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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 FoF, 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.



KOPSAVILKUMS

Fakultativi anaerobajai, Gram-negativai, etanolu producgjosai bakterijai Z.
mobilis ir nozimigs biotehnologisks potencials. Uzradot augstu no biosintézes
neatkarigu katabolisma atrumu, Z. mobilis bakterijas ir uzskatamas par tipisku atjugta
energétiska metabolisma pieméru. Liela méra tiesi atjigtais energétiskais metabolisms
vai citiem vardiem, atjiigtas augSanas fenomens padara So bakteriju par potenciali
izcilu etanola producentu. Neskatoties uz to, atjiigtas augSanas mehanismi lidz $im ir
nepilnigi izpétiti. Turklat, lai arT Z. mobilis piemit aktiva elposanas k&de, tas primara
loma lidz galam nav skaidra un visdrizak nav saistama ar energijas razo$anu. Sis
disertacijas meérki bija (I) izpetit Z. mobilis elpoSanas kedes strukturalas un
funkcionalas ipatnibas un tas saistibu ar atjligto augSanu, (II) konstruét Entnera-
Dudorova cela kin&tisko datormodeli un ar ta palidzibu skaidrot Z. mobilis strauja
katabolisma galvenos regulatoros faktorus. Darba iegitie rezultati lauj secinat, ka: (I)
Z. mobilis elposanas k&de satur vienu funkcionali akttvu NAD(P)H dehidrogenazi un
vismaz divus elektronu transporta atzarus uz skabekli, (II) pateicoties zemakai
acetaldehida koncentracijai vid€, elposanas k&édes inhib&Sana stimulé Z. mobilis
aerobo augsanu, (IIT) viena no elposanas kédes funkcijam iesp&jams ir saistama ar Z.
mobilis aizsardzibu pret endogéno oksidativo stresu, (IV) Oksidativas fosforiléSanas
aktivitates trukums aerobi augo$as Z. mobilis §inas ir skaidrojams ar nepietickamu
protondzingjspeka un F(F, tipa H -atkarigas ATFazes energétisku sajigsanu, (V) Z.
mobilis glikolizes atrums tiek kontrolets ne tikai E-D cela, bet gan galvenokart ir
atkarigs no ATF patérina, kas atjugtas augSanas gadijuma dalgji tiek nodroSinats ar
FoF, tipa H'-atkarigas ATFazes palidzibu, (VI) ATP patér&joso reakciju aktivitates
paliclinasana Z. mobilis fiziologiskas kapacitates robezas var kalpot ka efektivaka

stratégija glikolizes atuma palielinasanai E-D cela.

Darbs ir izstradats Latvijas Universitates Mikrobiologijas un Biotehnlogijas institaita.
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ABBREVIATIONS

ADH Alcohol dehydrogenase

ACET Acetaldehyde

AK Adenylate kinase

ATPcons ATP consuming reactions

A.U. Arbitrary units

bPG 1,3-bisphosphoglycerate

DCCD Dicyclohexylcarbodiimide

E-D pathway Entner-Doudoroff pathway

EMP pathway Embden Meyerhof Parnas pathway
ENO Enolase

ETOHcy Cytoplasmic ethanol

ETOHex Extracellular ethanol

ETOHexp Ethanol transport

FT-IR Fourier transform infrared

GAP Glyceraldehyde 3-phosphate

GAPD Glyceraldehyde 3-phosphate dehydrogenase
GF Glucose facilitator

GK Glucokinase

GLUCcy Cytoplasmic glucose

GLUCex Extracellular glucose

GLUCe6P Glucose 6-phosphate

GPD Glucose 6-phosphate dehydrogenase
HCA Hierarchical cluster analysis

KDPG 2-keto-3-deoxy-6-phosphogluconate
KDPGA 2-keto-3-deoxy-6-phosphogluconate aldolase
MCA Metabolic control analysis

PDC Pyruvate decarboxylase

PEP Phosphoenolpyruvate

PGD 6-phosphogluconate dehydratase
PGK 3-phosphoglycerate kinase

PGL 6-phosphogluconolactonase
PGLACTON 6-phosphogluconolactone
PGLUCONATE 6-phosphogluconate

PGM Phosphoglycerate mutase

P3G 3-phosphoglycerate

P2G 2-phosphoglycerate

PYK Pyruvate kinase

PYR Pyruvate

Ap Proton-motive force

q Specific rate of glucose consumption (g/g/h)
Yxs Aerobic biomass yield, g (dry wt)/mole (glucose)
u Specific growth rate (h™)



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.



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 a-ketoglutarate dehydrogenase, succinyl thiokinase, succinate

dehydrogenase, fumarase (Dawes et al., 1970) and malate dehydrogenase (Bringer-



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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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 ef 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. ' h ™!
(Rogers et al., 1982; Viikari, 1988; Jones & Doelle, 1991; Arfman ef 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) ' (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 FF;-
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 (Ap), 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; Strohhicker 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 bc
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complex and the cytochrome bd - the only one so far identified terminal oxidase
(Kalnenieks ef al. 1998; Sootsuwan et al. 2008). The known Z. mobilis genome
sequences lack regions homologous to any known bacterial cytochrome ¢ 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 bc)
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 ef 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 ef 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.

Strain Characteristics Source Publications
Zm6 Parent strain ATCC29191 LILIILIV,V
Zm6-ndh Zm6 strain with a chloramphenicol insert in the ORF of respirator Kalnenieks et al. I, II, I1I

type Il NADH degydrogenase gene (ndh) (ZMO 1113) (2008)

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

Zm6-cytB Zm6 strain with chloramphenicol insert in the ORF of the cyto-  Strazdina etal. I, II, IIL, IV, V

chrome b subunit gene (ZMO 0957) of of the bc; complex (2012)
Zm6-kat Zm6 strain with a chloramphenicol insert in the ORF of catalase Strazdina et al. I, II, III
gene (ZMO 0918) (2012)
E.coli IM-109 ATCC 53323  LILIOLIV,V
"Promega"
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 liter): 5 g yeast extract, 50g
glucose, 1g KH,PO4, 1 g (NHy) 2SOy, 0.5 g MgSO,4 * 7TH,0. Media for Z. mobilis
mutant strains was additionally suplemented with chloramphenicol (30 ug ml™).

E. coli IM109 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
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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 1
working volume, containing 1 1 of culture, and a dilution rate of 0.18 h™'. Aerobic
conditions were maintained by aeration with an air flow of 1.5 1 min™' and stirring rate
300 rpm. Anaerobic conditions was established by gassing the culture with nitrogen
gas, at a flow rate of 1.4 1 min™', and stirring rate 100 rpm.

E. coli IM109 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’
! Cells were disrupted by 2.5 min long bead-vortexing in in the desintegrator at 3000
rpm with 106 um (diameter) glass beads. Typically, cell free extracts of 4.6-4.9 mg
protein ml”' were obtained. Subsequent removal of unbroken cells and separation of
cytoplasmic membranes by ultracentrifugation were performed as before (Kalnenieks

etal., 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 ¢ peroxidase activity was monitored by the decline in absorbance
at the a-band of ferrocytochrome ¢ at 550 nm on addition of cell-free extract and
H,0; (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 pO,and pCO;

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 °C). 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 1.

Carbon dioxide production by cell suspensions was monitored with

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

2.2.4 Determination of H,O, production

H,0, production by cells was determined fluorimetrically by monitoring
Amplex UltraRed fluorescence during its reaction with H202, 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 H,O; in

5-11 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™ 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 pL 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 ', with a resolution of 4 cm '. 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 (caf).

Praimer Sequence Rest. Site Gene  Corresponding strain
Zmndhl  AGAGAATAGAGGGGATCCATGTCGAAGAAT  BamHI

: ZMO 1113 Zm6-ndh
Zmndhl  ATCAGTATAATRAGCTTTAGGGCGTAACA  Hindlll
Z.m.bl GAACTTATTATRAAGCTTTCACCACCCCCT  HindIll
Z.m.b2 TTGAGCATATCAGGATCCCGTTCTTTTCTT  Bammul  2MO99S7 Zm6-cytB
Zm.dl ATGAAGCTTCTTGGATCCTGACCCATAGTC — BamHI
Z.m.d2 TACCCGTCACTGCTGGTAAGCTTGCCGTGG  Hingun  ZMO172 Zm6-cydB
Z.m.catl AAGAGGGATCCTATGACTAGACCCAATCTT — BamHI oo o Jinbokat
Z.m.cat2 GAAGCAGCAAGCTTTATAACAGGCTATCGG  HindIll
eml TTTGCTTTCGAATTCCTGCCATTCATCCGC — EcoR1 ot Jinbokat
em2 CACTACCGGGCGAATTCTTTGAGTTATCGAC  EcoR1
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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.

Praimer Sequence Gene Gene Product

:Egg:f gg?:gég?g C(i': ggg gﬁ;{/{gé? ZMO1732  Alkyl hydroperoxide reductase
ST ooy e
ggi:rf Eéiié?giﬁ%giii?éﬁié% ZMO1571 Cytochrome bd subunit I

gapdeh f  AAGCTTGGCGTTGATATCGT

gapdeh r GTGCAAGATGCGTTAGAAAC ZMO0177 Glyceraldehyde-3-P dehydrogenase

igi:f é;?g%?&ﬁgggggggﬁ;ﬁi ZMO1211  NADPH-glutathione reductase
s TIOMGOOTEONT e G

igﬁ:f ;giggéggézi]%i};ilgg (C}}TC C ZMO00256 D-lactate dehydrogenase
Egg:f ?,? (?AA(? CGACE"? gAATA GA GATFI;,CC/;(C}}%G ZMOI1113  Type Il NADH dehydrogenase
I;Zi:f gé?:g:ﬁ:gégﬁﬁf CG AC GG (?(?CC ZMO1573 Putative iron-dependent peroxidase
E :ig:f EETA]:FCGCAT]?FEGC g gzgi[{g?g A ZMO1136 Cytochrome ¢ peroxidase
rmfA_f ATCCAACCGAGGAAGCAAAA IMO1814 NADH : ubiquinone oxidoreductase
mfA r ATTCTGATTATCGCTTCGGC of RnfABCDGE type, RnfA subunit
zzg:rf ggggggii%ﬁﬁ?gggégﬁgi ZMO1060 Superoxide dismutase

Igiirf ?;FSSTngigéégcAi(éi];Tg C ZMO1142 Thioredoxin reductase

ms TTomsocicacoore

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 CaCl, 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).
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Table 4. Plasmids used in the study.

Plasmid Characteristics Source Publications
pGEM-3Zf(?) Amp' Promega LI
pBT Cm' Stratagene LI

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 HindIll and BamHI sites of the multiple cloning site

pGEMndh :: cm pGEMndh derivative, carrying 1.3 kb fragment of pBT with 0.7 kb Kalnenieks et al 1
of the chloramphenicol resistance ORF inserted in the Agel site  (2008)
of ndh

pGEMb pGEM-Zf(+) derivative, carrying a 1.3-kb fragment of PCR-ampl. Strazdina et al. II
genomic DNA with the ORF of the cytochrome b subunit gene (2012)
(ZMO 0957) of the bcl complex, cloned between the HindIIl
and BamHI sites of the MCS

pGEMbD :: cm" pGEMD derivative, carrying in the Agel site of the cloned gene a  Strazdina et al. 1I
1.3- kb Agel 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- amp Strazdina et al. I
genomic DNA with part of the ORF of ¢yd4 (ZMO 1571) and the (2012)
whole of cydB (ZMO 1572), cloned between the Hind 111 and
BamHI sites of the MCS

pGEMd::em"  pGEMA derivative, carrying in the Agel site of cvdB (ZMO 1572) Strazdina et al. 1I
a 1.3-kb Agel 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 HindIll and BamHI sites of the multiple cloning
site. Lacks EcoR]I site in the MCS in result of elimination of an
0.35-kb fragment between Eco241 restriction sites of pGEM-3Zf(+)

pGEMcat::cm" pGEMcat derivative, carrying an 0.8-kb PCR-amplified fragment Strazdina et al. 1I
of pBT with 0.7 kb of the chloramphenicol resistance ORF, inserte (2012)
in the EcoRI site of the cloned gene

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.
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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 uM (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 F(F, 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 uM intracellular
NAD(P)(H) pool, detected in Zmobilis by NMR, without taking into account
NADP(H) (De Graaf et al., 1999).

NAD' + NADH = 4500 uM (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 *'P 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 (Strohhécker et

al., 1993). Initial values of the maximum velocities (V) 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 V'
values used correspond roughly to the same physiological condition of the cells,
where according to *'P 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 Vyvalues 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 d expressed in percents,

0J v olnJ
! =27 2 100% = 27 100%
6’02‘ dJ (5l7’L’Uz (Eq. 3)

in which v; 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,

> ¢ =100%

(Eq. 4)
in which the summation is over all enzymes 1 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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1

=1

r+x100 2 (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 S;, flux J and enzyme i:

oS _ G’ _ o,

‘T ¢/ T olnJ

(Eqn. 6)

The final term in the above equation results from the terms Oln v; 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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QSj:J .y AS]
’ AJ (Eqn. 7)

In this paper, we determine the ATP:Jgycolysis cO-response coefficient with respect to

ATP:J ;
ATPase, i.e. QATPQ;Zywlysw 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
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O N esa, 1A TUTRINY SCCTALON Of Vs FoNTeSabes Dy Corrbaing 1 T

cudoredactase ). Most probably, some of the genes that
encode key components of the respiratory cham sl sl
Mertification, in partikule those of e oniduscis)
tornmng the putive I, decsion: tramspart branch
Serican ambiguition can B¢ notod when the gomcenic
Information is compuend 1o the cvsting beochomical data
on e oopiratory debydrogenases Sor NADH and NADMI
Serohdicnher of of, 1990; Kalnerschs of ol 1996, 1998, Seo
o of, 2008), Thos, akhough the wie | enargy-coupling
| Kalocruichs of of , 1995) and Linctic paramscion foe NADH
odamon o mombesnes (Kalnersels o o, 1996) sogpen

peosence of the NADH ooamplex L sever.
thebess the six genes of the 2 madils genemne encoding the

Brveod |13 Hovenber 2007

Acrepbed T Nowoetmr 2000 Bucton of stetidebyde 1 el
Zrmomonas wobls 0 3 Goame-negeove  Scultatively
asscrobic bacteriam with an cfficiest aad very rapadly
operimg Domsethanel  fermentation patieey  (Rogens
o of, 1982). Focomnbinumt 2. mobdis capable of wmslta-
toous fermentation of pertone and bovose wagan b
regarded s having grest promiise for fadd  athanod
production Sem wood hydrolpates (Dhies or of, 20000
Not surpeivisgly. the formentative catabolisn of Bis
bochriem has bomn sudiad in great detall dee o In
potential ol wgnificance (Vidari & Bary,
IO Conway, 1992 Speenger, 19960 However, masr
wacrtantion il perddt In our ieg of the

undentandicg
srectiee and fooomon of its deciten tramspon (hain
| Kadnemieks, 2006 ), IMMM&.W

{Soeohdeicher o al, 1995 Kalnerwoks or al, 1996, 1998
Accordingly. the geaomse soquenie of 2. modis (Seo of wl.

tormeinad oddase and the & complex (Ca): cysachrome ¢

putative NADH : shigquinone axddoradictase complex do
ot Dear Domelogy % thane of the awe operon of
Exherichia ool They appear 10 be cosdly Bomeclogous 1o
the genes of the mf operom, encoding & recently discovered
mabwane dhectron-traagport compex, which s lmvolved

in cdectron tramport %o nd i e photonyrehetic
Rbodobocrer capodanm (Schmedl o o, 19951
Caenes Sor the type I NADH I, and for

MJMNMPIMWMMM
annctated m the genome, bt the activities
in e roprmory chan have so far met been identifind.

0070082 © 2008 SGM  Proted o Gowwt fnaen

35



U ¥aromehs and othem

Electron tramport in Z mobd provekes special interet
becavse of s sl physiological  manifestation.
the cptoplasnc membease of Z mwobiks carries

typecally well below 10 g dry weight per
mode of ghacose (Belach & Scoer, 1965 Bringer of al, 1984,
Packovs e al, 1985), I is not chesr whether the povpiratory
chain per s plays any sole in the enerpeticn

chectron-Sranaport
explain the Tusction of the respiratoey Chn o Z modsli,

Ropirstory koochout mutests have contrbreted greatly
w0 research on bacterial dhociron asspont during the bt
two docades (Calbhoun o of, 199% Pooke & Cook, 2000),
bpig 1o revenl the srture and  encrgy <ospling
efficioncy of pantkulie decton-transport branches. To
oer 00 sowpirstony meutssty have wo far boen

of type B INGAL The mutant shows profounsd alicration
of the respuraory phumetype, namedy & deamatic decrense
of the ropirston eade aad pot an mpeoscment of the
ToDC grosth capaciny .

“mmumaammd
Plasmid pGENE- IR + ) wre poschusad oo Poossaga. Sorain M09

Table 1. Puamcs weed o the sudy

i wd s e et B dosay of e scombensen plaenidy. 1
bl ATEL 29w (200 we mwmtomed and cubiven] o
doxrbed porviendy (Kaloersdha o ol I9RN 0000 Puenide
coowraod el weol in e prosont woek sec Indod m Table ) L
ol wae raadormed by the GO, precedae o dowirded by
Savhond 1 o (19 L wvinhs was trersbarmnd by dotrogeresen

:
é
:

culterr vobumw, on & Suber ot 129 5 pom, or i 2 Laddoos lermonner
(edars) of | | wadbung wolimnt with s Sow 25 1w ' and wivnny

oo 130 g | ") yae oo (55 1) potasienm Slvdvegen
phosphetr 15 £ 1 U0 ameemnen sl 10 g 1)l sapewne
g 185 g1 ") pIE S5 To cnmpure oo of e

onypen vobumetric man irendier cooliodt (K s ' s dover

pramersT phesphane
o anlline, RS, sl Serapind by Sebstepraton with dbvmive
Quary beads, 125150 pm dumwnce. o & hoosagenar o 1000 rpm
ot AN mwn Seperanem of (el + e pork I
doscrbed proviondy (Kalnomidhs o o, t90).

Ansiyticel methods. Coocommmen of duoieed carpE wm
eendetnd by Clrb typw onrgen e A swbn bevidde lnpdd
dvomod wan wead in the formomer, snd & RaSlomaur decarede wirh
o hrmmevienad deitrmde ool for anagen wptele messsscmsents
wndiod ool or peenbane vende sespevsiovn. Trhancd Concrmrnm

S Lagete
POEMLZN & 1 dwnatow, carvyng o 10 A3 Sagent of POR ampllod prnnic DNA with  Prosest wwrd
Ot OFF o the ndly growe Jomed btwarn Bhe [Hnlil] and Bandil st of the maltiple

PUEMadh domsative, carrying # 1.5 &S foagmsont of pOT sth 0.7 46 of the Moramphoncnd Proest seck

Plesed
POENE TN + ) Ang'
parT '
TN
e
PN om'
romance ORF imserted in the Apd sar of nlb

Sowrce
Preewegs
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anaved by the ghainet saidew sertunl o dewtind pervimaly
{Kanonks o o, 20000, Pretcn conconmason ia membrane smples
was determmmed sierding 20 Maksrd o of (150 Cll comrning.
Sen was Severmiaed w O and dry ool mas of D sapunsves
war olonlatold by scloremce bo 8 cldesteon curve. AR rosdts e
wetans of 0 Mt Beve wplcmn

Arephfication and donmng of ndb, eing pGEM-AZE « )
plasssd vecton, and the strategy for constraction of the
ndh-deficiernt 2 wobsl strain was cnereially She wne o
o previoudy for conmrtion of & s deficemt -
dcobel debydrogenane IADSE B activity ( Kalaenieks ot ol
M6 The amplificd 103 kb DNA fragssers, santing
I8 by upwtream and ending 32 bp dewsssvam of the
ORF of Z mobdu adh, wan double-digestod with Semiil
ond HondlIL s was directonally Gosed detween the
Rawtil 3nd Hoadil] restriction stes of the multiple choning
site of plaseniad pGEM. NI+ ), yickding plasimid pGEMadh
{Table 1) Masmid pBY was digewsed with Apd (B4T1) 50
obasin Sree fragmenms, of sppeoaimatdy 16, L) and
O3 kh The 10 kb Apd digewmon fragmens carried the
<hloramphermcol sosistance dctermmmant (459 bp ORF of

Apd roaticnon site Bat was becabond in the ndb msert
Afer dgesticn of pGEMndh wih Agd, the 1365
fragraennt of pBT was dosed n the middie of ndk 1o yield
plaured pGEMady o, Plaseid pGiMndh :om' wan
oxd 10 tamboemt 2 moddt by dectroposstion, and
odmhnhw'«mumwﬁdoum
Flate containeng chloramphericod (30 pg md '), Seversd
woloties were screenad for the mlh : om” penotype by IR
on the genomsc DNA templase with primen Zmondh! and
Zmandhl.

EMect of adh dissruption on the respiratory oxidase
activitios

s on the pespiratony oxadise activities in eyt
preparations obtained from culieres of e Zms sod the
mutast wdh;;ow’ under vanous condions of
sczation are proseried in Big. 1 s with previous
data (Bringer o7 of, 1964; Kim ot al, 19951, NADH axidas

pa)ﬁ;hkadrm-m
mihnh‘aulhuxnlr‘ i
wunity was dose 10 03 U (mg membease protan) '
w\mmmmmu—

mately dosblod whm Zmb was n-hhmvwnh
M(&MHQMQM: ”.M
M-ﬁu(llm .nul-l 1 Minar o-lacvte

onidme (Kaloerscks o ol 1998) aad Pocooe onide
acovithes (Srobhdescher o1 al, 1990) weore abo desecrable
P of e were libewise mducnd by sevation (Fig I1h <)

Remarhably, dswwption of ndk by omscrtva of the
Aboramphenicol resktance determinant oesehied (0 a sl
Jows of NADH and NADPH caidase activitios in the reutast
ol poevobranes under aF tessed CUlure aeTation degaTes.
However, membrane fom sutamt odb grown ender
soraed condiions everenpeesad the membeane 0 lace
cxidass | Fig. I8, ¢} -Lactate onidase sctivity in aezobically

y [ —

A AT el O MM WO L D WASH MDY el B

FIg. 1, Autsty of 1hn resperatiny sesiliins o samdeass (ragaisions, dtarad bom ol of Tod fubie han) sl iy oo’
(acdod bars) Cuivaiod snsercteoally (Al sevobically on & shuber (bl and serobecally wih addtoned Quang with ar (2] (see

Sert for detain) Ot arw mears & Sew

e R e ]
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P03 W)
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Pig. 2. Ascbic Bafch culthation of 2n8 () and och o’ (A) n
& fSooveter with contreces mondorng of PO, (1, Ine; 2,
ool

A reght
the cpteplamic lactate dehpdrogeease, and then reonadined
bry the pespiratony

of “lactate shuat’ for NADH reuxidation. However, the zate
of oxypen uptake o the mtans strain is very how (e Fig 2
and Table 21, indicasng Jow acwwvity of the putiative botne
shust, Funharmons, NADH reccddasion in the replaatory
chain of gycelyring Z sabils has an obvicuns akeraative «
the Bighly acove akobol devpdrogerase reaction. The
increased D laciate onidase activity i The malant strain
under amobic conditions, mu-. mighs Bawe some
ofher, wo far usknows furction

Our sovadts indicane that the ndb pene product & the sole
fusctionsd resparssory  NADIPIH Sebydrogmase of 2
mobiic On the other hand, the caiting kisetic dats
(Kalaenicks or al, 199%6) s well a0 groome mfoomation
(Seo ot of, 2005) soern 10 vappect the proence of moee

than ose NAIXFIH &chydrogenase @ 0 cloctron:trame-
Pt chan, Knerk andlysis of NADM  oxsdaon in
menbeane preparations revealed two componmits with
diferemt K, values Sor NADIE (Kaloendeks o1 o, 1990),
The spperent K, foe the xtivity thet peevail in
anarobecally grosm colls was found 10 be chose 30 7 pM,
o for the energy <ouplng NADH dehydeogenae complex
1 E oold encoded by the wao operon (Mataahita o of,
1987; Leif of af, 19951 The spparert K of the other
componers, prevading 0 serobially groam odls, was
arousd &0 M (Kim o of, 1995 Kalnericks of of, 199%],
which s 2 typical value for the encrgy non-generating type
1l NADH v enoodad by ol (Yagi 1991). M
provene the mechaniatic bads for the observed ‘mae-boe' (or
the how - K| componcnl seomts obscore. bocame: (i) the Z
mabils grmome dovs Bot contaln any sequenoes Momolog-
o o mw, aed 1) o Semomtrated in the proct woek,
maxtivation of ndk chminees e eatire

NAUNFPIH debydrogenise activmy in Doth acrobsd snd
ansrobic coltuoe.

Mmmmm
NADH-specific (Yagh 1991), yot the ability to oxidear
NADPH in the repemary cham his deon porad for
wveral backeria For € gltomacum (Matvorkita o of,
20005 ansd for Avosodacter vinelondy (Bentsona of of, 2000)
# wa demcastrasmed dhat NADFH oudstion in the

hedpag 10 cope with the cxdative siron scoompanying
nfummenion peocesses (Wang & Maker, 2004, The
potative furxton of the MAB hoesologee is Z sl
has ot been mvestiganed wo far,

mentoring of pO, Remarkably, Ndh defichoney In 2
“m—hd-uhc_dh-n-yd&l: |

Tobie 2. Acrcbic ywida and speciic rates of owypen commumption of Z mobdls strees Zreé and nah ;- cor’

Viwhds |nonobic biomun yiebd, Ty g dry wonghe pur meole ghacons commumed and ool yedld, ¥, g thanol synthotand per § ghacesr commnad |
o clodanad S vaty watoeary- Pl Oltuses (9 b s Leocalaten ) grewa 18 the bosesne. The il satn of wipgmn cosesnpces (Q), ,
peod ooy oy et e g ey weght | roler b wadiod ool seponeees 1n 100 M phosphune baier (p81 A% vt addod ghucoe or sthanod

[EL LN C PPy

| ) |
| Stran Yeu Yon Qo ghwconc) G, (ehanel)

- Sdyitmigownd™) Gohed gooun} N gdrory Redr) |
= aiges 012 (2080 A0 | 2 000 008 ( 0y

‘ e ow' LEARR P O s ANl |20 0o |
" Martmbogy 168
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cell yackd normaliand wath rapect to ghacose comumption
(Tabde 20 aned stinvabamon of sevebic growth. The st
strain abo grow vebatantialy Gater han Zima, 2t the end of
mwmmm.wm

Siormuns concenaration (Fig. 1), However, the downabift of
7O that occurred dening Bhe growh of Zmb was b
Leger than dhat som in the metamt, ing a higher
respianon i of the paoent culture, ingly. the
mutant culture showed an moreaed scrobic cthanol yeld
1 Vs Tabe 20, Dexause moor seduing egquisalcns were
Jivertod tosaods cthanel syathos. A axpected. the oxppen
wptake rane of & winhed b 0w’ Ol seperaion was Chose
to seto (Table 21 No oxypes won could be
derecned with ethancd, saplying that in Z sedshs, ethancd
suidation proceeds wolely via NAD * -dependent akobol
debopdrogpenases. The remuning sepiratorny activity of cd

In generad, the acsobic growth of the ndh-deficiont mutest
srain pesomidies Dt of Zioh (0 the presone of Cpanide
(Kadrerocks ot o, 2000, 2005, However, the ooalis
abained wid The «h Lefuien! munant sor boss ambaguoes.
and belp 1o draw 2 moce procse puctuse of the aerobic
prowth stimudation of Z molvio, Cyarade trpially cousald
the growth wimulatscn of Zmé afur a profonged big phas,
when, Sollrwing an eutial period of complete isbelstion, the
Te-emerging rewpiration svached 30-50 % of the reparasca
taie i the conmsel calbare | Kalnenichs of ol 20000 Hesce,
an importamt question wan it (1) dees the stimulating
ot rouk simply fom ishistson of the bulk caypes
cormemption, o (1) I somse speciic, energetically efficiont
=d cpusideroount branch of the ropenory e
coneebating %o the amebsc growth! O proseat pesalts
with the sfh::on’ strain &nd 1o seppoct Se firut
Anornanve, because the axypen sptakoe (i the metans sarain
woakd be too low for any meawerable impact of oxidative
phosphaonylation. We therefore sugpest that the obwerval
dovason of the acrobec growth rate and biossas yakd (Voo
of 2 wodils does it reselt Brom extrs ATF penration
oxidative phosphorylation, but ecosn whenover the NADH
Bun is redivecsed from sespiration 1o athumad systhesis, s
that low acctaldchpde, the toxk procerser of cthaaol
(Wedker & Zall 1987, b sccumudatad is the culture.

The key role of acctabdchyde wan reiafooved by the prosent
fodog thee vigarows aosston (hypervesslaon) of the
shalien flak culkures of Zme the acrobic growsh
rate. As described e, the Dandh culivations in shaken
Bakcs were carried out vader strictly saamobec conditions
(passing of cubsares with osygenfoce nitropen  pasl
amobucally on the shaler, and scrcbically om the dhaker
with hypervesslation Usder strctly anscrobic conditoss,
the prowth curves of Zmb and wih::ow’ weee wdmitical
[met shown ). However, the sevebic belaviour of dhe 1vo
sraime dffored wabstastially (Mg 30 In dukm fada
without Bypervertdation Zssé sccursulated acetaldelryde
and grow mach more dosdy thaa the mstam. As the eardy
sationary phase, acctddchpde concestraton  resched

- W W s e

3 “ ] ] 10 2
T 00l

Mg 3. Aecbic batch cultwation of 2ol (A, B) and ach o’ (5,
0 = ahakan fasin 2 230 rpm (A, &) snd o shalien Rasha with
sddnon saition w1 1 1 e (80D

I mM (LA g U L I the mumant sirsin, due % i Jow
rosplaation e, accsmslamon of acetaldchyde was ney-
Tphie: its concermration af the end of the batch caltivation
&d st ecend 06 M. Hypervernlaion of the shakes
sk cultuzes harely sficctod the growth of ndh:: oo, yet
mw.ﬁdmmm

both hyperveatilated cultures wan bow: 0.5 mM for Zmt
d“-ﬂhd somd’, We may coadiude that cither 2
Jow oate of acctabliebyde pereranon Las i o ow’) of an
cfficint removal of acctabdchyde (an in the Ryperventdatod

Belaion, L P & Sesan, L € 0081 blne of anwim
PardoCumaits vo gromly vwbds o Srmmmomis mdbdo | Ra hves 09
L9520

e S ]
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3.2 Electron transport and oxidative stress in Zymomonas mobilis respiratory

mutants
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Abstrat  The efancd prodecing bacteriom Zimewsonis
mlis o of grost ierest from a Movserpety perspective
Dovnse, Alough it has & very Bgh sespinony CapecRy .,
he resparstony ssiern Joes ot appear o e privnarily
roguited fix cocrgy comorvton. To investgate the repe
Mation of sospirastory pencs and Taaction of cleciros tram-
P Deanches in Z adiln, severad mstants of The commmn
Wikl nype semn Zod (ATOC 29191) were comansciod and
wadyred. Mutaent s w it o Corsrnphenionl seuisiame
deteromnat imenod m the peocs onooditg e cyhnhrome
& subanit of e Ac, complen (Zmh< ) subeeit 11 of the
cytochrome I lerminal oaidase (ZimdcrdB), and in the
cataloe peoe (LZeohdor) wese comtructod. The oyl and
cydB ragtants had bow rogetston capacity whea culuvated
sucrobically, Zah-cpdlf Bckod ¢ cytochoome d abeor-
bonce o M) nm, while Zmboyrlt Bad vory bow spoctrad
sgrals of i cynxhvomes aad low catalee acuvty
Mormever, anader acrobes gt condiions, the arspiration
copacity of e mtant colls was comparable 3 that of 1he
pooont sran The catabine metation O aat affect aevobes
grondy, bet readered cells sersive o hvdropes peronade
Cyiochoomne ¢ peronklase vty cosdd mot be desecsed
An ugeegdation of sevenal ool depeadent  oidative

Communicannd by Covgony Cock.

L Souwdes 7 Konsle N Gebnss & Rokie

U Kalnomchs 115

Sttty of M ndudogs smd Dot tewdoyy
Untvorses of Laovia, Krvovabds bosde. & 1584 Mige. Lavie
ownal b ¥ G

K Pook

Deparimendt of Videodar Badoygy and Baney hoobogy
The Unnarty of Sheficld. Frsd Const, Westorn Band
Vel S9N X

VRS PIOMIVE AT Win obwarvnd I8 an acsedically
prowing oy masaos Seficient w 1ype 1T NADH debyydoo
penuse (ZmbGadh) It is cvnchoded S B¢ eloctron 1rams
o chaie n Z modils comtsine o least Two elecion
potivways B0 onypen and Bl one of s Sanctions mghi he
10 Porvant endopenons oablative dress.

Cysochroene i - Cytocheome b,

Iatroduction

Lymoosowar mebilis is 2 [acaltstavely arscrobic, obligately
fermentative backruum with 2 Bighly active cthanol fer-
mentation pathway (Rogers ot b 1982, 2007, Sprenger
19960 Neverthelow, 2 moldlls possawas 33 active, con-
Mstative acroles rospansoory chasn (Strabadoachor o1 al, 1990,
Kalnonkoke ot al 1995 wpgerting onypen uptale canes
subssancially Bugher Paan those of Socclarowser cesrnts
whiw, B herichba coli. o Presmbomnonas panils (Kalnensel s
2006, Sovowwan of ol J08) The physisbogy of acrobid
choomon Iraspont w0 2 endWie i umesual for Dacena
Adboegh the Cytoplasimic memdease of Z medviis carmies a
Tosmonad IWATP sysase comples (Reyes and Soopes
19900, and soo groscmg cells and menbeane preparations
o enddative phosphony Lo sosvity (Kalsenicks o o
19935, the bacteriunn Joes fo use s respintons Chan 0
sappty energy foe acrobic prowth in the munncr typecdd of
scrobic buoenos yackh of Z sodils d0 ad evcood e
srucrobec yickis, which arc typecally arousd E-10 g &y Wi
(ool glacosc) ' for batch cubtuees growing cn rch medla
(Bclaick and Scncy 1965 Briager of al. 1984). ladood,
rospizatory metabolivm o slidiory for growd bocasse of

Q Springe
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the sccummlinnn of acetabiedyde and other wonk Bypond
s Vil 1986, Viskaos and Berry 19550 and & sines-
Mion of scrobic gromih i evidient when resperation
i by additon of cyanide M sabenilhenodar conces-
rationn (Kaloomichs of al 20000, o on mststunm of the
soxpiratery NADH dehrydroponme (Kalnerseks ot o 205
However, the reasoss for the low cnerpetic cfficiency of
sespiration in prowig £ modvils are st cles

The otparszation of sesparsiory componcets and (he
owtes foe clectove rasalicr (o cayges aoc oot Bully resolved
m Z mobiis, bet R 1 shows 2 cumrest workoag model
Theoe is caly one funcsonad ropestory NAINEH doby -
dropemne in the £ modlls clocton tramgont chan,
Beloaging 4o the type U respirstory deltydrogenane (N
famdly (Kalocsseks ot al J00K; So0 ot al. 200%; Yang ot al
00921, and oely coe termizal cytechromg Moype quinol
onkiae hun hoen ienaiad o Lar (Kalaonsks ot al, 1995
Socovewan ot 3l 00K The kaomn 2 sdils gosone
OGNS COMMA gens eaonding a Cyanirome Ny oo
Phen and Cysxirone ¢ (Seo et wl MOS; Yaag ¢t B M0y
Kowrvels et al. 20001, yet bk sogaences hoosedogons 1o any
Ancoren Boosersal cvichrome ¢ oskline penes. Soutsrnan
ot al 1 2008) peopuomed hat the <ytochrome i, beadh mont
Shely o terminsted by & cytocheoese ¢ pesoadane. o the
Cytochronne ¢ percandine pooe s prosent in (he peecene. In
the presemt wovk, we amnad W ivestigane We Tamtion of
Cytochmoree A and e cytechrome Moy Ccomples i resps
ration, and 0 find oot shcther the cytochroene b, complen
supphcs clectiom 0 a cyticheoese ¢ posoaidune.

Escrgy pescration m (he contral, yot ot the wile fanc-
Gon of bacteridd cloctron ampont chasms (Poolke asd Cool
2. The scrobac sesparation s baciena gononion reac-
ove spocaos of oaypem (ROS) (Geeualer-Hlecka and
Demple 199%), bar muay abo pootect the ool micnior from
meleculy oaypen (an demonstrated for amroges-ficieg
bacreria, a0 Kelly er al 19900, and 2o from ocadative
stress by divenag checooss froem sdrogen peronede-gos-
waieg  setions (Kordenos aad Brday D000 The
POSeAtd (oMY et ] ROS peotectne sodes
of the ehectnon Irasegert i 2 aodalis, s 4 phrysodopiosd
adernative W onadative ooy pencration. we of iskeres
Dot s T have sfinacied Tinle sncomon

M\ 8, ¢ 0,
m-b/Q,.-bu-bo,
e
Ve ! e voslel of srspereney (hae o -\

A vowie S0 snygee via cytechovose M o ovaabed sl sppeeed w
i warh. The s of sy othr i adiw s whaonn

© Syrage

To abiress these problems, we hive camd omt 2
compardive sindy of respestion. and regelanm of respr.
by and ROSposcctive goses in seversl 2 modally
rradants. nancly an NSb-deficont sirsis, o drmn debcient
in e cytochrome b wbenit of the &y complen, 2 sitan
deficucs ie the wabornt 1] of the cytochrome & ermisal
onadase, and & csalasc-defciont straia. The rowis dom-
oastrated sigmificant effects of the knockost mstatons =
cytechrome I and is Cytcheoree Ac, complen on resgi-
ration, vet &d oot verify the proscsce of & Otochroese
© peronidase activity, AL the same lime, s uespoctod
plerotropec effocts of e rowpiratory pese mutsliom. wese
ohnerved

Materiads and methods
Bacronial strades, pleansls, aod mamfonmaon

Enchersohir col IMMD and plisosid pGEM X200+ ) wene
poshased from Prossega Sraie IMITE was el o De
ot Sor dhoming of B secombinant plassids. 2 modilly
ATOC 29091 (Znds) and its teasand derivalive, deficiest
1ype I sospiratery NADH debydrogenase (he ndb matast.
Zivhnde) wore mamstancd and coltnatod s Sewrbad
previously (Kalsesieks et al 1993, 20061 The plasorads
and sirsiem. comtrated and wad in the present work ae
listed in TaMe | E oot win mmfoemed by the Ca(),
provedere dowcried by Sanbeook ot ol (1959). Z aodilis
wa trassformed by cloctropoeston (Lissg and Lo 1994

ICR, cloning fochmgacs, and mwtant coasnction

Ciomormic and plaunsd DNA bolation froem £ modvils wese
performed ax defore (Kaloomicks o al. 2006, 2008 The
£ motviis camalase pove (2. molNiin S04 gonome soguence,
locws tag ZM0 (V5K) was ampliied by TXR sung 0w
powny pair Zmcs !l (ANGAGGGATOCTATGACTAGA
COCAATCTT) e Zm o] (GAAGEAMGCAAGETTT
ATAACAGGCTATOGG). The eogineentd resarktion sines
for Bondll and MndTIL respectively, we wnderlined To
obviain & e defective in the bt peoe (Zmbdat). e
LASAD sepion of the chromonomnad DNA costuining he
Kar ORF GIMO 09150 was aropdifiad. double dipested with
Sl and JonllIL, snd dieectionaily chonad between e
Suen 1 and WnTIT sestriction sites of the oltiple Choneg
sie (NKCS) of plaserd pGEMIZH 40 Is addon. e
Ecolt] ste was somoved froe the MCS by climnating 2
03540 fragreeed between the Ecoldl revisction siies of
POEMIZI 4 ) yieMisg plavesd pOEMca (Table 1) A
(LEAD fragment of plasered pBT (Table 1), comtsining e
69-bp ORF of e chicesepbenionl acotybemiorae
pone, was amplied wang 3 posncr pair wilh Looll wnes
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Toble | Plsmads wnd stnmen
d - e ey

Chacxcwmeacy

KM o’

S s

Tty ¥

Ang’
o

PCEMIE ) Seyrvane, camying o | A0S Dageeet of TUR anpldind
ponorsec DINA wieh e OR) of B cyvcheome b sabmt pose
MO 075 of B e, vomplen, dhntd Setwoen the Mt and
Bl wacs of B WKS

FERMD Serivaave, camying In e Apel e of B choned gone & 13-
D Agel reviratom agmend of pET withs an 8 T 4D chbhnwmphenscod
sovaance ORY

PEEMZ5 + ) donvatove. curyng & 13540 Yagoest of ICR-
ampbiied proeemic TINA wnh purt of the ORF of cdd (200 1391
= B whole of crd N0 15T choned Metwoon e M and
Bl wics of e MK

FERMM derrvmrve, cxrymg i the Apel wie of e o CEMKD 55T &
ERAR Apel mvtanion Dagewnd of pIRT. wih s 07 0
<hiormephensced rewtamce O8F

FORMAZE « ) domeateve. (1) camying » 1405 ngmos of IUR-
apbiind gevemnis DNA with O ORF of e catalane grow (72300
G181 chomod Sorworn e Ml snd Sandf 1oy of e oouple
whomang s (20 bahing ool v in e SICS s et ot
chomnstun of o 035 AD fragmeest hetoern Eoo 2l st inm soes
of pGEN-Y2S 4

PR vivwive, corvying s DR AS PUR amgdind Trugmand of
PET wvh 0.7 &S of the chiorsmghoncod resatnce CRF, srened s
e Bl i of e coaed pone

Parst wram

Loty viowm w5 ow et e ORF of sespeomory tpe B XATS
dogydragenies gone (ndh) (O8O0 1IN

Loty vhowm w4 ow’ maert in e OFF of e cybonbonmme & sdvanst
powe (IO 0937 ) of the I, commplen

Loty st wilh 3 on' weinr e ORF of e whbnat B 4 2Y) goow
MO 13771 of e vyvtomme A terminsl sasdoe

Lowts whowm wilhs a om’ imsert i e ORE of otsdane grne (700 0908}

L)

Prosow sk

ATOC i

L WL
Prrwve woob

Prowe wonk

Prvow werk

Genderiiocds onl (TTTGCTTTOGAATTCCTGOCATTC
ATOOGC) sedd e (ICACTACCOGOCGAATTCTTTGA
GITATCGAGHE The PCR prodact was dgesicd with
EcoRl ssd imeniad in e Ecoltl ssic of B¢ choned Lat pene.,
yichdng plasenid pGEMcat-cm’ (TaMe 10 Thes plossd
wan wod 0 tramform 2 sobils by cloctropoestion, asd
homolopous recombirants were sloctod om plates coe-
taining chiceampbenicol (120 yg mil ') Several colosies
mmﬂh&ha’mhﬂmh
gomormic DNA teosplate with primens Zmcatl asd
Zmcul, mcntion of e chlorsnphomicol scusance
descrmenast | (he catdlane gone was venifod by soguenc-
my the CR poodct.

The porw eacoding @ oytechoaw & sebone of the
soapiratery cham My complon (F aobills ZAM goscome
soguence, oo tag ZMO (957) was ampliiod wdng the
prmer par Zmb] IGAACTTATTATGAAGETTTOAC
CACCOOCT) with the enginoesnd sine for JhmdlTl under
boed. wd Zm b2 (TTGAGCATATCAGGATOCOGT

45

TCTTTTOTT) weh the BamHl sne sodoiond In Be
Z modilis ZNU pevomse senotation. the expecsad prodect
of 2MO0 (957 & described as ‘cytochrome bt doman.
contairing proteie’ of Be cytechrome Ay complen. ZMO
(157 s homsobogrus 4o e crdf pone of B¢ tawoncenically
refated Sphumpobuion Japomicu; thorcfore, by analogy. we
nured e pone ‘ol To comract 3 oAl mstant
defective in the cytochrome & whanit of the &y comples,
the 12640 scgion of the urvenonornal DNA contsnng
the geoe ZMO 0957 wan amplifiod and closed as descrbod
foe the catalase gese coastnxct, yckding plasasd pGEMD
(Table 1) PMamad T wan Sgovied with Agel (RATT)
obeain throe fragmenss of approximately 1A 1), and
O3 k5 kongths. The | 545 fragmens camiod the ORF of the
o0 of pIT was choson bovasine plasmsd pGEMD contanad
only oo Apel veuncrion e dun was bcalved n Be
Choned ORF of the (a8 gese. Alwe Spesten of pGEND
with Agel, the | 3E0 foagmes of pBT was imsenad i te

@ sprroge



and

muddle of the choned gene 10 saeld plasaed pGEMN om’
(Tabdle 1) Toassformoation of Z sl and screening for
the matation wese done ety ao described foe the o

pone.

A LSSAS posorsic DNA Sragrsent. with part of the gene
encodiag he cysochrome b saborst | sad e whole of the
oo encoding the cytochrome & wbeeit 1l (Z websiis
M4 peoome soguosce, booas tags ZM0 1571 and 230
IST2), was svplfiod, svng e prencr pait Zm dl (ATG
AACGCTTCTTOGATCCTOACCCATAGTC) and Z 2
TACCCOTCACTOCTOGTAAGCTTOCOGTOO  with
the eagirecrod reatrictxn wites for Bamtil sod Mieddil
sexpoctively, endertined. In order to dhuupt sebune If of
the cytocheome hd terminal cnidne. the smplifod | 4540
DNA fragmene, comtamung paet of 2300 1571 (homologous
150 the nA gone of £ coll) and the whaole ZMO0 1572 ORY
homalopows 10 9w WV pose of . ool sospectively ), was
dipctionaily chonad n the MCS of pGEM-NIA + ), vieMing
plasensd pGEM (Tabie 1) The plasmid pGEMA contained
a siaghe Agel ressnction sie, whach was ovddiaed i 230
1572 Fanber steps in the ordB matant Comnaion were

of the chlomampberacol resmtasce deicrmmmant = e odft
pone was verified by sogacaciag the FOR prodact.

Primen for FOK reactioes wese supplicd by Operon sad
Ivaroges. PCHs were camod oot @ an Bppendod! Mas-
tescycher, wing Formentas ToyDNA polymcrane. Over
DNA sungpulsion wore dooe v docnbod peeviomly
(Kalacwicks of al. 2008, wing Quapen s, AR DNA
comtricts woeee confirmed by DNA soguenong. doae by
Bochmun Coulter ponomics

Primr padrs S 16 gemes (Tabde 2) ware dougned o give
PCR prodects of 200 C£5) bp agrh. As RNeasy Min bn
IQMpen) was wsed for MRNA pariicman. Revene
wrgnan v dose wih e Revenn A Prossan Fest
Swad (DNA Symhesis kit (Fermennss), and Manion

Wable 2 Gonen wnd v

g primsy poi ased Gene peadect Ueow Mimen Soguonces V1%
for GRT-FCR smalye AR byebrqersine snhe lane a0 oy SO gpvian e as
oy - LD gy |

Cosle DO wn e | WFPEgEreTupy
by A jamaa fa L

Cyvmboims M wbmin | DD 51 ol S gash gy ganiy
Ubyvonbdehyde L I doty Grogommse o i | O Frgan 5
iy PR UG sax

NAD ghaaham toda. lone 0N et EELababag g g L g
P PO TIEON T

(itwrdenm © 20 e vt P L Py S
. AU S P -

e Sy Sopoasn )3 il g ST YT
L Ipsa Tap wesmpre
Type 1 NADI debpdvopenae Pa PRIRE) ot B s 31
o r e L]

Plkive wvam Srypwodod v blase DD 35T pof o sbapup sy (O
oy B =

Cyrochoonse ¢ pormasdnc N pot L T
pol s COMGELTEC AT ARG
NAIN st b Lnd D AL A e f aefs aaad
Soperriade b I e | B ] & A
ol TR Ak Amf Gy A

Thesvdoas noda tin Fat tRIEN e f agocmgagggeg
-y Mok g A Ly ang slap

Theonbae D vy s Wipaasgyap wEIY
o P S 1 2 s ol

U g
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SYBR preenROX gPCR Master Min (Fermentas) wis
wsed for the POR. The quantitatove seal ane PORs (4RT
POR) were cumnod out i duploste in o sodd Gime thermad
cyeler (Modd TMID, Agpliad Biowystemal In order o
Comppare pone trasscrpion betwoen the strams aod culy
vaun condbions. gRT-PCR dats & all canes were oore
malised agusst the ropoctive amounts of CONA of the
shoomaldchiyde- S pbophate debydropenme  pone (200
771 Chosce of ZMO 0177 as the Boushocping” gene
for Z mobilis win jusifiod by the dats of Yang of ol
(N0, showing (hat trasscrpton of $ais pone s coat-
e, and w ot affociod sgmficaatly by scration or by
accumulation of metsbolic oad products

Continoous cullivation

Continoous colthnanon was camad o in » Ladlors fore
ey (Iafoes of 250 workiing volume, consaineng | 1ol
oulng, & NIC, pH 60 and & Aleties e of OLEN"
The prowdh medim commained ghaose (20 g 170 yeast
et 15 2 1771 and mkoeral salis. as described previously
(Kalncrsehs of al 19931 Culivations were staned usder
macrodie comditons and estalNishad by gassng the colture
wilh amrogen gas, comaning caly trace amsouts of ony-
gon, it o Bow e of 1.4 | min ', and stisring saie 100 rpen.
Dueing e steady wae ander these condithons, the
wctabodom was sty msacrolid ethand yicdd s the
paseal drsin Zind seached 049050 ¢ ¢ gleoose ' jchme
w0 the theoretical maviomn valoe, Rogers ot ol 19521 and
0o scctalchyde coudd be dotociad in e modum. When
the anscrvbic woady sste had ostablishod, serples were
taben for GRT-PCR, o well as for peoduct smalysis, aod for
whole-cell caypes spake anay, calase, and poronide-
pomeraton avays. Aler (hat, acrashon wan wantod with an
ar Sow of 15 1mia ' and stimisg rate 500 rpen, and the
chomoutat wan rus overmight. 3 sook gypecally 12-15 0
ach B avrobec wioady wate, and o that posst. mpling
wis repeated. Dering the aovodis wcady stae, the parent
sirain Zost peassntannd pO) D¢ Tormenter avosnd 0. 1%
cthunol yiedd seached A5 of the Dhooretical i,
wnd 02 g scetabiehpde ' wis present in the medin.
corresponding 0 4 moderstely  serobid mtabolisn of
Z mobalis (for seview see Kalnemeks 20060

Preparation of cell free evrats and medwane vesic ey

For peepanstion of ool feoe exect. celils were sedimeniod
by comrifagation o S000 rpen S 15 men, wiohed, asd
rovemgended m 1O mM potasaen phinphate bufler, cos-
tuvieg 2 oM magnovem wllse, ptl 69, 10 an 00,
of dbout 40 (afier omrection for Glutions meavrad in &
Sharradiy spectophotomcncr ), comespoadiag 1o 3 boman
concemrason of 6.8-T0mg (dy wi) ml ' Cellh were

beokes by Sonin wlracsonsc tresmmemn with pubses of
055 Jernation, separsied by 055 imervels, wiag 4
Dy, Hichoher shrmons: provessor. Typacally, cell free exn
racts of 4649 mg peoten sl ' were obtaised. Subsegoest
rereoval of sebwolen ccls sl separation of Cytoploeic
mcrebrancs by diirscestrifegation were podformed s hefoss
(Kalascmichs ot ol 199), 9950

Cynxhrmene specwomdopy

Rooss tessperatare rodoced mumss cosdaed  (ylochoonse
abworption spoctss were (dhes wieg membease sanpios
(1) o 2 pestein comcontration of S-6 mg ml ' with
el wnoents of wlad dihsortie & codectant and potes-
soats Serticysonde i cosdant. Spectre were reconded witk o
Conton bl SDES Sud wavekngth soarming spockopba.
toenctet (Uaivenity of Posasylvaia Schood of Medicine
Baoenoducal [nremsentstioe Cooep and Corrern Do,
Phladciphia, PAL o downbad pecvicealy (Kalnericks
of dl 1WEL The tamccoune of cytechrome d redactaon
alter addtion of NADSH wa recondod by rapsd, repetitive
waoming | the wawekagth mage between 610 and
(40 am, udeg the Sol-wavekng®h wanning specsopho-
toeneter, The Segree of cytechrome o reducown was <al-
cudased as the average value of B aburbance Afferonces
Mowavelong® padrs AN 1A wad 6350 am

Ensyme amay»

Catalawe activiry | oell-Swe cxmxcts wan avayod spec-
trophotomsetrically, by monitoning absocbonce docline at
240 pm (Goeualez-Plocha aad Domple 19941 Oyrocheoss
¢ P ativiey was mosiiored by B¢ daclie 0
absarbance o the a-dand of fomosy s hronw « & S50 am
on adduion of ool free extrmt and MO, (EDSSE
Sownines 1970} Glatsbime sodactase aUAMY was mea
wared by decroane of NADIM absodance @ 30 o on
#dnon of onsdued ghesatbions (GSSG) m the presesce of
permeabsliand colls (Bergmeyer of ol 19745 The ool wese
permcabslisnd s descrbad geevioanly (Kadoenscks o1 o
005, folrwing a shghly moddiied peocedere of Ownm
e al (19T

Asalytical methods

MO, peoiaction by colls was Sotermined Seorenaincally
by monitring Ampien UlmaRed fecnoscoone dwning &5
reaction with MO, caalyeod by honseraded peronidine
(Kondenos and Imley 20104 Flaoresoonie wis theasnl
wih & FlooroMand spectroBuocimcter  Oobvn- Yvos),
wing Seom wavelength for exvtation, and S20am
waovekogth fiv cmision To quastisie the pescrstad

@ sprroge
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Bydropes peootide, Maoresoome 1ocrease was calibratod by
sddinon of | oM HO; ie Sl increments. Edhancd and
ghoose = cobtare meda were desermenad by HIPLC
CAgdent | 100 series), ming » Biovsd Assoey HPX-ETH
column. Acctabichyde coscestrabon v determined by
the akubol debydroponase amay, s described previounly
(Kalnerecks ef al. 20004 Concentraticn of disobod avy-
gon wan monioend by Clark-type cayges eloctrodes. An
smocdavabie [ngold dectrode was wsed in Be formonicr.
s 3 Radoencter cloctrode with & thermontaned cloctrode
cell foe oaypen uptale sscanromnts i ool or memboane
veuiche vopemnionn. Wholle-cell onypen sptake wan mea-
sered for cells taken from wcady-ase culturos, pelioncd
wabod, and revespended in 100 mM phosphate butler, pit
6.9, spphneneod with 10 g ghecose 17 Protin conces-
watkon & celh-Bee extrats and swwbrase samplos was
docomned  accoediag w0 Markwell ot (197X Cel
COBCemTon was Sescemingd e O aed dry orll mass
of the sspendons was caloulated by reference w0 & oale
Deateon curve. Resalis woe mmeaes of of Jeast thvoe seplicstes.
SEM valees ae given as omor hars in the fgures.

Rewalts

Resparstory peee repulation w e NADH
delvydropesme defoionl drain

Frevicnly, we have Scrocentratod that the adh metare
LSl grows serobucally with very Jow saie of roaps-
eaicn and high otumel yicld maching bigher homasa
concemtratons S the parest vizan (Kaloomicks ot al
KL This w confrmed = the whole-cell sovpiration
avays of Zimbadh shosn @ Fig 23 Here we stediod
PORpratory gOne Crpevanion i3 Sils matant 3ad showed that
« Affered vgmiticantly from B2t of the parene Zaah and
ofer straias In Zmh spon wansion Trom assorche o
0D Culinure condions, e transaripton of OlA (I8N0
FATHY was Jowmreguisted 12600, yot wanscription of
oot ey pones Wi e affeoed  sipmicanty.
changing bess D twokodd (o shoaml T the sevodically
grown Zatondh stram. the AN pene (ZMO 0246) envonding
the membesne Dlactate deindropenae and oA were
aprepisied relive 10 TS (Tadle J) sepportng owr
prevites vbnenaton of the devatad actvay of mesdoane
elanate onbdse I an scrodically prown adh et
(Kalocrneks ¢t ol 200 However. the hnochout of he adh
pooe O ook alfoct pamscripion of myit (ZMO 1814} In
Rhododocser copoalovur, this pene oacodies an alernative
NADHehigqunose cuadorodictase, which i o pant of »
mombrase complex sapplying cloctrons 0 atrogesase
Scherchl ot . 199)) In Z ewbiliz o fuscson s
usknown.
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Notably, we found some isdications of ouidative steem
in scrobecally growing Zmbadk. The pene, encodng
Puotarodonss 2 (ZMO (0N pox i Table ), was spoog-
wiatod 60-5old relative %0 e parest wrain, the thhorodom
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pone (N0 1097, 1y s Tae 1) was uprepuiaed sbawns
Avefobl and the Ovoredonin rodctme pene (ZM0 |2
dor in Tabde 3) maore than twefobd. As m e ofher matant
sirsins. the pese onooding superonide dimsetase (ZM0
100 soud) was vpsepalatod mose thun throelodd relstrve o
Zats. Nibough we Bd st soe any chaspe of glutathione
redectase (ZMO 1211 ger) tascniption, uader scrobec
prowdh condmom, the uysw was moee actne B the
Zats-mdh siexm. 0030 U (g dey wid ', vervas 0000 U
(mg &y wt) ' Zeob (ot shownl

The seaperstory chatn i (he cytochroese S
sad cytechrome Ao, masanes

Anccrobacally celtnased cells of the Zobcvdll wesn,
uader uske condiions In potasans phospBate hafler wap-
phomvecd with 1% ghacose, had insgnitcast oxypen
wptake activity (g 720 Ths Seadeg contomed the pre-
viously postdased Gey rode of She Abrype serminal onblase
0 L modniin respirnon B s ie o poosd agrecosent wah the
ponoree dama (Seor et . DO Yang of o 200000 and s
supponad by specirescopie evidene {Kalncaxcks et ol
1996, 20, Sootwwas of ol NOS) dermmsraling
the presance of cytochenese B dodh in scrobically asd
macrobically prows Zmb cell. Uncypeciodly, bowever,
ey grown cells of the Zoste 18 strain slso hal &
Bk cort oAy pon Commrgiion teie (Fig. 2a). Farthermoee.,
when the coltares were ahiflod 1o acvobad growth cond
Goms, oaypen aptake oty in Zebod nd b o
sradually incremed (st shown). After 1112 b of serobac
growdh, B¢ rowpication rate of the matast celhs seached o
Sovel compandle 00 st of Zif, a shown n g 2a

Aotamycin n comadesnd 3 apexific inhbior of the
Cysocheome by complen (Trempower a3ad Genan 1995)
Antimpcin somutivity of 2 modlls snpuration has boen
moponted previoudy by Strobdecchor en al (F90) Mave we
compaed amticin  wessivity of ouges  epake e
Weiase preparations obtanad o acrobscally gromw
Lo, Loste s B, o Lonto B oolls, Theve was oo sip
WAt difTerence M MRy senstivity Deracen Znh
] ool (oot shiowa k. bewever, ihe 0B tatation
ocressed 1he iy on resistance of oxygen aptale in
merdwase prepurations with NADH & the clocoon domor
(Rg & wset). Seoh s ofect of the O mtn s
seretivity of respiraion Mol an ioheisir of the cyw
cheonne v, comples indhoates that part of edectrons in the
pospiradery Chain of the patesl siram b5 Irsmpooed o
oaypen via Be oytechrene Ac, branch

Redoced mimn ousdiood abworption spoctrs of <yt
choomes were roooeded in reersbrancs, pecpared froe cells
o slatoaury -phuase batch culiuers. The sewdiy peesertod in
Fig ) show that cytoplaenic mombeancs of anacrobically
culivated Zuh-cydff celly, as expocted, laked the

g 3 Badund s onidind Slfosone spevins ol oo
poopenscions. (1) Amsorobecally culuvasod Zmd, (0 sacrvibically
el Tt i s D) pevinaly culivsdnd Tow, (4] seviibgally
ovliestd Lot 1) smscrobecslty cnlrvvnd ZowtoodB Puset
nenyom Sraon of ouypos optds e wvedscally culvsed ol
mombesne preparstsms of Zowh (W Arvamgle ) amd Fmh i (W
e )

mmmnemucm

regwn @ ZoA-oll mombeases was weal; Sew wan
almost mo wignal iz the soegion of cytechromes ¢ and
b hotwoen $30 and 580 am, and 3o 2o

o shnorbunce ot 6% see. Susprivingly. the amoost of oydd
trasscrpd in e srocrobically calevated Zosbh-cntfl strain
wan just fourfold bower than taat of the asacecbecally
prown Zmb (Tabie 1), bt will Nghor than m acsobecally
pown Zod, ix wikh the abworhonce of cytoshoome
o wound 600 am was clearly proset (Mg 1) Likowiee,
sraerobecally culivased Zeteontll cells dked catalns
sty (Fig. Th wiile O maasaription of dw wans very
silar o thae @ asasemdically  veltvased  Zeobenih
(Tabde 31 im which catalase sosviy wis Righ The rise of
Tespiminy Copacity of e il msbant Juriag scrobic
oot mton win acooepaeicd by s msostue of the spectral
featores of cywnchromes (Fig. 51 sad of catline sctiviy
(Fig. 2\

The tenecoune of cytochrome J redaction wis mom-
mmmam»mmd
mersheane vesicko, peeparod from cultivated
Zints, Zts-cyoB. ) Zrvtr<vdB celh (Rg. 41 As expediod,

© Sprrnge
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wgnals wou mocoedod by pous G wanung 0 e wvCong® Degs
Dumwven 610 and 650 mon @ s v, sy adicion of 15 s

NADM o socmbs spomsin of membvsncs. The dopree of
oo  decian sas hes a de g of e abeorh
Alicsrnces st warclongth pars £304 14 and ANYRMS o

4 ik

o e ocrndvianes foore the Zando Wl stram, e spovrdd
signl of sedeced cyticheome 4 remained Clise W dete
daring the whode eapermncnt. O (he contrary. for Zas ot
alcr a shoet Lag tiese, the Cytochirvene o sbnorbunce reaschod
cven bigher level, dhum i Zeod, This Sncbng ssdicates Bl (1)
m Lol clocrons are divesiad ssore fowand (he cyde-
choome B scrmenad ocidase, Bue in the peovat sras, and
tha (2) | Z seblu, the oaxteome by compley and
oysochirome b soe ocaliaed is Afferene clocwon traspon
Deaachos (3s m other hactania with Beasched eloctron trams-
pont chane; soe Poole snd Cook 20000,

The ontff masare wan (e oaly stzzn in which A
(MO 1K19) wan up-rogalaeod relative o ZmA, under both
wurobls and acrobic condesons (Tabllo 51 However, the

oaly fesctional rowpirmory NAINFA detydrogesaswe of

2 modlisthe nype I NADVPH debydoogenase s
was expeessnd W Bie s level as o Be pareed san. s
The cvlB ronmaet, sofA was Soaneepalsned relative 1o Zenh,
while wene of the ROS postecive geses. Bhe thine of
cotilane, albpC ZMO 17320 ad gletshuone rodactae
(2M0 12110 were uprepulsiod ender acrobic growth
condsiom. For catallee, e fourfold iocrcane of gese
trasscripton did sot musch with the observed enrymatic
sctivity . In Zeshcvd, i wan the sarse o = Zeoh (Fig. 200

Properties of $ic catalase mutant and the sppasesl Lack
of cytochrome ¢ peronidase activity

Cysochmemne « peronadase w 3 peoplaumnic caryme, loosely
bound o B¢ bacterial cymoplaumis mombeaae (Goodbew
otal 1990 Avck and Kellly 2000 ). During @ propanstion of
cytoplasmn memmbvang voocion, part of it sy e loud, and
honce, euher ool fove exiracts o permseabslingd cells we
INer Chedoes S ¢ 3 0ox even « pevos ks asaays. Homever,
Z ooy oells possess bigh camalase activiny (Fig. 28,
WARA woukd isterfere wih the assay bry apidls remmnving e
clocros sooepior, HAO,. Therefore, & comlase st win
comstrmoiod with the prirse purpose of examining the sctivity
of cytocheomme ¢ peronadioe is cellfroe evieacts. Albough
catalne activity wan chose 1o pero in e T dat vitan
(FRE. 200 o Cymocheonse ¢ peromadase Coubl be detecsad by
the cvtochiome ¢ sy HO depondent oosdation of
eniernally sdded cyvxchmoene ¢ Sid sed oo in e el free
extracts of B¢ A eantand (aed shown)

s Fag. 5. the effect of millenoler H/0, sddtions spon
scrvbic growth of the Zivh, Zmb ot and Zoebs kit vrsien
s peeweatod. Al the end of the exponoatiad growth pluse of
suden sk culsees, the cells were sadimcmsad by con-
tnfugation, sesospendad in frod cultare medem (mdcated
by amoas) contaimiag vanoes coacostrations of hydrogen
peroide, and acrobie ol varos was seaanad The el
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shorw i upnoant Slference bevwees the semsitiv fies of
Lo sosd Zas o B 10 the adied HOn However, Zosh dw
sppeasad 1o be mach taoce valsetabe and Coased 30 grow
m the presosce of | oand 2 M HUO. Momimoeiag of
hydroges perouade docomposstion was dose for the b
e trassfomod %o e modiam with 2 mM HAO;. Foe tha
perpone, sareples wore tillen ot S-mis istervals, ooy were
opudly sodaeniod, and HA; wn detormised in the
sepernatant aseng the Amsples LlnaRod dye. a Zoohh and
Zats-cyiB. durmg the S mun after saler of cells indo the
Brosh modsam, the comcontestion of H0O, deosppad from
2 M o woond 20 pM, whike = e Lot metast, @
somsncd | 60 mM cven after M man of cullivation {nct
sharam)

Taken sogetier, heso Sata do not seppont the Tenction of
the cytochesene ¢ peroasdans (230 11 3) pone poadixct in
the dogradasam of Bydrogen peroasds and cas doul on
whether o fuscnonad osoacdrome ¢ porocadaos  toms-
ey the cyvochoome Ay dranch of electron rampaon s
L bl A1 the same e, raeripton of The oore-
spomding pene CZMO 1136) B ke place in ol sraies
Neiher scrathon v metalions exened signilices e
scriptional regalation over this pone. with ose caception In
wmacrobically coltivad cndB metare oo, the prec
cocadiag ZMO1 LIS (per() win dowarepulstod relsive lo
Zoots (Tabde 1)

Catalise deficioncy o the acrobically culivated Zavts
dovt oclls dad o grve fiae 1o sy coordnsted wpvepiation

of the sheramve perouadescavenging syvicrs. Alhough
akpC (ZMO 1TA2) aad the potative moe-dependest per-
oadase (ZMO  15T)) darmg O ssacvobic-io-acrobic

traswition of Zimd-bat were up-repudatod By Eacnes of shout
10 30d & respocuvely (Table N1 neither of themn cxcoodod
the saascripe fevels foend is acrobacally coltivased parcnt
straia, Aa almont fwefold Bugher foveld of wperoaide din-
mwtawr and twelodd hagher level of thaeodosin (2280
1OUT) trasscaigt wine acooenpensnd by & dueefodd Jows-
sogelason of ghaabione sodectane snd by 25 10dd Jomn
sepelanem of ghaaredonm i B Lt matant selwinve 1o the
atrobwally prowing Zmb,

Acrodig goosth paranctens of the Zavhehay sirais = »
chomostal dad st differ sipaificantly Troon those of Zinhh.
Wabed ocls from an sorobic ber st cubhse. wn-
ponded 10 phasphate hafSer with ghacose, showad o even
Digher onypen upuake rate than Bt of smwn 2t (Fg. 21,
i pood agreemmend with the Seaofohd acrodis upreplation
of sdh (Tabe 1) Cotaline deficiency did ot revall o any
significens chevation of HO, peoduction by the Zmb dw
siraia. Is ol stewan, the specific mte of hydropen pesside
crgert from fie colls wan found 1o be in the nasow rasge
of 3-7 ol (mg dey i) ' min ' e depended ncither on
the Belk cxyges comamption taic, nor on collare acralion
(20t dowa)

D unbon

Osypen dependent segulabon of pone capecvaon fepee.
sonts & tapedy cvelvisg Seld of rosemnch i mmacrobmology,
fovuwed brpely cn mdepth sbes of o fow spocies of
Z molalin is ot svong thers, and Jatde o bioran abost a5
rosporse W seralion. However, recestly & penome scake
Iratscriptomic snd metibolonic Mudy of seralios ie wikd.
type Z mobulis totrain ZM4) wan reponiad by Yaag o o
(20091 The suthon cxplorad e cffects of acration
batch cultivations. In ageocmont with oor preserst Sndngs,
these asthons reporiod acrobie downeegulaton of oA and
Ol and foend po significans oot of acratan spos ca-
alase, poroudang, seperocede dlurasane, and gletetuone
TOGKTMNG pore tramsripbon. Yet, ia comtrast %o the nopoet
of Yang ot o (00000), in Zints, we 84 ot obwarve sevobie
peegelaton of Wkyd hydropenanbie podectane ahpd” (ZMO
17325 thwadonin o (ZMO 1097), and the NADH W
Grnone osoeeductine sebunlt oA CZMO TELEL Ao,
e O ot see aerober dowrrepulation of s (ZMO 1113
I part, hese discrepancies might be duc o strnin Gffer.
ences, bt adsa Giferemn Revels of aerstion. For 2 medsiis,
ehancd Yield may serve o 4 rough estimane S celaee
seration. As meationed in “Matetials and mcthods”, in oo
woaly, B¢ ethanod yickd of Zaoh servbed chemostsl culoare
ik chone o 607 of the thoetonl manimun Yang ot o
1 20068 seponiod cely 27% of the marimen cthancd yackd,
which pounts %0 more Vigoeoes accaion | Bior acrebic
batch cultere. Fnally, we comparad continaoundy prowng
culteres 2 3 moderse ddution rate (D QEKh "), while
Yaag ev al. (2009) montly amalysod tasacnpson dffer-
ences dun they found s wationary phase culuses.

Oxr rovales soppon the penerald conc leson of Yang ot af.
(20056) Bt s growing 2 sedvic there e liete tran-
sorpraonal spapomar 10 changes of sranion por s, & last
concommng B sespiratory chain and the ROS prosective
syaems. The repulation of the sospirmary sl oaddative
SO PIAIIVE et T riptad in £ wedalls bs pouwly
wodertonnd, and  peobaldy  diffens from Bie  pesenlly
establishod ssechamurs G Geanocgune Gaullative
aracrohes, Yang @ al (005h) mpents & strong aevobig
wpeepslatan of O dernative sgme s el 2MO
07459, & MerR family repudascr (Z2MO 11211 and some
other patative repuliory clemenis. A1 the same time, the
Z modalis peromse lachs hosoodops of the vt sod sl
pones (500 of al 208, Yaag ef al. 20090

Here we dovnomirate that ropetstony ssstatons affect
Ihe servbec plrysclogy of thes Bactcrmm, i somne Caves 0
an wocpoctod muence. For the NADH dchydrogenane
matand, showing 3 impeoved acrobic growth capecity
(Kalsomichs of o). 200K, which pormuncatly kecpe
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51



o

Ak Miwovdaod 13005 VA 301411

Pespration rate bow under o groedh condions, seversd
ol dependient onidative s protective sy are
strongly uprepulsted in Be presene of ouspen Sech &
repelstory respomse W acration hus st been oberved in
other Z modwlis steaes with modiun or hgh sospiration
exte usder acrobic conditions. B i poodhie that the rapud.
yot encepotically inclBicxnt soxpirastory cham = Z modsi
belps to peevent caadative woooy = acoobecally growaag
culre. Furthormore, o boocost maation of the <yde
cloome & wabontt of the Iy, coenples 13 Z moblis gives
me o a complen, soaogeng phenoype, when ol
vacd endor asonuc comditams. Notably, the absence of
ytochrome spoctral features and catalase actrvity usder
thowe condtionm do not cowalt from Somerepulation of the
connponding genes. Puther rowarch v soaded o we
whether, perbaps, home hionynthesis or assemdly of home-
comtamng enxymes s affecsed i the matew wrain usder
onypen-bting condisoas

The abiiry of boeh acrobscally oulivated atants, Zavis
QT Lot cdB. 30 comsame oxypen. as weld as the
difference soen In the sy Cin semmivily of thelr resps
rtion, and = the Lisets of the ovdachrome o sodextion
with NADH, indecstes e poeseace of o least Two bramches
of clectron tamspuont in the Z mobelis sospirsbory chais. The
efiocts of the ol matatice cloarly demormine tha
Cynxhroree M o ivolved i clocaen mepont. Yet, the
appareal Mk of peaes fow other terminal onilases ranes
the imcipaieg peobien of what could be the natere of the
onidase sctivily sumifesdod in e Zob owd® sram. We
spocelate that e cytockrome ¢ peronadane pose peoadoct
mrght Suve an alormative eaidase activity. Comunxtion
= woly of 3 cytcheome ¢ peroudselodB doshic
keochout seexm could belp 1o venily this hypothoss. We
were not able ©0 demossirate aay cytechrome ¢ perosidase
activity, or sy relaon of the cysochuome My, Branch % the
hydroges pevocide rovetancy of e £ medWie ool
However, seoonely, Charoemak ot 31 (2011 roporned an
electron wanspart hundiaked peroaidaw aTiviy 0 &
dwrmtalorant £ medvlis sran We, therefone. conlede
tha the cynxbovrse « perosidase activiny migh lagely
depend om B¢ Srsin snd Celtare condions.

Obvivendy, cstalase w2 modviis plays o maiser sole in
the scavenging of endogescusly peocrated MO, sl o e
onical Sor amebig promth In pencrad, e pode of heowrd
Cualines 0 ondopenows HLO, degradation vanes. B
cumple. in Brafrbiselom Aposionm ooalne is the
primany dewnifier of endogenoudy prodeced Mydoges
porvaide (Paexcd sod O Brign 20081, aad scrcbec prowt of
the catalme-acpative srsin of thes Sockriuen » severely
wmpared. In B¢ puthopen Sspdnfcocows swrar, KatA
and AbpC' are masuadly cosvpemnationy, aad both cnrymacs
e reapomschic for scavenging of endogoscenly prodecod
HA,; WCongronve et ab. 071, Z sodils sccrmn 20 by maoee
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3.3 Application of FT-IR spectroscopy for fingerprinting of Zymomonas mobilis

respiratory mutants
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Application of FT-IR Spectroscopy for
Fingerprinting of Zymomonas mobilis
Respiratory Mutants

M. Grube, R. Rutkis, M, Ganvawre, 7 Lasa, 1, Stranksa, N, Galinina, and U, Kalnenicks
Testrinte of Microdvology and Biosechnolopy, Uaiversily of Lavvia. 1000 Rige, Latvie
Conogondonce soadd he sddroned o M. Carare. marcie 298 sboa Iy

Copymght © X002 M. Gret ar Al This s o open sccwes itk e dearinaed ender e Crvatow Comsnons Nubuton Lone,
whae b puvinds e sdn il G Sl Dasnm wnd Irpeiadin e s ey wendesn (eos aled Dw oniginad word e progey cod

Abstract. Z ssobslis ATUC 29191 s i mopursncey nockont st bar, sl ol and ondlh, wosr grown wnder
e wnd st condiens. FTAR qucinmcogs was wed b atndy S sartatimns of O ool s momdon el (ommguritian
Qussstaive soalyvis sSowed Ot B concomriemn uthon—maions acuds W bpade. for Z ssotels porest smin. B, sl
Ol and cr - e, oty Saguidnd I modi pane et dres (rom o xataes Scrnaives sd conssponded Luty well
1 the wapuntod degive of bon beveisal cimalarey Detuova the iene Two Sfvess FT IR sponva D Pacal  dover anady o
(ICAD s wenr omewnnd b Alevontaie 2 mdnlis pasent v st sespiramnry bnoniont metant strmms. BICA hased on
G hrmnst v et sangrs of o addvydraies, e beve s, wnd bgnde alomnrdd b v abunie e inBurmr of grom th eon o menend
Lnevuiem, prowdy phane’s wm the macromsdecula compundsom of (efh and Glerrtiste Bhe strmns. HCA bused om 1K spevrs
L e L T e e e N e N L
iy whaty Thons b ws shomn That FT IR spues Wromongny Com dhodimgunsh vurtoms arvatama of 7 sl sespnistory sactabudos
by BICA of boowtnss specn

Keywands FTAR spostisscogny, 2 deli, e wrey HCA onsdative srens

1. Introduction

Dycrmination hotwoen Sfferomt strams of mictoorganivms can be hased on the whele organam
bicchemical Sngporpristing. For that purpone, Fourier-tramdorn afrarad (FT-IR) sgecironcopy is oo
of the meshaods of choke, proven 10 be efficient for guannve malyss of the cel macromolooalar
compoution. FT-IR spoctroscopy 15 2 time- and chemscale-cnving hophyscal method that esables
charactenzation, scrocming, discnmisstion, and idestification of istact microbial cclls o cell
composents. Main advantages of Bus whole-orgaaism fingerpnnting method sre simall sample smousts,
d simple, ime-saviag sample preparation webout chemical pretreatiment. alloaing %o oddain real -time
mformmation about the macromolecular composition of cells.

It has Boen shown St FTIR spectroscopy Bas o sufliciem rsolation power 10 dstisgunh
between singlegene knockout mstants in yeast (1L Bacillas subaifis and its gerD) and perA metants
12), well-dehiacd discrimination of different phenotypes of Ssgpblococcss awrar o hgeid modia Sor
disgaoitic and rescuech purposes || FTIR microspectmoscopy of leaves was used 1o develop 2 napad
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method for soreening of mutane plasts for a booad range of cell wall phesotypes (4] and to Mentify
different clanses of Arabidopay metants [$] Latcly FT-IR spoctroscopy wan ssed o stisdy the bacteriem
Entervdacter cioacor asd seversd of its beofilm mestants [6).

For certaim reasons, resparstory matants of the Gram-negative bacsenum Zvmowonas mobilis
might represent special inteorest for FT-IR asallyws and sirsa Gingerprinting. Zymoosonar mobilis iy
& facultatively snscrodic. oblgately fermsentative Dacterieen with a highly active cthancd fermsentation
pathway. Ar the same tme. il possesses 2erobic respiratory chain, suppomag high oxy pes uptake rates.
Due 1o still enknoan sechamans, respiration in this bactersam s pocely cospled 1o ATP synthenis (7],
Revently, we have comiracted » type-[I NADH dehydropessse Keockout strais (b ) [S1 o koockon
of B¢ cytocheome & subwnit of B¢ by complen (cvall-). 2 knockowt of the subamt 1§ of &J terminal
oudase (-5, and catalme koockost (hat-) strmn (9] All those sstast straion e able %0 grow
under sevobic conditions, bet have datinot aierations of resplrstory metabolism 10 variows Jdegrees.
ARl Be suntant strams show clow indicasom of oxkiative stross: relasnvg 10 the pasene type they have
3-4 timses upregulated amcngticn of seperonide doamstase, @ menured by quantestine RT-PCR 9]
Appaently, the mochuise of axidative stress shoeld be different for each stran, as far as the slierations
of resperatory metabolnm diffor. Macromolecular componeats, analyzad by FEIR spectroscopy, like
ccll membrase lipids, proteim, and neclox acidh, are the primaery molocular tapets of reactne aaygen
spocies during oxsdative stress (100 Hence, o sm wirs 10 (mvestgate the macromolecular compositon
of these sosperatory mwtants by TR spectroscopy, to sog if it is possble %o discrimenate vanious
alcralicas of repuratory mctabolism by heerarchical clusier asadyn of Bomaas spectra

2, Materials and Methods

£ mabilis ATCC 29191, the type il NADH dchydropessse knockout stras (s ) (K], the knockout
of the cytochrome b subemit of cytochrome S complex (ovil-), the kaockost of S subusit 11 of &d
termdnal oxidise (cpalB- L and catalase Knockout (L) strsn [9] were conuractad, by dsruption of the
respective genes with the chlormmpheniood sesissance determimant, usimg homalogoes recomdnation
K 9} loocubum o wan grosn eader microacrophilic conditions in ligeid modium with glucoss foe
245 The batch culiuses were grown wnder asaceobic and scrobec comditicas = plastic 20 ml sestaebes
md i S0mi. ghass Mlasks, respectively. aod acrobes culltures wose stimed @t 200 rpn. Growth mediem
cortamal 20 . glucome, S g, yeant extract and museral salts, pH 6 and temperatoee + 0°C. Biossao
samples were collecied st eaponcntial (Th) and smionary (245} growss phases. Cells wese washed
twice weh Satilled wator and centrifuged. FT-IR analysis was performed usiag 515 jl of washed cell
witer supenuon powed out by drops on 3 silicon plate and dood atl T < SOTC, Absorption spectra
were recorded on s HTS-XT microplete reader (Broker, Germasy ) over the nnge 4000400 cm ",
with a resolusion of 4 om ™', Quamssasive analy o of carbohydeates, naclon: acuds, peotowns, and lipsds in
bicenass was carried oul as i [ 1], Data were procosed with OFUS 6.5 software. Hicrarchacal ¢luter
analysis (HCA) wirs ised 2 creae dendeograms from Z modaés and its Knockout mutast 1S absorpuion
spoctra using Wand's algorithm.

3. Resules and Discussion

FELIR spectra of Z owobviis ATOC 20191 parent type asd its mutant heomas grows under acrobec or
sscrobic conditioas were mnalyred by quansitasve asalysis and HCA.
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Companson of reconded atworpeson spectra showad changes of band profides i spectral regions
11401110 and 1665-1645cm |, Sun indicating difforences in the macromolecular companition of
pareat and mratant cells. Bands o 1133 (PeO; C-OL 1HS (PeO);, cartobiydimes), 1108, 1S1S (pootern,
NN of cvaming grosps. syrosise). 1521 INH Y of ssde-chain amino groups ). 1660 and 1657 cm ™'
(Amade L Faheet) changing $he shape and/or imtemitios wore used Sor dincramination [12]. The shafy
between IS1S and 1521 am ' specifics the changes i cell proteis composition depeading os the gromth
Conditions-—anaerotic arobis, exponeatial/stationary phase.

Quantitative aralyvis of all samples was dooe %o pan dats o the carbobydrase, oaclox acal,
proscin, and Bped concenirations s Momass (dats oot shown). Vistations of concentrations wese s
wide (2-8% depending on a component), yet well eaprossed analysis of these data showed Sat the cell
macromolecular componition depends on the promth conditions. In all strains liped concontrationm were
higher under acrobic growdh combitions han anscrobic growth. For exampie the costent of ligids m 2
mobls parent strain oells was 470 dry woight (DW) and 296 DW usder acrobic and anacrobss gromth
conditions correspondagly. 1t is known that the increase of bipid content iy one of colls peaponses 10
siress. The comtenn of total carbohiydrates was hgher s saunant strain cells sd wis inflecnced by gromth
conditions (+/~ oxypen, 7 or 24h). Foe axample, the carbobiydrate coacentration i Wl ansant &t
exponcaiial phane (afler Th) under acrobic cavisonment was 210 DW bot under anacrobic conditions
175 DW. Duta analysis of quansistne resulis showed St disoriminathon of pasent and musast strsas
can b based oo sucheic acid and liped concemrations s inoculum's oclls. As o concontrations of
noclexs acids and Bpids in parcent and sitast mocelusss bicenoacs weose @ variows proportions, thoir
ratho was wsed for the sorain Sfferentiation. Nuchele aosd to lped concenmmation rsthos for Z sodiils paremt
stram, dar-, e, cnl-, and ondlY- strains wore 6,95, 442, 538 S 16 and S 11 {10.F) comespondingly.
Notably, the valees of this ratao clearly distisgeishod 7. mobilis pasent strsn froes its metant derivatives
wnd comespondald Tairly well 1o the expected degree of beochermecal similamny beeween the strns. Thas,
the catabae knockowt straie differed froms all the respeatory chain mutasts. There wan mone wemilanty
found botwoen (vl and oyl stratos, cach with parsally dicupted cloctron trampont, thaa between
ciber of them asd adl-. having noar 2oe0 repiralion rae.

Nest step was %0 oreate HCA method for differontiation of Z medilis parest snd knockown
st strzion. 1 owas edablidhed that voctor noomalized, 2nd-denvative apectra m Sroe spectral raspes
1185950, 14531360, and M22-2832¢m ', were functonsl for HOA of all ssenples o various
growth conditions and phases. Thes deadrogram clearty showed two distinct clusters of aceodically and
smascrobically grows strsas. AN inoculuss samples of porent sad knockoul mutant strams were clearly
discrimenated sad formed oec vabcluier. These results showed thae the bhochermuical composition of
cells is mitocaced and can be changod by choosing approgwiale fermenmation conditions,

Sace the dendrogram of the above memtivaed HCA and geantitstive ssalyss dats din-
criminsted Z medilis parest and Ioockoul momesl wraim eves ming the spoctrs of moculuses,
mather HCA method was creasod The second dorivative mocslums spesara wore analyaed in
several rephom: 1665-1645, 154481510, 13011086, 12201174, sd 1120-1086cm ' 10 choose
the diagnotic peaks of regioss for HOA. As characsenstc were chosen two regions: 1120
1086 and | M1 -1086cm ", and s dlagnostic Togion was selectod | 011088 cm " incheding the
charactcrintic macleic acd viteation modes. HCA desdrograss (Figuee 1) desly shows dncramination
between Z modalis parent asd Knockeut mutant strams, diffesence between Lav sod respirsory
metants, dffereaces Sotwors sesperstory mutants and the wmibanity of ol and ol musasts,
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Pigure 1: HCA of 2 mobiVs ATCC 29191 and s knockoot mesast inocubsms spectra of 3 fokds
cxperiment (Ward's alporithes, Vector sormalization, 2nd &erivative, regica 1301 -1086cm ')

These resalts are t sprocment with quentitative asalyws dats and odimated from the matant
COMIraction.

4, Conclusiens

FTIR quansuane malyso showad vaasom of the coll macromsolocelsr composition depending on
the strain peceliarmes and groath coadmons. DNscnmination of 2 mabilis ATOC 20091 parent strain
sad £ knockoot sutast sirans can be basad on the et of meclac acid o lipid concentrations. HCA
showed 1o be effective for Z mobilis ATOC 29791 parent strain end respiratory Rnockout ssotest stresin
discrimmation oo the basis of inoculum BR-spoctra and indicated e mflsence of growth enviromment
(acration, growth phase) o the macromolocelar compostion of cells.

Acknowledpment

This work was sspported by the Project Ne. 09020710071 1L L ZOONVAPIANVIAAIZS Esab
habment of latviem Interdisciplinary  Intormmiveraty  Scientific Geoup of Sysesw  Riology,
hipoiwaww.syshiodv

60



Spocuoscopy: As Insermessonad Aournad s
References

[1] S G. Ower, MU K. Winson, DB Kell, snd F. Bagane, "Syssctsanic luocsonad snalysis of the yeast
gonoae,” Trends in Borecimology. vol. 16, no 9, pp. 373378, 1995,

121 Y. Chewng, ) Cui and S Q. Sen, “Real-time moaitormag of Bacllus sebtilic endonpore
componcals by alemsatod st reflection  Fouticr-andoem infrased  spectroscopy  Jducisg
peomination.” Microdvolegy, vol. 145 oo 5, pp. 10831045, 1999,

13] K. Becher, N, Al Laham W Fegeler. B A Provice, G Peters, 3ad C. Vos Eiff. “Fourier-
tramorss infrwed spectroscopic smalysis is & powerful wol for studyisg the dynassic changes i
staptiy lococous surcus small.cobomry vaelanes,” Jowrmal of Clinicad Microdisfogy, vol 44, no. 9. pp.
12TE-32TK 2006,

4] L. Ohben, N.C. Carpita, W. D Rener, R H, Wilwe, C. Jefities, and M. C. McCann “A saped mscthod
2 screes for cell-wall matams docrminast snalysis of Fourier amfonn infrarsd spectna”
Fiant Jowrnal. vol. 16 no X, pp. 585592, UK.

ISIO M‘imn Locomsie, S Pagast, and H. HBofie, "Clavatcation sad sdentfcation

cell wall metants wming Fowicr-Tramfonn InfeaRed (FT-IR) sticrospectsoncopy.”
Mh-md.ml 35 o X pp. 393404, X3

6] R 1 Dol Boni, A Smats, and 1 M. Pyhypiw, “Raped method for the determinason of 10wl
sososacchande in esterobacier doacac strains usng Fourser wansfoom infrared specisoacopy,”
Asverioon Jowrsa! of Asafynoal Chemigry, vol. 2, pp. 2122286, 2011,

171 U Kalmemcks, “Thysology of Zymossosas mobils some ursmvwenod questions” Advances i
Microdwal Phyniology, vol. 51, pp. 73-117, N06.

%] U. Kalnessehs. N. Galinisa, 1. Swanding et al, “NADH Schydrogensse deficiency results i how
rosperation rate and imgroved agrobes growsh of Zumomonas medilic” Microbialegy, vol. 154, no.
3, pp. U0, 20K,

I'JllSunlao.lek.N Galisina, R. Retkis, R K Poole, and UL Kalnerscks, “Eloctron srampon

and oxhianive sess 0 Zymosmonas aedills respiratory outanes,” Anchives of Microfedogy. In

oo,

L10] S. V. Avery. “Molocular sarpees of onsdative stress.” Biochemicad Joarnal, vol. 434, so. 2. pp. 201
2002001,

|n|M.M.M&m.nmw.u&m.nmmdw.m
dmm"twmm vol. 28, m0. 2, pp. 277-245, 02

[12] D. Navsare, “Bafrared specuroscopry in sscoobwodogy.” in Eacrelopedio of Anafvoionl Chemisiry,
RA Meyers, Ed. pp. 102131, John Wikey & Scas, Chichester, UK, 2000

61



62



3.4 The inefficient aerobic energetics of Zymomonas mobilis: identifying the

bottleneck

63



64



Research Paper

The inefficient aerobic energetics of Zymomonas mobilis:
identifying the bottleneck
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To imvestigate the mechaniins of Zymemona sofds uecouplod scrobic metabolom, growth
properties of the wildaype strads Zmé were compared 80 those of s rospiratory suutants ot and
o8, and the effects of the ATPuse inhibstor DOCD on growth and satracelluler ATP concentration
were wodied The offects of the ATPase inhibitor DOCD on growth and fatracelluler ATP
concertration stroegly iadicated that (Be appurent lack of onddative phospdorylation in
ascrobically growisg Z mebis culture might de caused by the ATP hydrodyzing activity of the
H' dependent ATPise in ol asalyned strains. Aceobic growth yechds of the mtants. and their
Capacity of oxidative ATP systhesis with ethanol were Cosely stmilar, Dot supporting presence of
o0e O, Yot eocrpetically inefflichent edoctros ramsport branch causing the observed poor
acrobic growth and ok of oxidative phosphecylation (n 2 medils. We sugpest Than rapidly
operating Eatser-Doodorod] pathwary peserates too high phosphorylation potential for the

weakly coupled respirmory system 10 shilt the H* dependent ATPase 1owand ATP symihesis.
Abbeeviatioar DOCD - dopcioheny karbodimide. Ay - peotecrmative force. 1-0 pathway -~ Estrer-

e e gt ey

Keyworda: M dopendert ATFase | Owdatvs phosphorylation | Mespesiony mutant | Jprmomonas mobds
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DO %2 1002 400m 201 J00850

Introduction

Symomorsn mebits b 2 Gosltatively asaceobic, ethancl-
producng  bacterium  that pomenes 3 comtitetive
acrobic rowpiratocy chain and M -dependont § ¥ fype
AlTasw [1-6. However, the tepiratory vyntem does not
appear to partiipate i ATP swyntheds, unce aceobic
biommans yiekds do a0t excoed the asucrobic values, which
are around §-10g dry wi (mel glucese) ' for basch
cultures (79, Earlier repoets sogoeting that scrobsc
metabolam i shilstory dec % the accumulstion of
acctaldelyde |8, 10, 11] do ot explain the bow yickd since
climinations of scctaldelrpde by air sparging dureg
scrobic busch cultivation increases £ mobdls acrobic
prowth yields 1o the same kevel with those obnerved
anaerobically [12] Az the same timne, oxddative phosphoe

Covesponsierce: T Marm Mubn. bathde of Mosbesgy and
Botecreciogy Unisaraty of Catvia Moorwaichs Dowte. 4 Y50 Fuga, Lnva

Proes: 300 Jn s
Fac: « 30Y 6004085

T 20N WLE Y VOM Vg Gt A Co MORA Tieatmen

g v -

yiation activity was demonstrated In non-growing cells
with ethanol. and @ membeane preparations with
NADM [13] These fndings wagpested the need to look
deeper for other mechaniuns that possbly can explain
£ modin poor aeroblc metabolam.

Moemam vyrehows s by Qar st the man comumes of
ATF peodaced @ the Entmer-{oodorol! pathway, smor
L mebds prodoons lethe ooll muss, grows with 2 low
enerpetic efficemcy, and sepoesents 3 typical example of
“uncoupled growth” [7, 14]. The relatively kow growth yickd
values together with the high ghucose uptaie rate, reaching
40 5ngghaconeh ' gdrywe) ', raise the question of the
reactons Suiputing the cxoem ATF prodeced & gycoly
sh (11, 14-36). Appucently, the rate of (he cxons ATP
hydeolysis st Be ogqual 0o e difference betwoen ATP
prodoction by catabolc reactioes and ity utilizaton by
anabolic processes. 2 oo possess several ATPaydrolye.
ing eneymees: periploimic nudeotidasas) achd and akalbne
Phoopdatases, and the ssembdrane H dependent ATPioe [
Hoseever. nothing b Known abost the possibie ivolvement
of mesbwane transport in putative ATP hydrodyzing futile

4 Basc Moroteol J004 &8 14
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oies n thn becterium The H dependest ATPuse
otanibutes wp 30 the 20% of e overall ATP turmover in
L mobtio ol and has boes considerad i puetly respoasibile
for e “wncoupied grosth™ (2] The presiously reported
increine of Z sl anacrobic growth yadd s the
poesence of the - dependent mbisoor DCCD 17 indh
s that N dependent ATPase  hypdrodysing  aconiry
Indeed comgutes with the Mosynthens ATP demand in
anaevobially groming culture.

While iIn the anserctic conditions, Rrgely due 10
Doty 10 maintain peotos-imotive foroe (ApL ATP
hydrolysn prodomizantly may be atributed to the
W Sepmdent ATPase. the ATP tormover under aerobi
conditions seerms more obscure. Typically, growth of a
facukatively aerodi mcToorganeam b stimelated by
additional ATF gerwrated (n the coidative phosphoryla-
thon, Mence, 3 plausibie reason for the low aerobic groweh
yield of 2 mobds may be related (0 an impasred sevobic
ATY tumover: ether the H™ dependont ATPase foe wooe
resncas ® urable 10 tarn to ATY yntheshs, oo the newly
wathoured ATY et rapadly hydeolysed by other
reactioos. This, the capacity of the repiratory sywiem
of Z mabds 10 generate high enough 3p for acrubic ATP
sysiBosi b5 an open questioss. Recently. using acrobically
cultivited oytochrome b, and cytochromse bd ksock-out
fretasts (Zesfi B and Zm6oulB), it has boen shown that
ehectroe trasapoet chas i 2 mebdty comtadn at koot two
clecoron puthwiays 0 caygen [18] Yer. the termuinal
odase for the oytocheome N, comtaning dranch has
00t Boen entifiod, and e relative enerpetic efficiency of
these branches das ot been stodied B B woerth w0
menton that JMicuky 10 reach sulficiently Ngh A might
be enhanced by the earlier reported high pooton leakage of
L mobdks energy coupling membrane At chevated ethanol
concentrathons or by other Ap dissipating mechanisms (19,
0L Once the cntical bevel of the aos-specific disspation of
Ap & reached, It raserally leads 50 ATP hydrolyss because
of the dp-compensatory robe of the M -dependent ATPase.
Yet. 1t bs posibiie that the respiratory chain i 2 modds can
peoerate vetficlent 3p. and coddative phosphorylation
acrually takes place, bet the ATP Is dissiposed by ather
mechaniuns, not volving M -dependent XTTaw directly,

Tobie 1. Bactoril shrins used 1 tha shudy.

In the prevert paper. we used respuratory knock out
myutants and the H' Jdependent ATPase inhidinor DOCD 1w
docrimisate betwoen these posaibalithes.

Cramicals

Dicyciobexylarbodambde (DOCDN, ATR, and ADP were
perchased from Sigma -Aldnch (Detsendofen. Germanyt.
The ATT bioluminescence assay ki, was vepplied by
Roche Dagaostios GmbM (Germany|

Bacterial straing and cultivation
Ractersal strains wed in the presens wody and their
pemotypos are lwted in Table 1. The bacteria wese grown
a 30 In the standand culture mediom  containg
fper Therty Sg yeast extract, 30g ghocow, 1g KM,
1 INHASO, 0.5 NgSO, - THO. Al Z soddty cultores
were prown = 200ml Saks S0ml culture vodame)
shaken ot 150 rpom, ot 30 °Cowith stramphernc ipanging
of atr. Within the series of serobic batch cultivation of
wildtype strain Zmb and 2 mobdls respesatory ssutants,
DOCD wins added at SO 100, and 200 uM concentrations
devctly before the exponential growth phase.
Escherscvia ool M09 win routinely grown oo LB
medium wpplertentod with 33 glucose per liter, In
200 m Masks {50 ml culture volusse! shaken at 1501 pom.
*®ITC

Praparation of non-growing cell suspensions and
Memdrane vescies

For the prepasation of soagrowing odll suspension, oolls
were harvestad & Lite exgoomoal phse. sodimented,
washedd and resespended in 100 MM potassium phosphae
batfor (pit 6.9, contalning 2 mM magneskam sulate, to a
biomass concentration of 6.8-7 0gidry we )l '

Tor the preparation of celHree extracty, ool were
sedimented from 200 mi yespension (00 90 at S50 mm)
by comtrifugatson at 5000rpen (000 for 15mun,
washed, and resispended I 100mM potassum phos-
phate buller, containing 2 mM magnesum sulfate, pit

Strsn Chara ety Somrce

ek Parced sxsn ATCC 29t

Tenkcyt® Tred wrxn weh Teiitance Sctermaiaant aserted in the Straadiza = o 1IN
ORF of the B oubanit prae (M0 007 of The I, complex

Lokl Zret drwn hiorampheniool rossiance dcterminint inserted in the ORF of Straadine & ol 13
sebumit B opdi pooe (EMO 0957) of the cytochroese N lerminal cosdase

E ol N1 ATOC S112) "Promega ™
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6.9, 00 about 657 0mg ey wiaml . Cell walls were
becken by veriexing the abowe sispermion in e
dalotegraioe at J000rpes (14000 for 1Smin. using
106 pm diameser ghass beads. Typically. ool free extraces
of A6AYmg peotein per millliter were obtained.
Subsequent removal of usbroken cells and separation
of cytoplasmic membranes by ultracessnfugacion were
performed 2o befoce 13, 13]

Arttcal induction of transmembrane pM gradents
Artificial tramsmembrane pMl gradents of 1540 pit
units were induced by the addition of 30 ulof 0.1 M HCY
10 10 m) of 254 0mgidry wr ) mil " starved cell suspen-
won cubated in 10mM phosphate bufler at pH 64

Anadytical methods

Geowth yields (YL specific growth rate (), specific
pucose uptake rate 1. and intraceliular ATP concentra-
thoes in all straim weee cakulated froms the data of
oxponertial growth phae. Cell concestration was
&etermined s 00350, and dry cell mns of the
wanpenmston was cakculated by reference 10 a calibration
curve. Glacoee concentration was meawred by HMC
Agilent 1100 series), using & Biorad Amisex HPXATH
columa. Samples for ATP determinution were quesched
In xeoold (0% trchlecsecetic ackd and assayed by
the standard huciferinduciferase method wing LKE
Wallee 1251 Lumisosseter [21) Coscentration of
Gasolved oxypen was moaitored W 2 Radoneter
Clarkaype oxypen clectrode in & thenmos tatied e loctrode
cell (30°CL Protein concentration In cell free exaraces
and membrane samples was determined according 10
Naskowell et ol [22] AD results ane means of a1 heast three

replicates.

Tabie 2. Aerctic growh pasareien of 2 mobis widhoe s Id and sespesiory mulirds

Journal of Basic Microbiology
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Efocts of DCCD on the batch growth and glycolysis
under serobic condrons

To analyze the contribution of H -dependent ATPase to
aerodid growth of Z medd wiklaype and respiratovy
MR strains, we studied effects of DOCD on the key
aevobic batch growth parameters. Serwes of aerobic hatch
cultivations of wildype strain Zmé and resparatory
mutants revealed positive cormelation between the growth
yield and the added DOCD concentration (Table 2.
Prosemce of DOCT) in the growth medium Bad neglighle
cffixt on the intracellular ATV concentration and the
specific growth rate ji, yot greatly poovoked decrvane of
the specific glucose uptake rate (g For the wildtype
strass, negative cocrelation Between the speciic ghacose
uptake rate and the added DXCD coocertratson was
apparere. In both rewpiratoey mutant cultures, wpecific
Flucose comvempeion cate showed Righer semitivity (o
SO uM thus 1008 DOCD concentration. yet. the overall
effect of DOCD was simalar 10 that in Zmsb Although at
presest b AUl 20 eaplain hese strainspecific
Affercnces, in geewral increwme of DOCD coacettration in
e media had o peoocunced negative offect om g (o all
stradns.

Use of DCCD for establishing the direction of the M -
dependent ATPase reacton

To estadlish the direction of the H dependent ATPase
reaction. we monitored the change of intracellular ATP
level mmediatedy after addition of DOCID. The time
counse of the intracelviar ATP concemtration after the
addivion of 50 M DOCD reveaded that all 2 sobads strains
responded similarty to DCCD (Rg. 1) Its ad@nion cassed 2

ey Lot cys.
prevance of vancus DOCD concertrations growe™ yeekd ¥ igdey wt mol '} wpeciic ghucoae uptake rate 900 TR T) speclic prowh
% w0 ') avenage reaceliula ATP (miVD) levels M0 prsented Lr seporensal growh phase.

DOCD comommitrasion M)

Stratn Parameter - » b 0

Tk Y 1se1s02 L PR R ] 2116 1 506 BT
4 Amros 3isz0% AL B 1ML
" 037 s0m S L0 [ B T 038010
ATr 121004 15002 13015 LAS L 01s

TbciR Y e e LB RS LS B (L PR S )
N A¥rTio2 17208 188z 3Mron2
" 0l 0l Mz0m 351001 LS RIS T
ATP o 100 12006 150,014

Tk R Y 18504 M08 182 ? LRI ES R
4 412:048 1K3s0W 2iis02 PR LR
" 031004 eX7s0m oxzs00 026 2 02
ATY 107 4 000 AT 00 120018 0¥ 07

Resuks are mcss of thooe replcaton
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Fapere 1, Eet of 50.M OCCO 08 B latve siatebidy ATH
wvels of £ mobds widhype siran Dvd, resgeaiory madents I
o, Iyl and £ cob AN06. DOCD wan added & pevo S
(1949 e redens B P ooment of DOCTD addnor) Rests are vears
-mmw.m‘m.mu

o i ALF b

Figuee 1. Efect of 50N DOCD on e rtceiutn ATP levels ater
BOMCUOn of T ewtemad e OCCD was a00ed Sown Detre
2] puises Results e means Of et PONPEnINE SIpeaments.
Bywtoh ¢ Dvd arvd @ o 1 S DAM DOCD

"
I ‘
. I
“w oM 1.,

Acthvity %

prosounced increase of the ATP intraceliular concentra:
thon. These results indicated than the Mydrolyzing activicy
of the H' Jependent ATPase s taking place in 2 mobds
also under aerodic condinions, This finding was directly
opposite 10 what we obtaised with E ol DOCD
Addition % acvobically growing E osl culture. caused
decrease of ATP intracelular concentration (g 1) In
com plete agreement with the expecied operanion of s
ATPase in the direcmon of ATP symthesis

To make sure than DOCD mdead (nhidits 2 mobeds
H dependent ATPase, we carmd out 3 seres of expest
ments, where we meaiiooed iatracellular ATV Jovels after
ackaficaton of the external medium with and withowt
additson of DOCD 2o starved ooy, Tramdent increase of
the mtracellular ATV bevels after 20\ pulues directly
showed the ability of 1" dependent ATPaw to carry ost
ATP synthess (n the wild-type straim (Fig 21 3 well a5
in the rewpiratory matasty (data not showa), whikh is
conshiont with carbier reports 13, DOCD addition o
50 M conceatratson camsed 3 significant docreawe of ATY
vymthess, & eesponse to ackd pube (Fg. 2.

To confinn that the observed inczeaw of the ATV
concentration in £ swiels strakes wis st camed By yet
unknows potspecific DOCD mieracion with ropiratony
cham of this bacterium we performed cxperiments in
metsbrane veshchs By MONONng oaygen Consusption
rate with 0.1 mM NADH in @he prosence of various DOCD
concentrathons. The cesuls Searly Indicaed that sid
milimoke concentrations of DOCD 4 not stimubaoe
respiration. bt instead nhidited 1. Even the lowest
concentrathon. 5O uM DOOD. caused an 4% decay of oxypen
consemption fate. and more prosoenced efets were
obseyved after addiion of 10 and 200 M DOCD Fg B

Lo

Pigere 3 Naive ofoct of DCCO a00ion o8 e widie Il mertoare vescle reipesion sde OCCD s adied 5o befton
opermerts. Average wluon of Poee rdependent expeciments s preserted for condrol and sach DOCD concenination.

T OMOMLE Y AVOH Veriag G & Co MOAA Vet

S g v -

4 Rass Momost 2004 M 14

68



ATP synithesis in Z mobiis wild type and respiralory
Mo tarnts

Since cultivation resalts (Table 2) indicated that nooe of
the Z mobids respiratony dranches, when operating s the
sole cdectron ramspect roule wader fermenting cond)
thons (Fg. 5L gave rse 10 any Incredse of the acrobse
prowth yiedd, we compared the abality of all strains
W0 Gy out exkdative phosphorylatson under Do

Journal of Basic Microbiology

Aadu erevgete s of Lyrrwras rwdsiy ’

fermenting conditions By cthunol addition 10 oo
prowing ol suwspersions. The time course of ATP
intraceibular concentration immediately after addiion
of % v\ ethanol showed closely simnilar ATP synthesis
In all straies, within the range of measarernest crror
(RE 41 Thas. the abdlity of both Z medis respiratory
branches 10 caury owx oxckdative phosphorylation under
Non-fermenting conditions proved 10 be comparable

2

Figuse 4. ATP lovels of 7 mobds wid-type strae Dol reapirasony mutants 2mé-cpall ane Zrod-Cyatll sfer acdation of 2% (W) etancl = 180
N (2000 W0 1eers 0 T et Of el 230000 Byviats @ Ivd, @ Teh oy g & Dbyt

Out
[ : M
““Dilactate é,a:o,—-o—-n—-o, g U R
N A . :
MADPM —= Qyy | s ®
/ N AP L A

ba —=0,

Glucose

n

Figere & Eeoson brapod than and W dependerd ATPase of 7 modiin Dresgyaouping sien a% shown wih dasbed avows
Hypotetcs Maremenrtrare Sun. counng daspetion of e profonmoiive force, Shown Wi sobd arow.
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Discussion

The energetically ineffchens aerobi metadolism  of
L mobddls s quite unique. being one of the least well
understood among facudtatively anaerodic mikroorgan-
lams. Al evidence accumulated for bacteria wo far,
indicated thon respiration howld give considerable
increase of aerobic growth, ax, for example, shown for
lacthc 30M bacterta with ¢lectron ransport Components
wenilar tothow of Z mabdis [21], The nesults of the poesnt
stndy comfemn that 2 medids respiratory system does
not Golktate the aovobic growth, and thus, doos not
appear to participate in ATP pynthesn wader fermenting
conditions. This satypical phywiology for facultatively
anserobic microbe might de vither relsted 10 e
propertios of £ mobdis N -dopendent ATTase, or envrpeci
f=iefliciency of its ehectron trasaport ¢ huss. The reported
inczvase of the mtracellular ATF kevel afer cthaaol
additicns o sarved colls usder acrobic conditions, o
well as the iaducad ATF systhesis by acidification of
the external medisen in this sbady. proved the abddity
of H dependent ATPase 1o carry out ATP systhesis
under nonfermeniing cooditioss. Abo, 2 mebds
FONOMe COntain Becesary peies 1o encode all Catadytic
and H'armshcating subunis of typical FF <ype
H dependemt ATPase [24]. Their poodan sequence
alignment with oblgamory 2erobic bactenum Dwoons
bty onpders H24 2F possessing  oxhlative phes
phorylation [26] revealed significant genethc simiarity
Sepplamentary Table S1) Takes topether. in complete
et with peevious repors [13. 27 eur resuls
confirm thae Z swidds N dependent ATPase agpears 10
be & quise ordinary bacterial M dependent ATPase,
capable of reversible trandformation of energy. There-
fove, not the H dependent ATPase by muedf. ban rather
the X mobids respirasery wystem as 3 whole might be
respormible for the fack of caddative phosphorylation
under fermenting condton.

Akbough ocr carlier reports showed comparable
axygen cossumption rate of the 2 mobu wildoype
and respiratory matasts otd, odit 18], coe of thew
clectron trammport pathway brasches might be poordy
coupled 10 proton tramiocation, thes cewulting in a lower
ATF cutcone and docrease of the acrobic growth yickds.
However, the cblained rewalis in this study clearly
indicaled that sone of 2 mobdl repatory Branches,
when operating as the sole cloctron trasaport route, pave
rase Do aay Jeviation from e acrobic growth yickd of the
wikdaype sorain. Apparesdly inactivation of cysechronse
I or cytechrome &, complex in the alternative brasches
of 2 mobds respiratory chadn 4d sot affect aceobical
growih peopertios, suppesting that both patiaways sight

T JOMMLE Y AVOH Viriag Sl & Co MOMA Wenteen
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abso be comparable i terrm of the protos trambocation
And generation of the protonmotive force ()

Due to the v permcabilty of 2 melils outer
membrane for the poobws of transmemibwane elecirk
potential (49 direct quantitative study of the Ap has
proven to be complicated (17, 23] By monneciag the
tmexourse of intracelular ATP shortly after DXCD
addinion, we were able to padge If the level of penerated
Ap had been wufficlent to turn W dependent ATPase
towand oxidative phosphersiation prioe 5o s inhidition.
DOCTL. Sinds covalently 10 3 DOCDwenstive carbony!
wroup of 3 ceabemit in ¥, complex. and thereby inkabits
the activity of M dependent ATPase [29) Increase of the
Intracelular ATP kewels in resposse to DOCD in 2 mobds
under aevobis conditions Indicated, that the M depen-
Gemt ATPaw had fenctioned & the direction of hydrodysis
and Bence, that generated Ap might not be sulficlent
for ATP systhewis Notably, mstead of sosapecific
stiralatson, DOCD caused a partial nhibiticn of glucose
convemption and, much lke for mbochondria of
yoaails £30), alvo inbibited membrane vericle rospiration.
Those findngy coafirss that DOCD interaction with the
H dependent ATPase is the only feanible explasation
for the obwerved rise of intracellalar ATF concestyation
in respoese 80 ®s additioes duriag the scrobic growih.
We therefire concdude thar the hydeolyrsmg activity
of the H' depeadent ATPase s taking place in 2 mobds
s under aerobic grosth conditionm.

This newel finding. 30 far not reported for 7. moddy,
clucsdates why DOCD addition caused significase i
remse of the 2erodic growth yiekds observed within
this study. Apparently in 2 eodils, the H' Jdependent
ATPase competes for ATP with Mosynthesis both under
anacrebec and acrobic conditions. This is very much
Giffereas from what has been reported for other
facultativeldy anaerodic bactersa For example, evem 10—
100pM DOCD concentrathons are Inbiocy o the
acvobic groseth of £ calk [31] At the same time, under
anaerobic conditions smilar ATP spilling mechandsm
was wggested earkior Ao for obligacely fermentative
Stroptacerces bovls ~ another example of the “uncoupied
prowth™ among bactersa |32 It 2as beem shown that in
5 dovty, M Sopendent ATVase is the major free energy-
spilling reaction under conditions of exoess glacose (1)

Puthermcer, in & good agrevesnt with previous
reports [34) the cbserved decrvaw of glycolytc Bex in
the prosence of DOCD accompanying the slight increaswe
of the imraceliular ATP concestratson. indcated 1hae
AT comumeg reaction might exeort sigaificant control
over the flax in B-D pathway. That & in & good agreetnest
with cur recently published studies of the E-D pathway
Kinetics, showing that ATPCossusing reactions Largely
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oontred the glucose comumption rate when it amtalns
s madmam. with fax control coeffickents € reaching
TIS 28 Therefore. H ' dependent ATPase. i combination
Wt DosyRERetic neactnoms, Contpods The glucose comsump-
thon rate Ao durng e acvobac promth of 2 mebiis
By rapidly wsppiying AD for gheoolyis, M7 -dependent
ATVase contributes 1o the high ghyoolytic fhax observed In
the B-D patdaay that at the same time generates 100 high
phosphorylation potential for the weakly coupbed respiea-
tory wywiem, 6o shift the M Sependent ATPase towand ATV
yynthesn, Therefooe, we can state that “uncoupled
powth™ s not just an intsinnic property of anaerobically
cultivated 2 mobely, but can abwo be wned 20 dowenbe the

A scheme of the putatve 2. mobeks respiratory chain
and ity relation 1o H ' dependont ATVase ts poosented in
Fig S Hydrolyzing activity of the H depeadent ATPue
should Bevitably lead (o an increase of Ap, which rees
the quostion of ity Ssipaticn mechasises. Despile the
fact that it is oot posaible a present 10 polst out the
specific reaction or maechuniin responschle for &salpe:
o, (e leskage of cytopleimic stembeate most lkely
wou aot be safficient for futile spillisg of the penerated
transmembrane Ap. Most peobadly. an active pathway for
Ap dosipation showld e mvolved 10 SUPport continuous
ATP hydrodysis by H' Jdependent ATPase. However, such a
patlrwiy so far remains undscovered
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Kinetic modelling of the Zymomonas mobilis
Entner-Doudoroff pathway: insights into control
and functionality
Reinis Rutiis," Uldis Kalnenieks,' Egils Staliczans” and David A, Fel®
“watnde of Morobeokegy s Blosecheokgy, Uniarsy of Litva, omvmde Bovk 4

Group, Oeparoment of Computer Systerma, Latea Ursveruty of Agrodiune, Lints lefa 2.

"Deopartrent of Bokged wd Mot Soences, Outied Brockes Uriversty, Heandngion,

Zyomomonas modds, an ethanch producing Sactesum, possessss the Lrerer-Ooudoro (E-0)
[Py Py veiie Sec aTouaae il Tah SCOPGl Sabyd GQinaae Ty Tes 100 the erer it v
Proacian of ePancd anwd Cartion Somdin Wom ghucoes s avalalie brt Dararsetors, we
e Gorveliped & hrete model Thal niorporaies Te entyrse roctaons of he E-O pathwey Both
woohol debydeogerase, baport reachons and mactons slated % ATP motabolam. A
optmang the reaction paramcters sithin laely physclogeal imis, the resulling bnetc model was
capable of mendatng gycolyss n vwo and n coll-bes atvacts with good ageeement with the
fumoa anc woady-stae rtermadale CONCRTIrEtOns MEOred 0 prevous expenmentyl studes. v
2ddton, T model i hown 13 e Conmatent wih sapecmeental results 1o the CoLped Seapones
of ATP concartraton snd ghycohtc Bus 10 ATPase ohition Matabole contal anaipss of the
Sodel reeasled TN e mupirty of S om0l setdion St e, DnA Ot e E-D pattheny

el grediommrartly n ATP corumgton, domdormitning why sest allergls 10 momas o
ooyt S Prough cvesapresson of goohySc enupmes have Does sasccembal
Cosmponss arnalyss ndcatos how homoostans of ATI concenteaions starts 1o detercrate
markecly af the hghest grcolytic rates. This tnetc model has potentad for appiicaton in X
Ovibals MRtALOIC MNgEraerrg A e Teee s Cavently 0 T-D pathey models avalabie 0

Corvmagurice
B Buma Figa LV 1586 Larve
wearvdoadyel com
‘Booens
Seigava LV-3001, Lavva
Owiced OX3 08P, LK
Sacoad 18 2y 200)

Acteied B} Sephmbar 7003

b Gatabaten, £ Can v a8 & Basa 10 the Govelopmuns Of Moades §or (2 AT Crpanearny
(msesnng Tha hyw of Ghyiolytc paibway

Lyworsonas wubds w3 Sacultativly anseroddc, ethanal-
producing bacteruss that posseves the Estrcr - Dowdorofl
(ED) pothway. which &iffers in several yespects from
vmu-dumanmwa

ofher oepmivmm. The mtrimically rapid  carbobrpdrate
mwtabolem of Z modvll ks boen stndiod i grear detad

Adtwevemaons. A wcorol debpdogeeane. AX, sterjein brase £ O

Tagciemartary mawewl 8 seniabie e e wrire wrron o) Bo peper

duning the past docades (Karrowe of al, 1984 Owrun o o,
1957, D Goand of al, 1999) aad all the eruymes of the E-D
pathway Bawe bocn puriod and characserined binetically
[Scopes, 1983, 1984, 1985 Scopos of al, 198 Scopa &
Geiithe Soosth. 1984, 19880 Kinoshita or al, 1985 Pavhis
ot al, 1986), Complote penome soquences for vamom 2
mobtls straize have beem seported in recemt yean,
poovkiing the opparmumity 3 comgare curmently unchar-
scurood Z mobilky crirymes with those from diferent
dutabvses (Seo o o, 2005 Kowvelis @ of, 2009, Pappn
ot ol 2007; Dvimioti v al, 20121, Bn spste of Base divene
susdies, this accemreletod hooslodge has scarcely yet been
exploited as the buses Sor buibling 2 comprebersive Kinetx
modd of thin key capeomt of Z moblu comtral

metive 2 maodnis B D ghycodysis Sor avhese fermeniaton,

a0
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Keoetic model of Sevoronms mobda Extrer -Doudon® pathway

anuming comstart mtracclleler concentramoas of the NADNPUH) turnows, this sommption of thor constant
evential merdolic colmtons ADP, ATP. NADNPL® and conventramons significantly limits apphcad ity of the mandel
NADPIH (Akiotss o al, 2006). Whilst sech & simpliSica- In coder 8o sventigate inteeactions Berwom the vanow ATF
tion certainly reduces modd compledity, sinsce the E-D cormemption seactions asd the E-D pathway, & gencrabinod
patheway  Ball s & ek componere of ATT and AT conmenming reaction has doen strodiced lnoo e 1D

Fig. L. Reactons naudeld » Pe vode o Pe [0 ghcome Siaaton (avay The mabeed salpmes & Dot faTwags we
(1) ghoome tacdtanr (GF) (2) grootnrane (GA0 LX) ghacime6-phumgdate detorivigemase (GPO () §-phasphvmgiainrsr
lactonase PG 18] & phoachogiuconate debydratase FGOD, ) 24t 3-decwy- 8 phosphoghvoonie sidolase (KDFGA),

(T) gycoraidetryse- 3 phoaghate debydrogerane (GAITY), (8] 3 phoaghogipoente Lruse (NGE), (3] phoaghogiycenste mstanse
(POMD. (Y00 enciase (ENGE: (11) pyrevate brase (FYKD: (12) pyravate decartanpise (FOCY (130 soohal debydrogerase
(ADM: (140 ATP conmumng mactons (ATPCom); (15) sderylne kmase (AKD (14) sthanck seport IE70Megl Other
tbrevatons we defred o Table 51,

R R ) e
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Kowtic modet of Sevomonss mobda Extrer -Doudons® paway

Table V. cont.
N Bractiom Bate rpast e
’ o, e
. ["' X,
’ e
lcm'm
'* ‘.
g _Nr
w o™ “‘. i e
p N
Lo
v ne-ar
: '.__L_-‘nr-ﬂ- L I
] (e
lo”omHt.'gcq
K K Cn
[N
[ A o “‘“‘k
1 L]
e
AN AT XK KD ETN
% = L L AL e e .
ey Ja W K * AT | NI ATS RO B FTN | ETON- )
e BB Rl K By No'i.
LARr 1
“ Catrom™ o
L/ _ATr vy
% 3 '{" .
2y TN
[ Visomg™ 1030 - eTOM )

modd doxrbed Bere. It hin previownly boen proposed that
the conuitatively high catadedic ate Dt muakes 7 saabdi aa
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b temng over NAD rafher Sun NAIE. Asy sctivey of CID with
NADE & My w0 be coplnd with e bompabetin devmands of
powth, bat this ropoownts onldy 2% of the ghacaw conmmption
IS & D Lev, 1977 Kogers v o, 1900

obtainnd Loney, whane manindd (owentiatans of AMP, ADP snd ATP
were otimenod 30 be 1 300- 2000 WML wich the ATV ALY rese near |,
by Uhe 1AM Do of Sermmemtatonm H0wmin o of, 19870 Thenrbre we
hrve aveaned O boliowmg 30tud adereirx ovesony

ATF ALV & AN 230 o0 i

CAen, W) e o nbited s TATP + Y ey

Adewglate uge

2300 ) s anod fove commparson of e ademme wackomsde Watuns widh
apviiewats where e add sderelrs com vl dam wan here bwen
Ao

T O cowe of the nbintmanidd conmrvation, we hive sssmal B
NADCHD mwlies s mot of (e 4500 a0 bwracrBaler NAINPN
pood, dnecond L wvbile by NMR. without Gldag e scomest
NADPIMI (B Graef of of 19990 Mewer

NAD® & NADed= 00 3 @

For woady smr modding. we mamtainod conste eutnaociule
ol el comomraiens Wb sopedive sk of
100 aM snd 1000 20 I tone-cvanw smadations, ghacoss sond
whand wene varidies of the madel wandatrd o o Gonnd syt

Ervpve Neaben. The wie oguaens br the indmidud meyme

1

e wans wore ol comvmied 1o micrmmodes et second per bre ol
L T LI

The ool wan bl S emiering B sobe ngeat bons e e e
bochamiol dandoson swoltwan pacioge, v 40 (Hougs o o, de),
whah ey 1he st of codmany Ghecmasd rgeatces e reumody

Choomse aptabe By m mscomnedes per sovond rrponied by Coras
e somaried be e of ghuinsr P gram By weight per S
B ' b ") e commperess wih ogerenentally spened mcmere-
s, Tow calodanionn wy sanmund the | g &ry wright of blssas
coonoxponds 4o 1.2 o of ntracriindar el on aserage Cerebhidue
ool 19N,

Paremsetier oplmipabion. Since the o 1w Kioosc pansesesen ware
avsmdided Fuwn & variety of wseries. i onder be seadane Them iobe

(Rarrow of ol 190 Oumn of ol PWTL Metabulite comorndr st
e doeomined Soem ectis of e prepated 34 mea abee
sddion of ghaoone 0 ofl sponsions, which comsopond b gamt
weady-state concomratons | Stohbucher et o, 19951 Il vabuos of
the masirmem selootes (V) ware Sarived from the S of e 10y
Do of btk bomencaton (Owmun @ o, P71 This wis deosn b
onare hat the whormsediole comoratrstionns and V) videos wed
commegend roughiy 1o e wese phpdetogn d oodinen of B ol
whare, sooording % "P NMK sndien, speofs ghaome wpile ree
gy wncrnde 5 g " IDw Guraad v ol 19, Wich e eed
he vibwe of ghyoslvie Sux for pursmseter optemastion. Tha
wibur o adeo b poond agreomene woth sucker roports, wivirr 2 owbde
P ORME ogermos om 10% g

L7 e}

- —a 00N 20N m
i J dive

n ek v e rate of eneyene /i o shendly stute pusheeny s | Kacwr

A Bu, 0WTR R TWRSL T B comtnid comfifcbonts of ensyonn anl

Irmemgeeriers were «shwleted by v amd the roabs chdmnnl dhery

obwyed e semenston theorven (lacesr & Barwe, 1903

P L

- .

bk B snmunatioon b oney ol & oy b e snedel

e et of Damging Dot wbnity Cammmant) of & dnght onsyvns oo the
pahvway Sux wn Sourmmiacd scconding e Senall & Kacwr (1991
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i (Hodmeyr of o, 1) Comsdh Bomden & Vb,
1994 Thomen & P, 199, 19000, Thin can be quantifiod by the s
of e metdbalne's comcemteston coirol corffient te the
contold ot of Ow samw oourymnd, which hus bvwes Sflnd u e
v roponse oot (Hofmeyr o ol 1% Cormads Bowden &
Nalwawr, el This fr menboline 5, B [ oond onynw |
defiond m oguatsons 3 and &
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The Bnad sevmn i B s npuaio rovdie fum Uhe hotwin & s o, and
e waling o 10 cnccliog frem B oguasen. Ih » onied

Srpensr confisiont ey by obisinnd from Do duge of & bgboy
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randow o o, 00

Proparatiuim of s gromng (o sangarsees | b o meen d
songrosng ol seponson, ol wore Survenod st e cxposentid
Phine, sodemerted, washed and ool w100 mMl pedmanen
Phosphund bl [pll 690 consaining > mM mageeass wilor. 1o &
Seoman comoemtation of 6878 g (dey weghes 1

optimined medd (hereaficr — the optamucd

specilic ghucose uptake rate of 49 g ¢ "0 T ose o o

m.n Evabsation of the difforvnce betwoen sitial (Ovenan
ot al, 197) and opteniaed V, veluo (Table 2) reveslod

that, for the maponty of eneymes, these romaiond within &

IAb: & Scopes, 19850
obtaned (065] was consstent with experimental
tiorm by Algar & Scopes (1983

hﬁdMWMMMIMhh
the mhondel cormesponding 10 an in i sane o€ 52 g g ' N .

rported  apecific
sptske rates dhightly below 552 5 " & (Rogen
o al, 1Y
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Kowtic moosl of Jymomones mobda Extree-Doudors® pathway
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Tabie 3. Comparnon of the mital sieady-sile siorredite conteatlons derwed by *'P NUR viudes (Bavow of ol 1084) and
model precicions Ae DaraTeier OPEMUATON Wil apeciic glooee wptaie e 4.0 g 7' N (prama glucoss par gram dry weght

por howr)

Concaniraton (pM)

I@o
Modd''P NME
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we
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EEl ]
e
-~
"
“

150

-

wn

nn
Se

Lo
aw
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awn
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SATR, ALY wnd AMP conconatons sy ssvwmed scoonling %o ALXIT medety cossanation.

Sence wpeafic glocoss sptake aad AT) conmnption rates
of the oells from which the extracts were sbasine were st
repertad by Algar & Scopes | 1985 ), and our ssaned value
mury slightly diffier from thone present 1o nt, further model
valsation was Decessary In onder W wse W for any

n the same wudy (Algsr & Scopes, 19550 A in the e it
Py, we set Dhe inial ghacokinae (G activiey 10
between 240 and 330 pocd 17" o ' (300 el 1 4T d
progevtionally estimnated activities for all cther enzymes on
the busen of porvious joea and vadues reperted in
Freach pooa extracts (Table S2). The sotal activity of the
AR reamion grvoen by Algar & Soopes (1985) was

propoctionally distnbated betwoen both ADH cenaymes
sooording 10 B optimined modd. ATP consumption
mnu&b&.m’hﬁoﬂlﬁum-
extemnally added eseyese « 200 gl | 0" (Agar X
Scopes, 195 I onder w0 wmmlate cdll-free conditions,

metaboltes were sot reported by Algar & Scopes (1963),
e asvemned Dhase acoording 10 steady sLate Conenraaons

npernad for the eptimined model (Table 3. Remarkably,
the ghycolytic Sux obtained i wlice wan very serlar 10 that
0 the v veve experiment [ Table 4) aad the main Siffovence
wan the lack of imermediaie sccumdation whach occurred
1o sebntancial bevels in the expeniments. Since metadoline
conomntrations are muxch mone wositve % Banges In
enryme actvily than Suses, & planidle explasation for the

accurmalson of inscrmedisnn in the o o Experiments
mght de eneyme denaturstion during the e Course
revelting in 3 “drifi” in the weady wtane, wheseas the model

warvelate the utoation v oo | Bamow of ol 19840, Therefors,
ofe Gn that there s no spoalic ‘msctabolie
uneling’ soquired for the 1D pathvay %0 poocesd, and
ewder that Z molde, i ropect o it contral gyoolytic
petrway. o be sdogqundy desrbed i & Dag of cruymes’
As dermomerated in other axperisens with 2 mobaly ool
free extracts, ATPase activity should manch Gosdy ghocone

l-S)..IMlbtad:ddﬂuM fus by ATP
comuntpion To cusnise Sis hypothou m gresier deted,

e
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Koatic mode o Jpvoromms wobda Entrer -DOoudons® patway

Tobie & Trve-course of melstolte levels (n V) n col-bee ariacts aler addaon of 1.0 M gucose
@ Dyt from ool -fror oxperiomonts by Nlgar & Scopes (1905 © mdied wemdetion. Tor defiitons of mmremodates, soc Table 51

Tt i)
Iodarmeshosie . (8] s " el “ =
e * om on o o cm Iy
© Lo om o [ on (1] -
oo * o0 200 . 1. e e
o LA i “wi [ w pE L) Y
PGLLOONATY * ™ ow Ltom FXH 19 e
o ax am an om o ond o
(SUH ° . (T e - - 7.
<& an wlr ale o 0 s LY
" * e ™ 10w 1M 10 1
<& am oM oM on (53] o =
XY * ale T o 1.9 1 )00
o aom 20 R Loy (3] L) LR
rrow * an oo w ) an .
o am an wle (50 033 (T3] .
NAD* * oy s 1o 1 . 2
o (1) Er) s 7 1% N 1.4
ATP » o ale |- 1 100 15
o LAY " By |- 1% (R (E]
Adewlone hamgr * an om 0 o Y] -
& ase o s 0% (XX o .
we carried out & metabolc control analywn vestigation Awipation by FF,-ATPae, coatrol the ghyoohtc flaa
ewng both the intial roodel and the medd seslating e deeng the wnkoupled growih’ of 2 mebils whes
yoodysis i ol free evtrson. hreobytic fux smaim it maaimam [Note Shat Reyes &
Scopes (1991) clculate that FF ATPae may contebete
over 0% of the 1osl inteacelular ATP sermover.) This
Control of giycodytic flux under steady-state b indeectly wpporied by experimmts showng  that
Conditons Inhidvmon of M7 dependem ATPuse peselts in desline of
We carvind ount mesabelic cootrod analysis (MCA) for both Dol Bz and increne of Z. swhils growth yikds,
wrgpeting the betworn anudeldic and ATP:
the optimmeand model and the moded wenudating
Sasipating reactons (Rukis and others, ungeblahed )

reastion enerned & magon control ever gycolytle fus with
€] values of 36 and 1% foe the optimined and cdl-free

of ghycolytic fhux by alesost 10 % (Table 5). In genersd, the
MCA sugpesiod that the ATP consurning seslion ewrts
bor conemed over ghycoytic flex aad, cosmeriatusively,
& nepative B comred coeflicient fonr the GK
reacton. This sovalt woongly ssembles porvioas experi-
mertal observations with Eachonche ool wuggesting that
e mnaponity of fhax cormred (75%) sevidies oot inside bt
outide the glycolytic pahiway, L. wirh the eraymer that
Sydrolyse AT | Kochonann er al, 20021 Thes allowed w0
speculate that anabedic reacsions, s combunsaon with ATP

i

majoriry of the B0 pachway reactions (Table 5) pardy
eplan why overespecnion of 2 fow istutivdy ones
enzymes has ot resshied in the Increase of ghyoolytic fux
(Asfrman of al, 1992: Soccp of al, 1995} Acconding to MUA,
only the pyruvate decatonylase (PIXC) rescson everts
wibatarsal coatrol with C) values rexching 27% in the
eptimised model. Based on the fhex control coeficients we

b T ]
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Toble 8. Sialod S contd coetbonnts Cl ol tha ghycohyie fun in e E-D pathway

Comwol coeticionts dhove 3% wr shown in bold hype

S PG - e phaghoghe onate debydvatone

& MIWGA - 2 hive- 5 domir & phesphaghacsosty ddolne
T GAFD - ghyconddohpde- S phosphase dchadogemus
#PUK - ) ghanpbogdyoerse b

¥ G phenphuaghnyctate mmetonr

NG« owdawe

15 PYK « prowvete baase

12 PIXC « pyrwvsde devarhonylee

13 ADAE |~ aloodsd Scvydrogones |

13 ADAE T - akooded Svivpdragoniss I
TEATRGa « ATP ionmannng ot

15 AK - mhowylate binase

1 ETOHep - ohuned trwnpert

‘.30.:10:0-—&'..‘.
..'oo”vﬂ.--.».-‘.
ol s cmmmw—nooowud!

“Opmnrod maddl with sedocnd sctivity of e groenslingd AT commening Tescton by 55% - 4000 smel 1" 0 " 10 3000 gl | "4

TOptenood mwadel
i of e ol Bow pupevinane by Nigar K Soopen | 1983}

o, and carliey sepersad enzyie ACTiviies B Pecomde-
ant straios (Soocp of al, 1995), we have ased oquation S 1o
cakiulate e amikipaed el of
Sphosphate dchydrogenae |GAFD), 3-
kinuse (PGK), phosphaglycerate matse (PGM), ADM 1,
ADH 11 sod PIXC overexpeonion o ghycolytic fux in the E-
0 pathway aad compared this 10 valses caloelned Som
experimental dats (Table ). As was observed experiment-
ally, for Al enevws with the exception of P, the
cakoulatioon suggeed litthe o 20 increase of ghyoolytic flux
0 recombiniat srans witheut addiion of TPTG, when
e activity was iscremed ud 2 fow tmes. The
mmmmmmuum
eeaction Boat everogromion of tho cnyme mose
thas wmay dad 50 an mxoease of ghwoolys Bax of
almont 23S However, sch an incsome wins ot obscrved
expanimentally; funber, experimental obsorvations reveaked
that & more thas [0-fold increase of cruymne activity alter
addinion of 2 mM PTG downd down gheolysis by sp o
5%, Gaven our caloslatons, this indirecdy confirm carlier
wegprstions than the benden efect indend meghe be 2
servres dhde efiect of overerpression of encyines posesing
lede or vo commsel ower the flax i B¢ 1D pathaeay.
However, i Z vddl, entymes imvolvad in fermentation
componse 3 maach 3 30% of sotal proseis (Algar & Sopes,
19551, s0 B¢ proten burdn effct mght oot be =
pronosmaed n other mkro-cegaanas where wikd-Type bevels
of E-D pathway cruymes s 8ot %0 prest. Neverthdow,

aomdng e aqeetion L smillaseows overespresan of
FIXC, cockase (ENO) snd IGM bedow the protan burden
w&&wbmhMKh:q
2% esgg ' h 'L This dearly demonstrates tha the
optisstred meodd coudd serve 1o develop efficient metabolic
engineening drateghes for Z maobds in spine of the proten
benden et Note abo that the IMP pachway (Hmbdim
Meyerhod Parnus pathrwry ) could sot generale an oquevalent
Proolyus fus i Z moblis according o the caloslanons of
Flamheolz ot o | 2013), which seggot that the EMP® pathway
would need ot lews thas A5 times the proten isvelmen
for the same fux, which would be indeauble v the 30%
of cell pootcin alveady Jdevoted 10 the E-D pathway.

Co-response analysis and experimental validation
We huve recently made menurements of the ropemme
of ATF coscestrason and gheobec fux o inhidition
of ATPuse by dikydobexykurbodimude in wildtype 2
bl and e pespiratony dhain munmts, R and oW
(Ruthon sad others, unpebinhad ). The meansenents have
been wsed i seither the constraction of the modd nee
parsmater estimation. They allow  cakulation of the
ATP: ghoolytic fax coropome cocficiont with ropoct
W ATPase using oguanon & o aran in Table S5 The
same co-respoose coofichmr cas be caliulated from the
medd by srmlstog i with &fferest loweh of ATPae

87

Mormtstogy 160



Kowtc mode of Jyvomones mobda Extrer ~Doudors® patheay

Tobie 6 Calouded S wcrmase values () for model semulston and opermentsl date

L Flas lncrvee vabee 0
Modil wmalation Exgerimental vabaer*
LR Le () I mM i O mM TG 1M PTG

GAFDY - gvoeribdebyde & phogiun debwdsagamas 100 1 oo o 0

PUE = 3 phospboghycmme kious L 1 s A ve [T

TUM - phwaphoghyconts meas e (o e aws

HXC - pymavere docarbwnylon 12> awn

AT L - bl debpdogrmane | 100 | o0 - 0%
Lml-“m. | o | amy o

*Acoondiong %0 Seocp o ol P31

scunity, The experimcntal and simudatod valies are shown
= Vg 2, plomed agant the ghycolytic fluc
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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 uM, as for the
energy-coupling NADH dehydrogenase complex I in E. coli, encoded by the nuo
operon (Matsushita ef 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 uM
(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 11 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 bc; complex and
cytochrome ¢ (Seo et al., 2005; Yang et al., 2009; Kouvelis ef al., 2011), yet lack
sequences homologous to any known bacterial cytochrome ¢ 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 bc; branch. Speculation that the
cytochrome ¢ peroxidase gene product might function instead of alternative oxidase is
plausible. Yet it was not possible to demonstrate any relation of the cytochrome bc;
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 ¢ 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. Yxs, 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 pO, 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 (Yps,
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 (Yxis) 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 bc; 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 bc; respiratory mutants revealed very similar Yx/s values around

13-15 g*mol” 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 (Yxss) 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
Zmo) 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. bhovis, 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 h™', 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
h'. 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 h™' (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 *'P 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
C;' 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 (Ap). Therefore, hydrolysing activity of the H -
dependent ATPase should inevitably lead to an increase of Ap, 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 ApH 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 Ap.

Paradoxically, however, the possible Ap-dissipating effect of carbon dioxide,
the second major end product of Z. mobilis catabolism, has not been analysed. Several
papers about the effect of CO, 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 CO, among microorganisms. Apparently, the major part of CO, 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 CO, (Forster et al., 1998). At the same time, part of the
generated CO; 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 Ap dissipation, equivalent to import of protons: a unit negative charge
would be translocated into the external medium, decreasing Ay, 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 Cvalues 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 acrobic 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 FoF; 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 FF; 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 FoF,;
type H'-dependent ATPase in particular.
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by 180 ghocone experienns (Faboer o0l 20000, and fmher

IATgar sl Scopeon, PRS0 A anal, E991 ), The Digh bevel of exges
von of the with @ indeovmnt spoed. thercfore,

abumscke, 2000 ),

The TUA cyche i trancaned, and comaiats of Tee branches,
leading 1o 2-omoghutirste and Sumarae o the ond poodcts
I cingee Maeper aond Sfuns, 19990 The geoes for the 1 onoghetar ise
debpdrogesase compler and maalaw ¢ abmest
(Seo wtal, 205) wnd scvonlingly, "Coldwbog potiesss of
2-onoghstarne and oxaloacetase do ot oy fanction
d.’-ubqbl-hb(kfoddd 1), A, the

Pathay b acosipdae anwukiolie sty
mﬂmnd 19900 e Grnal et 19w). The activiny
of 6-phospboglecorate delrydogenune, the finet roaction of the
uMmdﬁmWMww
1o be very fow (Tebdmann etal, 19920
Mn(ﬂwﬂmh“lﬂahw

[T

The acrobic rodon oslacter balmce 20d the fooxtion of dece
troa chaln repeosent et anodhur pest of 2 moddy
onctabulians that ddiers Troen that sype sty Soersd o other b
terie. £ weodils s onw of the fow known bacxria i which both
NADH and NATIPH (o serve s clevsson dosoes for the resps-
ratery type 3 NADM debrpdrogemane (ZMOLILY, Frager etal,
1980 Seonhdoncher ot al, 1990 Kadremicho ot ol DOOKL Recoone
of the trumcased Keebe oncie, the B pathaay s the onldy e
of roducmg oguwalents b catsbokun, ead therefooe the clec.
tron tramgert chuin competns for B¢ benaed NAINE with the
by sior abiohol dedodrigenases (Kakwosnds o1l JnL
Withdeawal of NADS from the aloobol "
o woukd Gmsse scoemulaton of acctablehyde, whah inbnbats
prowth of aeoadic Z weabsln ouduse (Wesker and Zall \'WT),
Newerhcion, (e bacierian poucwes » sopiestory dhan with

Mgh rates of onyges corssmpoion. The apparess PO rara
of ity sopestiry chain s fow (Boinger ool 1955 Kadrenicho
ok, PN thowgh O mechananie bacs fon that & sox clewr,
Howewe, for metsbolic mgneering parposes. 38 adive, yet
onargetcally mnefficion dlectrom traneport Ban adwastages for
e ocods of roden balascng Suring syatheris of mowed prod.
ots vin metebalic puthavaps for whiich repenvation of NADYP)Y
o owcrtial, wheoooas the scvobic increme of baomam ycld o
RPN
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STOICHIOMETRIC AND THERMOOY NAMIC ANALY S5
Much of Boe maetbodi cnggmereting v 2 u“l-hum

ware wicrenied W cuphote e muﬂd.:
lone-effichency resplratory chaen of thin bacteraum for cxpanding
s subeanane sond poodt spestium.

Bascd 0 2 medosm- scde recomtruc tion of coatral metabolinm
(Pestimss €1 ol 2000 sosdhiormaetrs: maosbelang was e b seanh
dhe whole sodation space of the model, Ending matirum poodoct
ks ansd the Syprodedt spevirs with ghacone, syboe, of glered

wodals and 10 dhuredd it inie the tapal
pathay Comwrrion of ghomol 1o ehasol by 2 mwobds
soqeine caperan of o heterobagoes assencenbrsne g

B ghoerdidichsde N phosphute 10 cfhaned sepotserst & pant of
£ wobls nund ethunalogemec and Seudd be both
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(Femtums orad, J015L e ovtra medacing equivalenes cowkd be
wed for sedecton of ferarsie by the rewparstery famarake
rodix tase

The patiowry from ghyoenod 1o ghyoerebdchryde S phonphurie via
Plspbnr it ion snd Rl ing onkdamon and momerUaton digs
s presented B biochermintry sexthooks o the puthway of ghoerol
haghvr saimads

odimon, g 17400 Though feasbiv (rom the staschiomwtric posnt
of veew, it seveshs poobicrre when ssbjeciad o thermodsnanx
anadysie. The oquibriem of e Sebrpdsoginas
resction sppoans to be sbifiad very muxch towand kormation of ghye
ooal phosphate. e sl Lineic dmelason of ghvormd wptabe for
# pulative engineesed Z swivls dermonstysle o dramuti sccumrs.
Linon of ghycemad ) phospate, svacking concenrations of severd
roolet cven ot & hagh rate of NAINFH withdeswal by the rops-
ratery chale (Rockis et al, wnpehlided . Apparcnly, while the
estrmted overal sowhiorectry of acrobil ghcorel cosservons
e carmecs, Sermedynamic analvs segpets 1he wed 1o seanch
Tor abcrnative resction soguences to svosd exconine intracelhdar
accwmmmdation of memabolise

nctwork into it baskc busdbding Slocks, the EFM Cchamer eral,
2000, 0000 AN metabeals capuliiiies i seady staties represent
& woghtod sverage of the EFMa, whach are e mmimad sets of
eneys Tt can oach gonwvate o vl deady mae. The EFM

nerring srategees. (cf Figure 1, right-band pand, &u-‘c
model scpotied By Adieto ctal (2006 fecumed muinly on the
U ratan hevwaen the hetenodogous anrymes of peniow phaos-
phtte patheray and the sative 2 mobdo £D ghoolyia. Proniding
Proditions for opmariration of exparscans keveds of dhe heteoodo-
pous genes, (his wdy contributod e siratepo for manieiciag
obone comverson 30 odunl. Mowever S shorns semad
coomtant intracdbalar comocrtration of ol adermplate cofacton.
Snce the ED padvway wwell b 2 majr plaper @ ANT and
NADPAH) turmower, this might lead o crsonvoen conclmiom
on the petway Lowtion and sevmrit the senge of reoded appli:
cation. The rovert inctic modd by utho ot ol 12000 )
wveted e colactar beveh an varliblen, making e rplay
aond (R0 tredeced oqudDaiemmn comstants 0 the knetic egua-
oo 30 scooent for the revenebiley of resctions moee correctly.
Memabuolic controd analysin (MCA) canrd oot with @ model
potntod 0 the ATT tarmeser o 3 makor botihenock, shownng that
e ATP commumptans (dbssipaton | enerts & Mgh bevel of con
ool wecr ghyoolytic fun ander various condithorn (Ruthy ol
1),

Indeod, operancotal wadies of the ED putiery fux have
e 1hat inmbessne overenpavsans of e 11 pathavey sad doo
hol dcbadrogenase prmo do not affect the ghyoolvtic fhea (i
Ol R S on ol 19D Rangey Incneases of the expevssion
levedieven coused & docresse 1o fhar, cxerting sbuo s negative arpact
on Z mobike growth rate {Sooep ot 1950 This hearty indi-
cated that ghyoolytic fhax in Z wobebs mat be comtradiod o soome
Pt 8] octsde the F1 pantvaay insell The osegasiog efecm of ons
A comtred conficionts of the 1D enryvees, Mot wone amedatable
w0 the protem busdon offect {Soocp et al, 1995 ), whereby overex-
presaman of an enuyree with o sl Bux amtiod i iest cmisnl
seductions in the expremion of other enrymes that huve & prester
wuene o0 O fun. These resadis sogether with MICA studhes o0
the Linctic modc seggevied tha, due 1o the neghpile fhux comtrol
oefiients S the onamnity of reactoms, singhe eovpmes of the
LD pathway should ot be comuidenad o prame tarpen for overer-
Pression 30 rense the ghwolptx Su s 2 mobsly (R
20151 The caboulated effects of several glycolysc enyme { gap, pgk.
o) anad botd dandad Sehydrigrnane waw oy (4dhA snd AN
overexpronion, in accordence with previoes cxpermmental obwer-
vathorm, prodicted Brok o o0 incresse of ghoiytie Bus (Ao
ctal, 1 Sooap ot 19951 The soonewhat hagher fux comtrol
ol mndt for Oae Py rwn e Sovar b ylane () rva toos uaggestnd
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UG | Camentiory Bus mmides of aevelini ghunoss and s phase
R b e e e I LS T
Paywes. Lamortay Sus mode v catstobem of guowe » oaly a

Ot et nd - OGOt g ve e
Nt (s o ot pesan 1A et ene peiaey ety bt AT i
AWM st iy Vs o Fa g oy S 4 Veaar ur ety

that averes pressicn of Sun enrvrae by meote than 3 fobd. maght bead
% an increas of ghwobyti fhex of alavest 2V (Rutharal an
Hormever, quane the opfumie wai oluet vl expaeranentally sppion

mnmw«p«-m»umm
b g 0 255, thenetw imapdving that the postein rarden mighn e o
serioen side efioct of catabolic eruymae overegprinion i L bl
Usanlly efients of prodem bundem see of mdaoe sngeatance m opd)
reiration of caabolic Hases. due 10 nelutively bow coscomrsscns of
the eneymes i ctabuolic rowtes. This s nit The cane w2 moodelin
catsbolions, Bowever, siace over 30% of e ool protein alevady
s engaged in the fanctom of the EI patomary (Al and Scopes,
1905}, Tortumascly, fhex comtrel cocfcunt extirutions vl 8-
OMe & Cortein slumen space Sor fun wepeosernent serralanous
oveonpeeweon of pdi, ona, pyw within the 3-4odd range of meid

PO a0 wjone catstam n I monte rvaserg e L Dogdoro®
OO JOPNIRE DPONDT N Deteey At e Y e

L e an P ww preha s The sngin Oy s sty R
Rl R i 2

eruyme sctivities Db mont prvbally wonhd e bebow the potatrve
protoin berden theeabold), bas the potential %0 exrene the gly-
colyns: e by op b 25% (00 remch 68 ¢ ghae, g diywt N )
Nurdon ot ol (05)3).

Ofwumasly, anniver option would b 3o tame ATP duspation,
That ceudd be dooe by overmapeosscs of the 1™ dopendent 1,1 -
ATPuse. s i ATP Sosipating sosnity, Besern wnd Soopen 191
huve extimaned the o8 ATV contrbation bang ovwr 20% of
e botad atraceludat ATF sarmover. It shoukd be sotod, however,
e oveerpossinn of ATT-Sudpating svacaon| ) might Suterd
e intraceihalar ATP hormoostashs, with sscesenve saspenason of
ghcolysle thy dowiag down the Bewt roaction of the 11D path.
oy, phunpbentylation of gl Cotespurme asabie indisies
CRatha et 2010) thae, a1 the highout ghwodyrc faa conukderad
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Mudebng of Srmomone modds menataner

(48 g, the colhalar capaciny ) masstan the ATP hoawontacs
s done 1o it lerst, siace even 1% Farther increme of ghwolvin
s Sae 30 rawe of ATV dampation woeld be succtsed with 3 ¢%
docrense in ATF conventration.

CONCLUSION

Akbough 2 mebily metaboln has doen sabsoct 1o extonune
resesrch, andd poniene seguenie dats foe severdl sirams ate aon
o avalablo, & w only qune receredy that medching of & cen-
iral enctabole network b sarted %0 e momontam. These
Latowt sk of modchng 2 wobdy dlastrate the ocdevance of
comsbinal shohiersctric, thermmodymnmrse and bincts analyse of
conread matabolien at Alrers scabis for mkTOOTgINRT poo-
Aaiing bosenowaldes. Concened appdication of srecsaral and
Syramic modeing will help 1o sdomndy taegets for Sutare samabolic
CURBCCTInG i & yysiiratn measewy, and pronile mesdd insights
e dhe Sotechnalogical poscresal of this bacteriens.
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