NADH, 

indicates the presence of at least two branches of electron transport in the Z. mobilis 

respiratory chain. The results of this study are discussed in Chapter 3.2. The effects of 

the cydB mutation clearly demonstrate that cytochrome bd is involved in electron 
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transport. Yet, the apparent lack of genes for other terminal oxidases raises the 

intriguing problem of what could be the nature of the oxidase activity manifested in 

the Zm6-cydB strain, and apparently terminating the bc1 branch. Speculation that the 

cytochrome c peroxidase gene product might function instead of alternative oxidase is 

plausible. Yet it was not possible to demonstrate any relation of the cytochrome bc1 

branch to the hydrogen peroxide resistance of the Z. mobilis cells. However, recent 

study by Charoensuk et al. (2011), reported an electron transport chain-linked 

NADH-dependent peroxidase activity in a thermotolerant Z. mobilis strain. Therefore, 

it may be concluded that the cytochrome c peroxidase activity might largely depend 

on the strain and culture conditions.  

 It is possible that the rapid, yet energetically inefficient respiratory chain in Z. 

mobilis helps to prevent oxidative stress in aerobically growing culture. This 

hypothesis is in a good agreement with studies by FT-IR spectroscopy discussed in 

Chaper 3.3. Macromolecular components, analyzed by FT-IR spectroscopy, like cell 

membrane lipids, proteins, and nucleic acids, are the primary molecular targets of 

reactive oxygen species during oxidative stress (Avery, 2011). In all analyzed Z. 

mobilis strains, lipid concentrations were higher under aerobic growth conditions - for 

example the content of lipids in Z. mobilis parent strain Zm-6 was 4% and 2% dry 

weight (DW) under aerobic and anaerobic growth conditions respectively. It is known 

that the increase of lipid content is one of cells responses to stress. Thus, there is a 

good reasson to assume that Z. mobilis respiratory chain may help to prevent 

oxidative stress under aerobic conditions. 
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 4.2 Aerobic growth of the respiratory mutant strains 

 Opposite to what may be expected, ndh deficiency resulted in slight increase of 

Z. mobilis biomass yield, i.e. YX/S, cell yield normalized with respect to glucose 

consumption, and dramatic stimulation of aerobic growth. The mutant strain Zm6-ndh 

grew substantially faster than Zm6, at the end of the exponential phase typically 

reaching a threefold higher biomass concentration (Fig. 2, Chapter 3.1). However, the 

downshift of pO2 that occurred during the growth of Zm6 was much larger than that 

seen in the mutant, indicating a higher respiration rate of the parent culture. 

Accordingly, the mutant culture showed an increased aerobic ethanol yield (YP/S, 

Table 2, Chapter 3.1), because more reducing equivalents were diverted towards 

ethanol synthesis due to very low oxygen uptake rate. In general, the aerobic growth 

of the ndh-deficient mutant strain resembled that of Zm6 in the presence of cyanide 

(Kalnenieks et al., 2000, 2003). Cyanide typically caused the growth stimulation of 

Zm6 after a prolonged lag phase, when, following an initial period of complete 

inhibition, the re-emerging respiration reached 30–50 % of the respiration rate in the 

control culture (Kalnenieks et al., 2000). Our present results with the Zm6-ndh strain 

tend to support the hypothesis that the stimulating effect result simply from inhibition 

of the bulk oxygen consumption, since the oxygen uptake in the ndh mutant strain is 

too low for any measurable impact of oxidative phosphorylation. We therefore 

suggest that the observed elevation of the aerobic growth rate and moderate rise of 

biomass yield (YX/S) of Z. mobilis does not result from extra ATP generation by 

oxidative phosphorylation, but occurs whenever the NADH flux is redirected from 

respiration to ethanol synthesis, so that less acetaldehyde, the toxic precursor of 

ethanol (Wecker & Zall, 1987), is accumulated in the culture. The role of 

acetaldehyde is futher discussed in Chapter 4.3.  

 Despite the similar respiration capacity of aerobically cultivated Z. mobilis 

cytochrome bd or cytochrome bc1 mutant strains, hypothetically one of these electron 

transport pathway branches might be poorly coupled to proton translocation, thus 

resulting in lower ATP outcome and decrease of the aerobic growth yields. However, 

as it is discussed in Chapter 3.4 a series of aerobic batch cultivations did not support 

such a hypothesis. Calculated aerobic growth yields of wild-type strain, cytochrome 

bd and cytochrome bc1 respiratory mutants revealed very similar Yx/s values around 

13-15 g*mol-1 in all strains. Apparently Z. mobilis aerobic growth could not be 
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improved by knocking out any particular respiratory branch. These results do not 

support existence of one major, energetically inefficient electron transport branch that 

might cause the observed poor aerobic growth and lack of oxidative phosphorylation 

in growing  Z. mobilis culture.  

  

4.3 The physiological role of acetaldehyde 

Previous suggestion that the observed elevation of the aerobic growth rate and 

biomass yield (YX/S) of Z. mobilis ndh mutant occurs because less acetaldehyde is 

accumulated in the culture was reinforced by the finding that also vigorous aeration of 

of Zm6 cultures improved the aerobic growth rate. As described in Capter 3.1, under 

strictly anaerobic conditions, the growth curves of Zm6 and ndh mutant strain were 

identical, but the aerobic behavior of the two strains differed substantially. In shaken 

flasks without hyperventilation Zm6 at the early stationary phase accumulated 

acetaldehyde 33 mM and grew much slower than the mutant strain. In the mutant 

strain, due to its low respiration rate, accumulation of acetaldehyde was negligible; its 

concentration at the end of the batch cultivation did not exceed 0.6 mM. In addition 

hyperventilation of the shaken flask cultures barely affected the growth of ndh mutant 

yet greatly improved that of Zm6. Similarly low acetaldehyde concentration in both 

hyperventilated cultures suggest that either a low rate of acetaldehyde generation (as 

in Zm6-ndh mutant) or an efficient removal of acetaldehyde (as in the hyperventilated 

Zm6) is of prime importance for aerobic growth stimulation in Z. mobilis.  

Notably, the aerobic growth stimulation of Zm6 never extended beyond the 

limits imposed by its fermentative catabolism. Therefore experiments with the 

hyperventilation of the shaken flask cultures once again demonstrated that, even at 

very low acetaldehyde concentrations, the respiratory chain did not contribute to the 

aerobic batch growth of Z. mobilis. Thus, acetaldehyde acting as a potent inhibitor of 

growth is not the key factor that causes the deficiency of oxidative phosphorylation in 

growing Z. mobilis.  
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4.4 The physiological role of Z. mobilis H+-dependent ATPase 

Long-lasting question why, Z. mobilis respiratory system does not appear to 

participate in ATP synthesis during aerobic growth might be related to an impaired 

aerobic ATP turnover: either the H+-dependent ATPase for some reasons is unable to 

turn to ATP synthesis, or the newly synthesized ATP gets rapidly hydrolysed by other 

reactions. Apparently, the rate of the excess ATP hydrolysis must be equal to the 

difference between ATP production by catabolic reactions and its utilization by 

anabolic processes. Z. mobilis possess several ATP-hydrolysing enzymes: periplasmic 

nucleotidase(s), acid and alkaline phosphatases, and the membrane H+-dependent 

ATPase (Reyes & Scopes, 1991). The H+-dependent ATPase contributes up to 20% of 

the overall ATP turnover in Z. mobilis cells and has been considered as partly 

responsible for the uncoupled growth (Reyes & Scopes, 1991). The previously 

reported increase of Z. mobilis anaerobic growth yield in the presence of the H+-

dependent inhibitor DCCD (Kalnenieks et al., 1987) indicates that H+-dependent 

ATPase hydrolysing activity may be competing with the biosynthetic ATP demand in 

anaerobically growing culture. However such a competition for ATP under aerobic 

conditions is quite an opposite to what have been reported for other facultatively 

anaerobic bacteria. For example, even 10-100 micromolar DCCD concentrations are 

inhibitory to the aerobic growth of E.coli, a typical representative of a facultatively 

anaerobic microorganism that posseses oxidative phosphorylation (Singh & Bragg, 

1974). Our results, where we monitored the time course of the intracellular ATP 

concentration after the addition of 50 micromolar DCCD (Chapter 3.4., Fig. 2), show 

that DCCD addition caused a pronounced increase of the ATP intracellular 

concentration in all Z. mobilis strains. These results strongly indicate that the 

hydrolysing activity of the H+-dependent ATPase is taking place in Z. mobilis also 

under aerobic conditions. This surprising finding, yet not reported for Z. mobilis, was 

dramatically different to what we obtained with E.coli. DCCD addition to aerobically 

growing E. coli culture, caused a transient decrease of ATP intracellular concentration 

in complete agreement with the expected operation of its ATPase in the direction of 

ATP synthesis. So far, under anaerobic conditions a similar ATP dissipating 

mechanism was suggested earlier also for obligately fermentative Streptococcus bovis 

- another example of uncoupled growth among bacteria (Russel & Strobel, 1990). It 

has been shown that in S. bovis, H+-dependent ATPase is the major free energy-

spilling reaction under conditions of excess glucose (Russel & Cook, 1995). 
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The observed rise of growth yield in Z. mobilis (Chapter 3.4) was both due to 

increase of specific growth rate and a simultaneous decrease of glucose consumption 

caused by addition of DCCD. That is in a good agreement with previous reports 

(Ugurbil et al., 1978). DCCD caused a partial inhibition of glucose consumption, 

therefore interaction with the H+-dependent ATPase remains as the only feasible 

explanation for the increase of ATP level, shown in Fig. 1 (Chapter 3.4). Apparently, 

by rapidly supplying ADP for glycolysis, H+-dependent ATPase also contributes to 

the high glycolytic flux observed in the E-D pathway. During aerobic growth on 

glucose, the rapidly operating E-D pathway presumably generates too high 

phosphorylation potential for the weakly coupled respiratory system to shift the H+-

dependent ATPase towards ATP synthesis, by this preventing oxidative 

phosphorylation. At the same time, by supplying the large amounts of ADP, H+-

dependent ATPase facilitates the rapid operation of the E-D pathway. Therefore, 

uncoupled growth is not just an intrinsic property of anaerobically cultivated Z. 

mobilis, but can also be used to describe the inefficient aerobic growth of this very 

untypical facultatively anaerobic microorganism. 

 

4.5 Kinetic modeling of the E-D pathway 

Increase of the intracellular ATP concentration accompanying the decrease of 

glycolytic flux observed in Chapter 3.4, indicated that energy-dissipating reactions 

(ATP consumption) might control glycolytic flux in the E-D pathway. In order to 

examine this hypothesis one should use a kinetic model of the E-D pathway to 

quantitatively estimate the impact of ATP consuming reaction rate on glycolytic flux 

via metabolic control analysis (MCA). The only existing kinetic model of E-D 

pathway published so far was focused on the aspects of interaction between the 

engineered nonoxidative part of the pentose phosphate pathway for xylose utilization 

and the native Z. mobilis E-D glycolysis, assuming constant intracellular 

concentrations of the essential metabolic cofactors ADP, ATP, NAD(P)+ and 

NAD(P)H (Altintas et al., 2006). Such an assumption significantly limits general 

applicability of the model and in particular to study Z. mobilis uncoupled metabolism. 

Thus it was necessary to create kinetic model of the E-D pathway de novo by 

incorporating adenylate and nicotinamide nucleotide metabolism. Moreover, unlike in 

previous attempts (see Altintas et al., 2006), the equilibrium constants were 
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introduced in all enzyme rate equations to obey the thermodynamic constraints of the 

Haldane relationship, during parameter optimisation.  

The final version of our optimized model (hereafter – the optimized model) 

gave a specific glucose uptake rate of 4.9 g g-1 h-1, that was close to experimentally 

observed values. Evaluation of the difference between the initially assumed (Osman 

et al., 1987) and optimized Vf values (Table 2, in chapter 3.5) revealed that, for the 

majority of enzymes, these remained within a factor of three of the starting estimate 

and lie within the range of values reported across batch fermentation in several works 

(Osman et al., 1987, De Graaf et al., 1999). For the majority of enzymes, the initially 

assumed values for Vf rose during optimization and approached the values seen in 

French-press extracts reported earlier (Algar & Scopes, 1985). To evaluate the created 

model after parameter optimisation, glycolytic fluxes of the optimized E-D model was 

compared to those reported earlier for Z. mobilis in various experimental studies. 

First of all, the kinetics of glycolysis in situ was reproduced by inserting the  

E-D pathway enzyme activities in French-press extracts reported by Algar & Scopes 

(1985) into the optimized model. With these new enzyme activities, the model also 

reached steady state with a glycolytic flux corresponding to an in situ rate of 5.2 g g-1 

h-1. This was in the range of the optimized model and earlier observations, where Z. 

mobilis was grown on different initial glucose concentrations, with the reported 

specific glucose uptake rates slightly below 5.5 g g-1 h-1 (Rogers et al., 1979). More 

detailed examination of the optimized model by simulating consumption of 1 M 

glucose in cell-free extracts reported by Algar & Scopes (1985), revealed that 

glycolytic flux obtained in silico was very similar to that in the in vitro experiment 

(detailed description of these results is available in Chapter 3.5). Remerkably, the 

intermediate concentrations obtained by in silico simulation, were reasonably close to 

those reported in 31P NMR studies, indicating that computational simulations of the E-

D pathway in cell-free extracts reliably simulate the situation in situ (Barrow et al., 

1984). Therefore, there seems to be no specific „metabolite tunelling“ required for the 

E-D pathway to proceed, and instead Z. mobilis, with respect to its central glycolytic 

pathway, can be adequately described as a „bag of enzymes“. 

It is important to mention, that since there are currently no E-D pathway 

models available in public databases, the developed kinetic model has potential not 

only for application in Z. mobilis metabolic studies and engineering, but can also 
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serve as a basis for the development of models for other microorganisms possessing 

this type of glycolytic pathway. 

 

4.6 Do energy-dissipating reactions control glycolytic flux in E-D pathway? 

Model analysis primarily was focused to reveal if energy-dissipating reactions 

(ATP consumption) controls glycolytic flux in E-D pathway. By using metabolic 

control analysis of the E-D pathway this assumption was confirmed revealing that 

generalized ATP consuming reaction exert a major control over glycolytic flux with 

Ci
J values 36% and 71% for the optimized and the cell free extract model respectively 

(results discussed in Chapter 3.5). This result strongly resembles previous 

experimental observations with growing E. coli, suggesting that the majority of flux 

control (>75%) resides not inside but outside the glycolytic pathway, i.e., with the 

enzymes that hydrolyze ATP (Koebmann et al., 2002). This allows to speculate that 

anabolic reactions, in combination with ATP dissipation, control the glycolysis also 

during the uncoupled growth of Z. mobilis.  

The results in Chapter 3.5 show that the relationship between ATP 

concentration and glycolytic flux is not affected by the respiratory deletions. Their 

regulatory pattern of the E-D pathway and catabolic ATP yield per unit of consumed 

glucose is the same. The extent to which metabolite concentrations can be maintained 

relatively constant as fluxes change is a measure of metabolic homoeostasis that is 

quantified by co-response coefficient (Hofmeyr et al, 1993; Cornish-Bowden & 

Hofmeyr, 1994; Thomas & Fell, 1996, 1998). Obtained results reveal that at the 

highest glycolytic flux considered (about 4.6 g/g/h, log value 1.53), the co-response 

coefficient is approximately -4.0. This shows that at this point, ATP homeostasis is 

poor, since a 1% increase in glycolytic flux, due to rise of the ATP-dissipating 

activity would be associated with a 4% decrease in ATP concentration. At a flux of 

about 3.9 g/g/h, the co-response coefficient is smaller in magnitude, close to -1.0, 

where a 1% increase in glycolytic flux is linked to a 1% decrease in ATP 

concentration. At the lowest glycolytic flux obtained with the lowest ATPase 

activities (3.0 g/g/h, log value 1,1), the co-response coefficient is about -0.23, so that 

ATP homeostasis is much improved in that it takes a 4% change in glycolytic flux to 

produce a 1% change in ATP concentration in the opposite direction. 
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4.7 Putative energy dissipating mechanisms 

Finding the key role of the H+-dependent ATPase does not solve completely 

the problem of energy dissipation during uncopled growth. It is clear that H+-

dependent ATPase does not dissipate energy but, instead, converts it into the form of 

transmembrane proton-motive force (!p). Therefore, hydrolysing activity of the H+-

dependent ATPase should inevitably lead to an increase of !p, which subsequently 

raises the question of its dissipation mechanisms. Taking into account the similarity of 

metabolic behaviour, as well as the akin role of H+-dependent ATPase for the energy 

dissipation pathway in between Z. mobilis and S. bovis, the presence of a futile proton 

cycle in Z. mobilis a priori seems realistic, and deserves further examination. Perhaps, 

high proton leakage with impaired maintenance of the proton-motive force 

contributes to the lack of the oxidative phosphorylation in aerobically growing Z. 

mobilis cultures. Studies of membrane permeability, in Z. mobilis so far have focussed 

mainly on the non-specific, membrane-disrupting effects of ethanol that may also 

facilitate discussed proton leakage. The detrimental action of ethanol at high 

concentrations on the permeability of Z. mobilis plasma membrane was extensively 

studied in the 1980s (Osman & Ingram, 1985; Osman et al., 1987). It was shown that 

ethanol causes an increase in the rate of leakage of small molecules and ions, 

including protons. The accumulation of ethanol during fermentation may be 

responsible for the gradual collapse in !pH seen in batch cultures grown on media 

with high (20%) glucose concentration during the stationary growth phase (Osman et 

al., 1987). Apparently, ethanol decreases the barrier function and resistance of the 

plasma membrane, and thus probably adds to the energetic uncoupling at some stages 

of growth. However, since the energy dissipation in Z. mobilis occurs also at very low 

concentration of ethanol under aerobic conditions, it still cannot be regarded as the 

clue to the uncoupled growth phenomenon. Therefore the leakage of cytoplasmic 

membrane most likely would not be sufficient for futile spilling of the generated 

transmembrane !p. 

Paradoxically, however, the possible !p-dissipating effect of carbon dioxide, 

the second major end product of Z. mobilis catabolism, has not been analysed. Several 

papers about the effect of CO2 on fermentation performance of Z. mobilis (see e.g., 

Nipkow et al., 1985; Veeramallu & Agrawal, 1986), as well as on that of yeast, E. 

coli and some other bacteria (Janda & Kotyk, 1985; Lacoursiere et al., 1986) were 
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published in the 1980s. They describe complex inhibitory and uncoupling effects of 

carbon dioxide on the culture growth and product synthesis, yet do not consider the 

putative mechanisms at the membrane level. Z. mobilis is one of the most rapid 

producers of CO2 among microorganisms. Apparently, the major part of CO2 leaves 

the cell by passive diffusion in the form of a neutral molecule. Measurements with 

erythrocytes suggest that the lipid bilayer of the cell membrane does not represent a 

serious diffusion barrier for CO2 (Forster et al., 1998). At the same time, part of the 

generated CO2 in the cytoplasm might undergo hydration in the reaction, catalysed by 

carbonic anhydrase (Merlin et al., 2003), with subsequent dissociation of carbonic 

acid into a proton and bicarbonate anion. Knowing the respective equilibrium 

constants (Mills & Urey, 1940; Merlin et al., 2003), and taking 6.4 for the 

intracellular pH, we can estimate that, under equilibrium conditions, approximately 

10% of carbon dioxide in Z. mobilis should be present in the form of bicarbonate 

anion. Export of bicarbonate anions from the cell would represent an efficient 

pathway of !p dissipation, equivalent to import of protons: a unit negative charge 

would be translocated into the external medium, decreasing !#, while a proton would 

be left behind in the cytoplasm, diminishing the transmembrane pH gradient. 

However futher experimental studies are needed to confirm this hypothesis.  

 

4.8 Approaches to increase the glycolytic flux in Z. mobilis E-D pathway 

Besides the importance of H+-dependent ATPase in Z, mobilis metabolism 

metabolic control analysis carried out with the kinetic model also demonstrates, why 

attempts in the past to increase the glycolytic flux through over-expression of various 

E-D pathway enzymes have been unsuccessful. Negligible flux control coefficients 

for the majority of the E-D pathway reactions (Chapter 3.5), partly explain why over-

expression of a few intuitively chosen enzymes have not resulted in the increase of 

glycolytic flux (Arfman et al., 1992; Snoep et al., 1995). According to MCA, only the 

PDC reaction exerts substantial control with CJi values reaching 27% in the optimized 

model. Calculated effects of GAPD, PGK, PGM, ADHI, ADHII and PDC over-

expression on glycolytic flux in the E-D pathway and comparison to values calculated 

from experimental data revealed little or no increase of glycolytic flux in almost all 

recombinant strains without addition of IPTG. The significantly higher flux control 

coefficient for the PDC reaction suggested that over-expression of this enzyme more 
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than 3-fold, may lead to an increase of glycolytic flux of almost 23%. However such 

an increase was not observed experimentally; furthermore, experimental observations 

revealed that more than 10 fold increase of enzyme activity after addition of 2mM 

IPTG slowed down glycolysis by up to 25%. Given our calculations, this indirectly 

confirms earlier suggestions that the protein burden effect indeed might be a serious 

side effect of over-expression of enzymes possessing little or no control over the flux 

in E-D pathway. In Z. mobilis enzymes involved in fermentation comprise as much as 

50% of total protein (Algar & Scopes, 1985), so the protein burden effect might be 

even more pronounced than in other microorganisms where wild-type levels of 

catabolic enzymes are not so great. Nevertheless, according to calculations from 

model data, simultaneous overexpression of PDC, ENO, PGM below the protein 

burden threshold has the potential to increase the glycolytic flux up to 25 % (6.6 

g/g/h). Moreover, since ATP disipating reactions possess major control over 

glycolytic flux and at the same time are responsible for ATP dissipation under 

uncoupled growth conditions, overexpression of H+-dependent ATPase within 

physiological capacity, making growth more uncoupled, might serve as the 

appropriate strategy to increase the glycolytic flux in Z. mobilis. 

This clearly demonstrates that in silico metabolic analysis could serve not only 

to understand better Z. mobilis physiology but also to develop efficient metabolic 

engineering strategies avoiding the protein burden effect.  

Accordingly, the latest results of Z. mobilis modeling achieved at different 

scales, by combining stoichiometric, thermodynamic and kinetic models of central 

metabolism illustrate the relevance of in silico analysis for microorganisms producing 

biorenewables (Please see the review article in Appendix). 
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5 CONCLUSIONS 

 
1. The respiratory chain of Z. mobilis contains only one functional NAD(P)H 

dehydrogenase, product of the ndh gene. 
 

2. The electron transport chain in Z. mobilis contains at least two electron 

pathways to oxygen that are simmilar to the respect of low-efficiency of energy-

coupling.  
 

3. Inhibition of respiration stimulates Z. mobilis aerobic growth partly due to 

reduction of toxic acetaldehyde in the media. 
 

4. The absence of oxidative phosphorylation activity in aerobically growing Z. 

mobilis primarilly results from insufficient degree of energy coupling between the 

proton-motive force and the F0F1 type H+-dependent ATPase. 
 

5. By using available kinetic parameters and incorporating reactions related to 

ATP and NADH metabolism, for the first time the kinetic model of E-D pathway was 

built and deposited in bio-model database. 

 

6. The developed in silico kinetic model of the Z. mobilis E-D pathway was 

able to achieve good agreement with previous experimental studies both in situ and in 

vitro conditions, therefore having the potential to serve as a basis for the development 

of models for other microorganisms possessing this type of glycolytic pathway. 
  
7. MCA revealed that the majority of flux control resides outside the E-D 

pathway, suggesting that glycolytic flux in Z. mobilis during the uncoupled growth is 

largely controled by ATP consuming reactions. 
 

8. The model identifies set of enzymatic reactions overexpression of wich 

might increase the glycolytic flux in Z. mobilis. 
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6 MAIN THESIS FOR DEFENCE 
 

1.  The absence of oxidative phosphorylation activity in aerobically growing Z. 

mobilis primarily results from insufficient degree of energy coupling between the 

proton-motive force and the F0F1 type H+-dependent ATPase, preventing its switching 

from ATP hydrolysis to ATP synthesis under conditions, when a rapid substrate-level 

production of ATP takes place in the E-D pathway. 

 

2. There is no specific „metabolite tunelling“ required for the E-D pathway to 

proceed, and Z. mobilis, in respect to its central glycolytic pathway, can be adequately 

described as a „bag of enzymes“. 

 

3. Major control of the rapid Z. mobilis catabolism resides outside the E-D 

pathway. The pathway is largely controled by ATP consuming reactions and F0F1 

type H+-dependent ATPase in particular. 
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