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Abstract  

Methylotrophy is the ability to use reduced compounds without carbon-carbon bonds, such as 
methane and methanol as sole source for carbon and energy supply. Methylotrophic bacteria 
are wide spread in nature and are found in diverse terrestrial and aquatic habitats. The 
biochemistry of these organisms has been studied thoroughly, but due to the huge variety of 
pathways employed by different organisms our understanding of the methylotrophic lifestyle is 
far from being complete. Of all studied methylotrophic bacteria, only few, such as 
Methylobacterium extorquens, are accessible for genetic manipulations, which makes their 
industrial usage difficult. Conversely, microorganisms that are already used in industrial scale 
production processes are well studied and genetically accessible but lack the ability to use 
reduced one-carbon compounds and depend on sugar molasses as feedstock. A classic 
example for an organism commonly used in science and industry is Escherichia coli.  

The aim of this study was to combine the advantages of E. coli with the ability to use methanol 
as a substrate. Creation of such an "artificial methylotroph" would provide proof that our 
understanding of methylotrophy in general is sufficient to allow us to engineer it in vivo and 
would provide a promising platform for utilization of methanol in biotechnological processes. 
Strategy development led to the finding that the most promising way to realize methylotrophy 
in E. coli would be the usage of a NAD+-dependent methanol dehydrogenase (Mdh) for 
methanol oxidation to formaldehyde and establishment of the ribulose monophosphate 
(RuMP) cycle by expression of 3-hexulose-6-phosphate synthase (Hps) and phospho-hexulo-
isomerase (Phi) for assimilation of formaldehyde into biomass. Natural methylotrophs such as 
Bacillus methanolicus exist, and seem to use this strategy in order to utilize methanol, even 
though detailed knowledge about their metabolism is missing. Targeted dynamic labeling 
experiments of the metabolome confirmed usage of the assimilatory RuMP cycle but also 
indicated the potential usage of the dissimilatory RuMP cycle for detoxification of 
formaldehyde. Finally, the metabolomics data confirmed usage of tetrahydrofolate during 
formaldehyde oxidation and identified a potential second pathway based on bacillithiol as a 
cofactor. 

In B. methanolicus, the activator protein Act is described to enhance methanol dehydrogenase 
activities significantly in vitro and this enzyme was included in the characterization of the 
heterologously expressed methanol dehydrogenases. Mdh2, Hps and Phi of B. methanolicus 
MGA3 were identified to be the most suitable enzymes when expressed in E. coli showing in 
vitro activities close to those detected in the B. methanolicus wild type. The reported, positive 
effect of Act on methanol dehydrogenase activity was reproducible in vitro but its relevance in 
vivo remains poorly understood. 

Coordinated expression of all three enzymes successfully established the RuMP cycle 
exogenously in E. coli and allowed incorporation of methanol into biomass while no growth or 
growth advantage on methanol was detectable. Experimental directed evolution approaches 
did not result in development of cells able to efficiently utilize methanol but underlined the need 
for a selective pressure to force the cells to maintain expression of the heterologous enzymes. 
Retesting of different methanol dehydrogenases and different genetic E. coli backgrounds 
using liquid chromatography mass spectrometry (LC-MS)-based metabolomics techniques 
revealed that a possible reason for the missing ability to grow on methanol is depletion of 
metabolites needed for conversion of methanol into biomass over time. However, in the best 
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performing E. coli strain developed during this study a total carbon labeling up to 60 % could 
be achieved from 13C labeled methanol before metabolite depletion. The full labeling of C6 
metabolites which could be observed in E. coli from labeled one-carbon compounds proves 
that conversion of methanol into biomass and potentially desired biotechnological products is 
possible using E. coli as a heterologous host. Further optimization and adjustment of artificial 
and endogenous pathways will be required to finally to establish methanol based growth in 
E. coli.   
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Zusammenfassung  

Methylotrophy ist definiert als die Fähigkeit reduzierte Substrate mit nur einem Kohlenstoff, wie 
z.B. Methan und Methanol, als einzige Substratquelle benutzen zu können. Bakterien, die 
diese Eigenschaft besitzen, sind in der Natur weit verbreitet und bevölkern verschiedene 
aquatische und terrestrische Habitate. Die Biochemie dieser Organismen ist intensiv erforscht 
und dennoch ist das Wissen über die Lebensweise dieser Organsimen unvollständig. Die 
Möglichkeit methylotrophe Organismen zu verwenden, um Methanol anstelle von Zuckern als 
Ausgangsmaterial in der biotechnologischen Produktion zu verwenden, hat in den letzten 
Jahren kommerzielles Interesse geweckt. Nachteilig ist, dass von allen charakterisierten, 
methylotrophen Bakterien nur wenige wie z.B. Methylobacterium extorquens genetisch 
manipulierbar sind, was ihre biotechnologische Anwendung erschwert. Im Gegensatz dazu 
sind Organismen, die bereits biotechnologisch eingesetzt werden, sehr gut charakterisiert und 
genetisch manipulierbar aber ihnen fehlt die Fähigkeit C1-Substrate zu verstoffwechseln. Ein 
typisches Beispiel für ein solches Bakterium ist Escherichia coli. Es wird sowohl in der 
Forschung als auch in der Industrie verwendet und entsprechend seiner Rolle als 
Modellorganismus sind viele Methoden zur genetischen Manipulation verfügbar. 

Ziel dieser Arbeit war es, die Vorteile eines solchen Modellorganismus mit der Möglichkeit 
Methanol als Kohlenstoffquelle zu verwenden zu verbinden. Wenn es gelänge E. coli die 
Fähigkeit zur Methanolverstoffwechselung zu geben und damit einen synthetischen, 
methylotrophen Organismus zu schaffen, wäre dies ein Beweis dafür, dass die 
grundsätzlichen Prinzipien des Methanolstoffwechsels verstanden sind. Neben diesem 
wissenschaftlichen Aspekt wäre mit diesem Organismus auch eine potentielle Möglichkeit zur 
biotechnologischen Produktion mit Methanol als Substrat gegeben. Die vielversprechendste 
Möglichkeit dieses Ziel zu erreichen, ist die Verwendung einer NAD+ abhängigen 
Methanoldehydrogenase (Mdh) zur Oxidation von Methanol zu Formaldehyde und die 
Etablierung des Ribulosemonophosphatzyklus (RuMP-Zyklus) zur Assimilation desselben mit 
Hilfe einer 3-Hexulose-6-Phosphatsynthase (Hps) und einer Phospho-hexulo-Isomerase (Phi). 
Die heterologe Produktion dieser drei Proteine sollte genügen, einen Methanol Stoffwechsel 
in E. coli zu etablieren. Dass diese Annahme zumindest in der Theorie korrekt ist, wurde mit 
Hilfe von Computersimulationen bewiesen. In der Natur existieren Bakterien wie z.B. Bacillus 
methanolicus, die vermutlich die beschriebene Strategie und Enzymkombination zum 
verstoffwechseln von Methanol benutzen und somit als Vorlage dienen könnten. Da 
detailliertes Wissen speziell über diesen Organismus nicht zur Verfügung stand, wurden im 
Zuge dieser Arbeit Proteom und Metabolom genauer untersucht. Die Ergebnisse der 
Proteomeanalyse zeigten, dass die Produktion aller Enzyme des RuMP-Zyklus, während 
Wachstum auf Methanol, stark erhöht ist. Die Analyse das Metaboloms, basierend auf 
dynamischen Experimenten mit markiertem Methanol, bestätigten diese Beobachtung und 
deuteten auf die potenzielle Verwendung des dissimilatorischen RuMP-Zyklus zur 
Detoxifikation von Formaldehyde hin. Basierend auf Annotation der entsprechenden Gene 
wurde  in B. methanolicus die Verwendung von Tetrahydrofolat als Cofaktor in einem weiteren, 
linearen Formaldehyde Entgiftungsstoffwechselweg nur postuliert. Die hier präsentierten 
Daten der Metabolomanalyse beweisen nicht nur die Verwendung dieses Cofaktors, sondern 
führten auch zur Identifikation von Bacillithiol als eventuellem Cofaktor in einem weiteren 
linearen Formaldehydoxidationsweg analog zu bekannten Gluthation abhängigen 
Stoffwechselwegen in anderen Organismen. 
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Um die Chancen E. coli erfolgreich die Fähigkeit zur Methanolverstoffwechselung zu geben zu 
erhöhen, wurden im Rahmen dieser Studie mehrere Methanoldehydrogenasen, Hexulose 6-
Phosphatesynthasen und Phospho-hexulo-Isomerasen auf ihr Potential zur Verwendung in 
E. coli hin getestet. Aktivitätsassays der Methanoldehydrogenasen wurden sowohl in vitro als 
auch in vivo zusammen mit einem Aktivatorprotein (Act) durchgeführt, da dieses die 
Methanoldehydrogenaseaktivität in vitro nachweislich steigert. Die aussichtsreichsten 
Kandidaten dieser Testreihen zur Verwendung in E. coli waren Mdh2, Hps und Phi von 
B. methanolicus MGA3. Alle drei zeigten im Vergleich zu den anderen getesteten Enzymen 
die höchste Aktivität und zumindest in vitro waren die gemessenen Aktivitäten in E. coli 
vergleichbar mit denen in B. methanolicus. Der positive Effekt von Act auf die 
Methanoldehydrogenaseaktivität konnte zwar in vitro bestätigt werden, die biologische 
Relevanz dieses Enzymes in vivo bleibt jedoch unverstanden. 

Die Expression von Mdh Hps und Phi in E. coli führte zwar wie erwartet zur Etablierung des 
RuMP-Zyklus und ermöglichte E. coli die Umwandlung von Methanol in Biomasse, ein 
nachweislich, positiver Effekt auf Wachstum in der Gegenwart von Methanol wurde jedoch 
nicht beobachtet. Auch Versuche E. coli in Wachstumsexperimenten dahingehend zu 
evolvieren Methanol zu verstoffwechseln, führte nicht zu dem genwünschten Ergebnis. Die 
Ergebnisse zeigten jedoch wie wichtig das experimentelle Setup und der damit verbundene 
selektive Druck für die Aufrechterhaltung der Produktion der heterologen Enzyme in E. coli  ist. 
Um dem zugrundeliegenden Problem auf die Spur zu kommen, wurden die verwendeten 
Methanoldehydrogenasen erneut getestet. Flüssigkeitsbasierte Chromatographie gekoppelt 
mit anschliessender Analyse mittels Massenspektrometrie wurde verwendet, um das 
Metabolom von wildtyp E. coli oder ausgewählten E. coli Mutanten zu untersuchen. Alle 
getesteten Stämme exprimierten mit Mdh, Hps und Phi während der Versuche die zur 
Methanolverstoffwechselung benötigten Gene. Dabei zeigte sich, dass die Pools essentieller 
Metabolite über die Zeit einbrachen und damit die weitere Assimilation von Methanol bzw. 
Formaldehyde unmöglich machen. Trotz dieser Tatsache war der effizienteste Stamm dieser 
Studie in der Lage markierten Kohlenstoff bis zu einem Level von 60 % in bestimmte Metabolite 
einzubauen. Dieses Ergebnis zeigt, dass in E. coli Bakterien, die speziell dahingehend 
manipuliert wurden Methanol zu verwenden, der Einbau von Methanol in Biomasse und damit 
auch potentielle biotechnologisch, relevante Produkte möglich ist. Um E. coli final das 
Wachstum auf Methanol zu ermöglichen, ist jedoch noch weitere Optimierung und bessere 
Abstimmung der heterologen Enzyme mit dem natürlichen Stoffwechsel von E. coli nötig. 
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1  Introduction  

1.1 Methanol as a basis for biotechnological production 

Currently, biotechnological production of fuels and chemicals by microorganisms is based 
mainly on sugar molasses as carbon sources (Schrader et al. 2009). Sugar prices depend on 
supply and demand on the world market, thus on weather conditions and agricultural politics 
in sugar producing countries (Brautaset et al. 2007). Methanol has initially been proposed as 
a feedstock for single cell protein (Solomons 1983, Westlake 1986, Windass et al. 1980) and 
more recently as an alternative feed stock for biotechnological purposes in the scientific 
community (Olah 2005). In contrast to sugar molasses, its price is independent of food demand 
but it is coupled to the natural gas price and therefore the price of oil. In the years 2001 to 2007 
the price of methanol had been similar to the price of raw sugars (Brautaset et al. 2007) and 
planned construction of mega-methanol production facilities (5000 ton/day) were supposed to 
reduce the price of methanol (Brautaset et al. 2007). Today the price of methanol in the US is 
632 USD/ton (http://www.methanex.com) which is significantly higher than the price for sugar 
with 389 USD/ton (http://www.indexmundi.com). Still, the concept of uncoupling 
biotechnological production of chemicals and fuels from food supply is valid since further 
development of prices can hardly be predicted. So far methanol is mainly produced from fossil-
fuel-based syn-gas (CO and H2) (Brautaset et al. 2007). However, other possibilities for 
methanol production have been described, which might uncouple the price from that of oil. For 
example, direct oxidative conversion of methane or reductive recycling of CO2 with hydrogen 
results in methanol production (Olah 2005, Studt et al. 2014). If these recently described 
techniques were used in an industrial scale, prices for methanol could decrease drastically. 

Generally, two distinct strategies for the utilization of methanol in biotechnological production 
processes are feasible. The first is to use naturally occurring organisms capable of growing 
solely on methanol. These so-called methylotrophs are abundant in nature (see 0) but only a 
few are well characterized and even fewer are genetically accessible. The second strategy 
would be the usage of an established biotechnological microbial host for production based on 
methanol. For this purpose, bioengineering is necessary to enable these organisms to utilize 
methanol as sole or additional carbon source. Such engineered organisms combine the 
advantages of methanol usage with the availability of a variety of genetic tools as well as 
already established production pathways and pipelines. 

  

http://www.methanex.com/
http://www.indexmundi.com/commodities/?commodity=sugar
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Aerobic methylotrophy 

Methylotrophy is defined as the ability of microorganisms to utilize reduced substrates with no 
carbon-carbon bonds as their sole source for biomass and energy (Anthony 1982). This 
definition includes substrates such as methane, methanol, methylated amines, halogenated 
methanes and methylated sulfur species (Chistoserdova 2011a). Aerobic methylotrophic 
bacteria are found in a variety of different terrestrial and aquatic habitats (King 1992, Trotsenko 
and Murrell 2008) and are phylogenetically diverse. Representatives are found among the 
Alpha-, Beta- and Gammaproteobacteria as well as gram-positive Actinobacteria and Bacilli 
(Table 1) (Kolb 2009). Species incapable of growth on carbon sources containing carbon-
carbon bonds are called obligate methylotrophs while facultative methylotrophs can grow on a 
limited number of multicarbon compounds (Anthony 1982). 

Table 1: Groups of methylotrophs with indicated  family affiliations , major assimilatory pathways and 
genome sequence availability.  RuMP, serine and CBB stand for ribulose monophosphate, serine or Calvin-
Benson-Bassham cycles, respectively. JGI, genome information is available via the Joint Genome Institute web 
sites. Adopted from (Rosenberg 2013). 

Phylum/class  Family  Major assimilation 
pathway  

Representative genome 
references  

Alphaproteobacteria 

Methylobacteriaceae Serine (Vuilleumier et al. 2009) 
Hyphomicrobiaceae Serine (Brown et al. 2011) 
Bradyrhizobiaceae Serine JGI 
Acetobacteraceae Serine (Greenberg et al. 2007) 
Rhodobacteraceae CBB (Li et al. 2011) 
Xanthobacteraceae CBB  

Betaproteobacteria 

Methylophilaceae RuMP (Lapidus et al. 2011) 
Burkholderiaceae Serine (CBB) JGI 
Rhodocyclaceae Serine (CBB) (Kittichotirat et al. 2011) 
Unclassified Serine (CBB) (Kane et al. 2007) 

Gammaproteobacteria Piscirickettsiaceae RuMP (Han et al. 2011) 

Bacilli 

Bacillaceae RuMP (Heggeset et al. 2012) 
Pseudonocardiaceae RuMP None 
Micrococcaceae RuMP JGI 

  

The ability to grow on methanol is not restricted to one specific metabolic pathway. Nature 
invented several pathways to enable utilization of this carbon source throughout evolution 
(Anthony 1982). Although the pathways differ significantly, all follow the same basic principle. 
In a first step methanol is oxidized to formaldehyde by an enzyme called methanol 
dehydrogenase (Mdh). The cytotoxic intermediate formaldehyde is subsequently used to either 
produce energy in form of reduction equivalents by oxidation to CO2 or it is converted into 
biomass via fusion to more complex acceptor molecules (Chistoserdova 2011a). For each step 
several pathways can be employed (Figure 1) and different species use different 
combinations. This led to the proposal that methylotrophy is modular in nature (Chistoserdova 
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2011a, Chistoserdova et al. 2003, Chistoserdova et al. 2009). In the following paragraphs, the 
different modules depicted in Figure 1 will be discussed in detail. 

1.1.1 Methanol dehydrogenases 

Methanol is a rather abundant compound in nature and is produced as a result of 
demethylation reactions (Anthony 1982). Two distinct classes of bacterial enzymes are known 
to oxidize methanol to formaldehyde: Quinoprotein methanol dehydrogenases found in 
gram-negative methylotrophs (Goodwin and Anthony 1998) and nicotine amid adenine 
dinucleotide (phosphate) (NAD(P)+) dependent methanol dehydrogenases used by 
gram-positive bacteria (Bystrykh et al. 1997, Bystrykh et al. 1993, Dijkhuizen et al. 1988). 
Independently of the class and the cofactor used, Mdhs conserve the energy released during 
methanol oxidation in form of reduced cytochromes or reduced pyridine nucleotides. 

Quinoprotein methanol dehydrogenases 

Gram-negative bacteria use quinoprotein Mdhs. The enzyme is localized in the periplasmic 
space and consists of two different subunits forming a �.2��2 structure. It contains one 
pyrroloquinoline quinone (PQQ) molecule as a cofactor coordinated with the �.�� �V�X�E�X�Q�L�W and 
additionally one Ca2+ ion at the active site (Afolabi et al. 2001, Goodwin and Anthony 1998). 
Methanol oxidation is achieved through a step-wise electron transfer: First, PQQ acts as 

Figure 1: Modularity of methylotrophy. Different methylotrophic pathways. Methanol oxidation is depicted in 
orange, formaldehyde oxidation is depicted in blue and pathways for biomass production are depicted in green. 
Mdhp, periplasmic methanol dehydrogenase; Mdhc, cytoplasmic methanol dehydrogenase; MtdA, methylene-H4F 
dehydrogenase; FolD, bifunctional enzyme possessing methylene-H4F dehydrogenase and methenyl-H4F 
cyclohydrolase activity; H4MPT-FaDH, tetrahydromethanopterin dependent formaldehyde dehydrogenase; FaDH, 
formaldehyde dehydrogenase; XoxF, methanol dehydrogenase; GSH-FaDH, glutathione dependent formaldehyde 
dehydrogenase; ox. PP pathway, oxidative part of pentose phosphate pathway; FtfL, formyl-H4F ligase; PurU, 
formyl-H4F hydrolase; FDHc, cytoplasmic formate dehydrogenase; FDHp, periplasmic formate dehydrogenase; 
RuMP cycle, ribulosemonophosphate cycle; CBB cycle, Calvin-Banson-Bassham cycle. Modified after (Anthony 
1982, Chistoserdova 2011a). 
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acceptor, then a specific cytochrome, called cytochrome cL channels the electrons to the 
terminal oxidase (Goodwin and Anthony 1998). The Mdh of the gram-negative model organism 
Methylobacterium extorquens has been studied extensively. It has a broad substrate specificity 
and a low Km value for methanol (app. 3 µM) (Goodwin and Anthony 1996). At least 11 gene 
products are required for successful assembly of a functional Mdh (Chistoserdova et al. 2003). 
Besides the mxaI and mxaF genes, encoding for the small and the large subunit, respectively 
several additional enzymes are needed for the insertion of the Ca2+ ion. Six additional gene 
products with five of them being essential, are involved in the biosynthesis of the cofactor PQQ 
(Chistoserdova et al. 2003). 

NAD+-dependent methanol dehydrogenases 

NAD+-dependent methanol oxidation activity was first identified in isolates of gram-positive 
Bacillus sp. (Dijkhuizen et al. 1988). Later, the activity could be linked to a cytoplasmatic 
methanol dehydrogenase composed of ten identical 43 kDa subunits (Arfman et al. 1997, 
Arfman et al. 1989, Vonck et al. 1991). The in vitro activity of this enzyme is stimulated by an 
activator protein (Act) consisting of two identical subunits of 25 kDa (Arfman et al. 1997, Arfman 
et al. 1991). The proposed mechanism of enzymatic activation is described below (1.3.1). 
NAD+-dependent Mdhs show a broad substrate specificity but have a lower affinity towards 
methanol (Km app. 100 mM) (Arfman et al. 1991) compared to the PQQ-dependent enzymes 
described above. Based on the amino acid sequence NAD+-dependent methanol 
dehydrogenases were classified as type III alcohol dehydrogenases (de Vries et al. 1992).  

1.1.2 Dissimilation of formaldehyde 

Formaldehyde is a central metabolite in all methylotrophs and marks a metabolic branching 
point. It can either be used for the production of biomass (see 1.1.3) or for the generation of 
energy. It is cytotoxic and even methylotrophs exhibit sensitivity to high concentrations of this 
metabolite. This notion is supported by the finding that only very few methylotrophs have been 
reported to be able to grow on formaldehyde directly (Hirt et al. 1978, Levering et al. 1981). 
Simple formaldehyde dehydrogenases (FaDH) oxidize formaldehyde to formate but are 
thought to mainly act in formaldehyde detoxification rather than playing a major role in 
dissimilation (Chistoserdova et al. 1991, Vorholt et al. 1999). In total, four distinct pathways 
are known to be involved in formaldehyde dissimilation in various methylotrophs. Three of 
these pathways oxidize formaldehyde in a linear series of reactions first to formate and finally 
to CO2. They mainly differ in their cofactor requirements and are named accordingly: 
Tetrahydromethanopterin dependent pathway, tetrahydrofolate dependent pathway and the 
pathway dependent on thiol-species (including glutathione and mycothiol) (Figure 2A). The 
fourth pathway represents a cycle in which formaldehyde is not oxidized while bound to a 
cofactor but to a C5-compound (Figure 2B) (Anthony 1982, Vorholt 2002). 
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Tetrahydromethanoptrine (H4MPT) dependent pathway 

The significance of this pathway was first discovered in M. extorquens AM1 where it is 
responsible for generation of NAD(P)H from formaldehyde and its detoxification 
(Chistoserdova et al. 1998, Hagemeier et al. 2000, Marx et al. 2003, Vorholt et al. 1998). It is 
widely employed among methylotrophs (Vorholt et al. 1999). The only known methylotrophs 
lacking this pathway are minimalistic marine methylotrophs, autotrophic methylotrophs such 
as Paracoccus denitrificans, methanotrophic Verrucomicrobiota and gram-positive 
methylotrophs (Chistoserdova 2011a). In serine cycle methylotrophs such as M. extorquens 
AM1 this pathway is essential for methylotrophic growth (Chistoserdova et al. 2009, 
Chistoserdova et al. 1998). In other bacteria its function is either unknown or it is supposed to 
play an auxiliary role in detoxification (Chistoserdova 2011a). Reactions are initiated by 
condensation of formaldehyde with H4MPT by H4MPT-dependent formaldehyde activating 
enzyme Fae (Vorholt et al. 2000) and the resulting methylene-H4MPT is oxidized to methenyl-
H4MPT. MtdA, which only uses NADP+, or MtdB, which can use both NAD+ and NADP+, 
catalyzes this oxidation (Hagemeier et al. 2000, Vorholt et al. 1998). Formyl-H4MPT is 
produced during the reaction of methenyl-H4MPT cyclohydrolase (Mch) and finally the 
reactions catalyzed by formyltransferase (Ftr)/hydrolase complex Fhc produce free formate 
(Goenrich et al. 2002, Pomper and Vorholt 2001). In a last step, CO2 is produced by the 
reaction of a NAD+-dependent formate dehydrogenase (Fdh).  

Tetrahydrofolate (H4F) dependent pathway 

The reaction series of the H4F-dependent pathway is analogous to that of the H4MPT-
dependent one. Two different variants exist among natural methylotrophs, which differ in the 
enzymes that are used. Methylotrophs, which use methyltransferases during one-carbon 
degradation, employ the bifunctional enzyme FolD. The enzyme combines the functions of 

Figure 2: Formaldehyde dissimilation pathways.  Linear (A) and cyclic (B) dissimilation pathways for 
formaldehyde. MtdA, NADP-dependent methenyl-H4F dehydrogenase; Fch, methenyl-H4F cyclohydrolase; Fhs, 
formyl-H4F synthetase; Fdh, formate dehydrogenase; Fae, H4MPT-dependent formaldehyde activating enzyme; 
MtdB NAD(P)-dependent methylene-H4MPT dehydrogenase, Mch, methenyl-H4MPT cyclohydrolase; Ftr 
formyltransferase; Fhc, Ftr/hydrolase complex; Gfa, glutathione-dependent formaldehyde activating enzyme; GD-
FalDH, glutathione-dependent formaldehyde dehydrogenase; Fgh, formyl-glutathione hydrolase; X, unknown 
factor; Hps, 3-hexulose-6-phosphate synthase; Phi, phospho-hexulo-isomerase; Pgi, phospho-gluco-isomerase; 
Zwf, glucose-6-phosphate dehydrogenase; Gnd, 6-phosphogluconate dehydrogenase. Adopted from (Anthony 
1982, Vorholt 2002). 



1 Introduction 

10 
 

methylene-H4F dehydrogenase and methenyl-H4F cyclohydrolase thereby producing formyl-
H4F directly (Studer et al. 2002). In methylotrophs such as M. extorquens AM1 and 
Methylococcus capsulatus, both enzymatic functions are carried out by separate proteins as 
in the H4MPT pathway. The NADP+-dependent methylene-H4F dehydrogenase (MtdA) 
catalyzes the first step while methenyl-H4F cyclohydrolase (Fch) produces formyl-H4F (Pomper 
et al. 1999). The significance of this pathway is not completely clear in the latter organisms, 
which possess a complete or partial serine cycle. However, based on biochemical data (Vorholt 
et al. 1998) of the involved enzymes, mutant phenotypes (Chistoserdova and Lidstrom 1994, 
Marx and Lidstrom 2004) as well as metabolomics data from M. extorquens AM1 it seems 
likely that the pathway works rather in a reductive than in an oxidative direction (Crowther et 
al. 2008). This would imply that in these organisms its main function is rather the feeding of 
one-carbon-compounds into the serine cycle than the oxidation of formaldehyde.  

Thiol-species dependent pathways 

Gram-positive methylotrophs often use mycothiol dependent formaldehyde dehydrogenases 
in addition to the cyclic detoxification route (see below) (Vorholt 2002). Gram-negative 
methylotrophs such as Paracoccus on the other hand, use an enzyme dependent on 
glutathione (Ras et al. 1995). Both enzymes use NAD+ as a cofactor and generate either 
formyl-glutathione or formyl-mycothiol accordingly. In case of the glutathione-dependent 
oxidation pathway, an enzyme has been described that accelerates the reaction of 
formaldehyde with glutathione in P. denitrificans, Gfa (Goenrich et al. 2002). After production 
of the respective formyl-species the cofactor is released by the reaction of a formyl-glutathione 
hydrolase (Fgh) and the resulting formate is oxidized to CO2 by the reaction of a formate 
dehydrogenase (Vorholt 2002). Analysis of the genes of this pathway suggested that they are 
similar to formaldehyde detoxification pathway genes in a variety of organisms (Harms et al. 
1996). 

Cyclic formaldehyde degradation pathway 

The cyclic formaldehyde detoxification or dissimilatory ribulose monophosphate (RuMP) cycle 
was found in methylotrophs, which use the RuMP cycle for biomass assimilation (see below) 
(Anthony 1982, Strom et al. 1974). This pathway differs from the linear pathways described 
above in condensing formaldehyde to a C-5 compound resulting in formation of a C-6 
compound (Figure 2B). The aldehyde moiety of the C-6 compound is subsequently oxidized 
and finally CO2 is produced by a decarboxylation reaction. The enzymes involved in this cycle 
are either enzymes necessary for the assimilatory RuMP cycle (3-hexulose-6-phosphate 
synthase (Hps), 6-phospho-3-hexulo isomerase (Phi)) (Anthony 1982) or enzymes involved in 
the oxidative branch of the universal pentose phosphate pathway (glucose 6-phosphate 
dehydrogenase (Zwf), 6-phosphogluconolactonase (Pgl), 6-phosphogluconate 
dehydrogenase (Gnd)).   

1.1.3 Assimilation of biomass 

Methylotrophic bacteria employ three different pathways for carbon assimilation: The ribulose 
monophosphate cycle (RuMP cycle), the serine cycle and the Calvin-Banson-Bassham cycle 
(CBB cycle). The first pathway assimilates carbon at the level of formaldehyde and fuses it to 
a C-5 carrier (Anthony 1982). In the serine cycle, a one-carbon unit enters biomass either as 
methylene-H4F, which leads to conversion of glycine to serine, or as CO2, which is fused to 
phosphoenol-pyruvate (Peyraud et al. 2009, Quayle and Ferenci 1978). In the CBB cycle CO2 
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is fixed by the fusion to ribulose-1,5-bisphosphate (Anthony 1982). All three alternative 
metabolic routes provide a series of reactions to regenerate the acceptor molecule. Usually 
methylotrophs possess only one of the described pathways but organisms such as 
M. capsulatus Bath are known to have all three variants (Taylor et al. 1981, Ward et al. 2004). 

The ribulose monophosphate (RuMP) cycle 

The RuMP cycle can be divided into three phases, named fixation (I), cleavage (II) and 
rearrangement phase (III) (Quayle and Ferenci 1978). For the second and third phase several 
different versions exist (Anthony 1982). During the fixation phase, formaldehyde is condensed 
with ribulose monophosphate by the enzyme 3-hexulose-6-phosphate synthase (Hps). The 
resulting hexulose 6-phosphate is subsequently isomerized to fructose 6-phosphate by 
phospho-hexulo-isomerase (Phi). These two key enzymes are not unique to methylotrophic 
bacteria but are also used in cyclic formaldehyde detoxification (see above) in non-
methylotrophic bacteria (Kato et al. 2006). Two cleavage phase variants are known (Figure 
3). In the first fructose 6-phosphate is converted to 2-keto 3-deoxy 6-phosphogluconate 

(KDPG) by enzymes that are also part of the Entner-Doudoroff pathway. Subsequently 
aldolases cleave KDPG to glyceraldehyde 3-phosphate and pyruvate. This variant is hence 
called KDPG/aldolase variant (Anthony 1982). In another variant called fructose 
bisphosphate/aldolase variant, fructose 6-phosphate is phosphorylated by 
phosphofructokinase to yield fructose-1,6-bisphosphate (Figure 3). The latter is cleaved by a 
fructose bisphosphate (FBP) aldolase and glyceraldehyde and dihydroxyacetone phosphate 
are produced. In both variants, one net C-3 glycolysis metabolite is produced from three 
molecules of formaldehyde. The remaining glyceraldehyde 3-phosphate is used in the 
rearrangement phase together with fructose 6-phosphate to regenerate the acceptor ribulose 

Figure 3: Variants of the RuMP cycle.  Fixation, cleavage and rearrangement phase of the RuMP cycle. For 
cleavage and rearrangement phase the two existing variants are depicted. 1 hexulose-6-phosphate synthase; 2 
phospho-hexulo-isomerase; 3 phosphofructo kinase; 4 aldolase; 5 triosephosphate isomerase; 6 glyceraldehyde 
phosphate dehydrogenase; 7 phosphoglycerate kinas; 8 glucose phosphate isomerase; 9 glucose 6-phosphate 
dehydrogenase; 10 phosphogluconate dehydrogenase; 11 KDPG-aldolase; 12 PEP synthetase; 13 enolase; 14 
phosphoglycerate mutase; 15 transketolase; 16 transaldolase; 17 sedoheptulose bisphosphatase. Fructose 6-
phosphate needed in rearrangement variants is produced from hexulose 6-phosphate by phospho-hexulo-
isomerase. Resulting pentose phosphates are transformed into ribulose 5-phosphate either by pentosephosphate 
isomerase or pentosephosphate epimerase. Adopted from (Anthony 1982) . 
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5-phosphate (Anthony 1982). Two alternative variants exist to regenerate ribulose 5-
phosphate (Anthony 1982). In one variant, the rearrangement reactions involve the reaction of 
a transaldolase converting sedoheptulose 7-phosphate and glyceraldehyde 3-phosphate into 
xylose- and ribose 5-phosphate and it is therefore called transaldolase variant. The other 
variant uses sedoheptulose bisphosphatase (SPBase) and is named accordingly (SPBase 
variant) (Anthony 1982). Since two cleavage and two rearrangement variants are possible a 
total of four different RuMP cycle variants exists. 

The serine cycle 

The serine pathway is specifically found in alphaproteobacterial methylotrophs such as 
M. extorquens AM1 (Chistoserdova 2011a). The key enzyme of this pathway is the serine 
transhydroxymethylase (GlyA), which catalyzes the first step of the pathway. Formaldehyde in 
form of methylene-H4F is added to glycine generating the key intermediate of the pathway, 
serine (Figure 4). Serine is subsequently transformed in a series of reactions to yield 

phosphoenol-pyruvate which is then carboxylated by the phosphoenol-pyruvate carboxylase 
to form oxaloacetate. In contrast to other assimilation pathways two one-carbon units are fixed 
by the reactions of the serine cycle, first in the form of cofactor bound formaldehyde and 
subsequently as CO2 during the carboxylation reaction of the phosphoenol-pyruvate 
carboxylase. The resulting oxaloacetate is converted into malyl-CoA which is cleaved into two 
2-carbon compounds, glyoxylate and acetyl-CoA (Anthony 1982). Finally, the conversion of 
glyoxylate into glycine regenerates the acceptor molecules and closes the cycle. To balance 
the reactions acetyl-CoA is regenerated to glyoxylate via the ethyl-malonyl-CoA pathway 
(EMCP) in isocitrate lyase (Icl) negative organisms (Figure 4A) or via citrate and isocitrate 
(glyoxylate shunt) in Icl positive organisms (Figure 4B) (Erb et al. 2007, Peyraud et al. 2009). 
Depending on the variant the assimilation of two formaldehyde and one CO2 (glyoxylate shunt) 

Figure 4: Serine cycle variants. Variants in isocitrate lyase negative (A) and isocitrate lyase positive organism (B). 
1 serine hydroxymethyltransferase; 2 serine glyoxylate aminotransferase; 3 hydroxypyruvate reductase; 4 glycerate 
kinase; 5 enolase; 6 phosphoenol-pyruvate carboxylase; 7 malate dehydrogenase; 8 malate thiokinase; 9 malyl-
CoA/��-methylmalyl-�&�R�$�� �O�\�D�V�H���� ������ ��-ketothiolase; 11 acetoacetyl-CoA reductase; 12 crotonase; 13 crotonyl-CoA 
reductase/carboxylase; 14 ethylmalonyl-CoA mutase; 15 metyhylsuccinyl-CoA dehydrogenase; 16 mesaconyl-CoA 
hydratase, 17=8 malate thiokinase; 18 propionyl-CoA carboxylase; 19 methylmalonyl-CoA mutase; 20 succinyl-CoA 
dehydratase; 21 succinate dehydrogenase; 22 fumarase; 23 citrate synthase; 24 aconitase; 25 isocitrate lyase; 26 
serine-glyoxylate aminotransferase; 27 succinate dehydrogenase; 28 fumarase; 29 malate dehydrogenase. 
Adopted from (Chistoserdova et al. 2009) and (Anthony 1982). 
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or three formaldehyde and three CO2 leads to the net formation of one or two molecules of 2-
phosphoglycerate. 

The Calvin-Banson-Bassham cycle 

In the CBB cycle, all carbon is assimilated at the level of CO2, which is produced by oxidation 
of reduced one-carbon compounds such as methanol. Like other carbon fixation pathways, the 
CBB cycle can be divided into three parts, the fixation, the reduction and finally the 
rearrangement phase. The fixation phase starts with the fixation of CO2 catalyzed by the key 
enzyme ribulose bisphosphate carboxylase (RuBisCO). In this step ribulose 1,5-bisphosphate 
is carboxylated and two molecules of phosphoglycerate are produced which are 
phosphorylated to generate diphosphoglycerate (Anthony 1982). The following reduction of 
diphosphoglycerate to glycerinaldehyde 3-phosphate (GAP) is called reduction step. In total 
assimilation of three molecules of CO2 leads to the production of six GAP molecules (Figure 
5). One molecule is used to form biomass and the other five are used in the rearrangement 
phase to regenerate the acceptor molecule ribulose 1,5-bisphosphate. Two variants of the 
rearrangement phase are possible, similar to the RuMP cycle, employing either sedoheptulose 
bisphosphatase or a transaldolase (Figure 5). 

  

Figure 5: Variants of the Calvin -Benso n-Bassham cycle. Fixation, reduction and both possible rearrangement 
phases of the Calvin-Benson-Bassham cycle are depicted. 1 phosphoribulokinase; 2 ribulose bisphosphate 
carboxylase; 3 phosphoglycerate kinase; 4 glyceraldehyde phosphate dehydrogenase; 5 aldolase; 6 fructose 
bisphosphatase; 7 transketolase; 8 transaldolase; 9 triose phosphate isomerase; 10 aldolase; 11 sedoheptulose 
bisphosphatase. Resulting pentose phosphates are transformed into ribulose 5-phosphate by either pentose 
phosphate epimerase or isomerase. Adopted from (Anthony 1982).  



1 Introduction 

14 
 

1.2 Escherichia coli as a promising host for metabolic engineering 

While classical examples of metabolic engineering include the improvement of production of 
value added products such as antibiotics (Li and Townsend 2006, Rokem et al. 2007) or amino 
acids (Lee et al. 2007, Lutke-Eversloh et al. 2007, Sprenger 2007) in native hosts, synthetic 
biology strategies offer an alternative to produce non-native or unnatural products in a desired 
host strain (Prather and Martin 2008). Recently the term systems metabolic engineering has 
been defined as capturing the information of omics data (genomics, transcriptomics, 
proteomics and metabolomics) and combining these with synthetic biology and evolutionary 
engineering (Lee et al. 2011). Systems wide information of an organism helps developing 
engineering strategies that aim at creating novel functions. Such an approach implies the more 
information about an organism of interest exists the better the engineering strategy can be. In 
addition, a large "toolbox" to manipulate the target organism is of advantage. Heterologous 
gene expression is a prerequisite for establishing foreign pathways that are beyond the genetic 
repertoire of the target organism and is only possible if expression plasmids or tools for 
genomic integration exist. Additionally, tools for modulation of gene expression allow further 
optimization of the designed strategy. The goal of this PhD thesis was the conversion of a non-
methylotrophic host organism into a methylotroph. Implementation of the ability to grow on 
methanol does not only require functional integration of a heterologous pathway but also needs 
the entire host metabolism to adopt to the new primary carbon source. The selection of a 
suitable host organism for this approach can vastly increase the chances of success. 

Escherichia coli is one of the best-studied microorganisms and an enormous amount of data 
about this organism has been collected. In 1997, the complete genome of E. coli K-12 MG1655 
was published (Blattner et al. 1997). The 4.6 Mbp long genome is estimated to contain about 
4,400 genes of which app. 3,700 can be assigned or predicted a function (Mori 2004). The 
availability of simple tools for targeted chromosomal insertions or deletions (Datsenko and 
Wanner 2000) made it possible to create a collection of single gene deletions in all non-
essential genes of E. coli K-12 BW25113 (KEIO-collection) (Baba et al. 2006). The enormous 
variety of available expression plasmids for E. coli makes heterologous gene expression 
relatively easy (a selection of plasmids can be found here: 
http://www.embl.de/pepcore/pepcore_services/cloning/choice_vector/ecoli/). As a 
consequence the construction of a library containing overexpression plasmids encoding for all 
open reading frames of E. coli K-12 MG1655 was achieved (ASKA-collection) (Kitagawa et al. 
2005). In addition, biochemical studies of enzymes and pathways made it possible to draw a 
comprehensive metabolic map of this organism (http://ecocyc.org/). More recently generation 
of genome-wide scale characterization of its transcriptome (Lockhart and Winzeler 2000), 
proteome (Han and Lee 2006), interactome (Butland et al. 2005) and metabolome (Bennett et 
al. 2009, McCloskey et al. 2014) significantly increased understanding of this organism. Based 
on the combined biological data genome-scale metabolic reconstruction of the metabolism of 
this organism became possible (Monk et al. 2013), providing a powerful tool for strategy 
development for metabolic engineering approaches. Driven by these facts numerous examples 
for successful metabolic engineering of E. coli have been described. The products range from 
amino acids (Lutke-Eversloh et al. 2007, Sprenger 2007), over terpenoids (Martin et al. 2003) 
and different alcohols (Yim et al. 2011) to potential biofuels (Jarboe et al. 2010) and this listing 
is by far not complete. However, it shows that E. coli presents a good choice for engineering 
methylotrophy. 

http://www.embl.de/pepcore/pepcore_services/cloning/choice_vector/ecoli/
http://ecocyc.org/
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1.2.1 Strategies to convert E. coli into a methylotroph  

Establishing heterologous pathways is often challenging and several aspects, e.g. number of 
required proteins, requirement of co-factors and toxicity of produced metabolites, have to be 
taken into account in order to transform E. coli into a synthetic methylotroph. Obviously, the 
expression of fewer required genes results more likely in functional production of the 
corresponding enzymes. To enable E. coli to utilize methanol, the one-carbon substrate must 
be converted into a metabolite, which is naturally used by E. coli. As soon as this is 
accomplished, endogenous proteins can take over further metabolization. As outlined in 
chapter 0 in all known methylotrophs methanol is first converted to formaldehyde by methanol 
dehydrogenases. Since E. coli is a gram-negative bacterium the PQQ dependent, 
periplasmatic Mdh used by gram-negative methylotrophs such as M. extorquens AM1 would 
be an obvious choice. The enzyme is highly efficient towards methanol; however, at least 11 
genes are necessary for functional assembly and although E. coli possesses a PQQ-
dependent glucose dehydrogenase it is not able to synthesize this cofactor on its own (Anthony 
2004) thus making it necessary to insert the biosynthetic pathway for PQQ biosynthesis (Wagh 
et al. 2014, Yang et al. 2010). The electron acceptor of the methanol dehydrogenase is 
cytochrome cL which is subsequently oxidized by a terminal cytochrome oxidase (Anthony 
2004) which are both absent in E. coli. Taken together functional expression of a PQQ-
dependent Mdh in E. coli requires several major modifications bearing an elevated risk 
regarding successful implementation. In contrast, the NAD+-dependent Mdh requires only one 
gene for functional expression and E. coli possesses the required NAD+ cofactor. 

Formaldehyde as a metabolite is toxic and like other organisms, E. coli possesses a GSH-
dependent formaldehyde dehydrogenase for detoxification (Duine 1999). Notably, the 
detoxification pathway is similar to the linear GSH-dependent pathways found in some 
methylotrophic organisms (Figure 2A) (Gonzalez et al. 2006, Gutheil et al. 1992). In 
consequence, the introduction of a linear formaldehyde oxidation pathway might not be 
essential.  

Regarding assimilation into biomass, the RuMP cycle represents the energetically most 
favorable one and could present a feasible solution. In particular the RuMP cycle does not 
require the fixation of CO2 and formaldehyde is directly assimilated (Figure 1). A close 
inspection of all RuMP variants shows that fructose 6-phosphate, a common metabolite in all 
organisms, is formed after two reactions catalyzed by Hps and Phi during the assimilation 
phase. Both enzymes are absent in E. coli. On the contrary the enzymes needed for both 
variants of the cleavage phase are naturally present in E. coli, since they are either required 
during glycolysis (FBPase variant) or are part of the Enter/Doudoroff pathway which is present 
in E. coli (Peekhaus and Conway 1998) (Figure 3). Most of the enzymes needed for the 
different rearrangement variants and, in case of the transaldolase variant even all of them, can 
be found in E. coli. All enzymes, with the exception of sedoheptulose bisphosphate aldolase, 
are part of the non-oxidative pentose phosphate pathway. The presence of sedoheptulose 
bisphosphate aldolase (SPBase) and sedoheptulose bisphosphatase and their role in E. coli 
is not entirely clear but it has been shown in the corresponding talAB knock out strain that 
sedoheptulose 7-phosphate is converted into sedoheptulose-1,7-bisphosphate (Nakahigashi 
et al. 2009), which is the opposite direction of the reaction needed in the SPBase 
rearrangement variant. Thus, theoretically only three heterologous proteins need to be 
produced in order to convert E. coli into a methylotrophy using the RuMP cycle: An NAD+-
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dependent Mdh for oxidation of methanol into formaldehyde, Hps to bind formaldehyde to 
ribulose 5- phosphate and Phi to finally produce fructose 6-phosphate. To realize this strategy, 
the further characterization of a commonly used, genome sequenced methylotroph using a 
NAD+-dependent Mdh and the RuMP cycle would be desirable, to analyze regulation and 
production of involved proteins and understand the metabolic fluxes essential for growth on 
methanol.  

1.3 Bacillus methanolicus: The blueprint organism of this study 

In the 1970s first reports of spore forming, thermotolerant, methanol-utilizing bacteria were 
published (Colby and Zatman 1975, Snedecor and Cooney 1974) and first isolates were 
described and characterized in the late 1980s (Alawadhi et al. 1989, Dijkhuizen et al. 1988, 
Schendel et al. 1990). The isolated strains originated from soil samples, wastewater treatment 
systems, volcanic hot springs or even a laboratory water bath. Initially unclassified or mis-
classified as Bacillus brevis, they were reclassified and named B. methanolicus (Arfman et al. 
1992b). All these isolates are gram-positive, aerobic methylotrophs which use methanol as a 
sole carbon and energy source and tolerate temperatures between 35 °C and 60 °C with 
optimal growth around 50 °C. They are all rod-shaped and form endospores, however, some 
of these lost their spore-forming ability during the isolation process (Alawadhi et al. 1989, 
Dijkhuizen et al. 1988, Schendel et al. 1990). Although these methylotrophs belong to the same 
species, the strains differ in their phenotypic and metabolomic characteristics. Of all the strains 
characterized, only PB1 (NCIMB 13113) is restricted to methanol as a carbon source while all 
other isolates are facultative methylotrophs (Arfman et al. 1992b) able to use several other 
alcohols, different amines and some organic acids (Table 2).The isolates TS1, AR2 and C1 
are prototroph and do not need any growth supplements, while other strains like as PB1, TS2, 
MGA3 and NOA2 are dependent on supplements like biotin (Dijkhuizen et al. 1988, Schendel 
et al. 1990). Most of the isolates tolerate high salt concentrations and show growth in presence 
of NaCl concentrations up to 2 % while strain PB1 had been reported to grow in artificial and 
natural seawater based media with 2.5% NaCl (Komives et al. 2005). The availability of 
complete genome sequences of the strains MGA3 and PB1 paved the road for intensive 
investigations of their methylotrophic capacity and improved understanding of methylotrophy 
in these bacteria (Heggeset et al. 2012). Unfortunately, only very limited genetic tools and 
protocols exist for these organisms and genetic manipulations are hardly possible. A few 
classical lysine producing mutants have been generated (Brautaset et al. 2007) but no 
methods for targeted mutagenesis are described up to now. 

1.3.1 Oxidation of methanol to formaldehyde 

The first isolates of B. methanolicus showed a high methanol oxidation rate when grown on 
methanol (Dijkhuizen et al. 1988). Enzyme assays using cell free extracts revealed that this 
activity is based on a NAD+-dependent, family III alcohol dehydrogenase (Dijkhuizen et al. 
1988). Purification of Mdh from B. methanolicus C1 revealed the multimeric state, consisting 
of subunits with a molecular weight of app. 43 kDa. Based on the purification factors it was 
estimated that the enzyme may constitute up to about 22% of total soluble protein of this 
microorganism (Arfman et al. 1989). Electron microscopic analysis of the C1 enzyme showed 
that it is decameric in structure and contains one zinc and two magnesium ions per subunit  
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Table 2: Listing of B. methanolicus isolates and their growth substrates . W = weak growth; + = growth; - = no 
growth. Empty fields growth not tested. 

(Vonck et al. 1991). In B. methanolicus C1 as well as in MGA3 and PB1 a soluble, dimeric 
activator protein call Act with a molecular weight of app. 25 kDa was identified. In its presence, 
the in vitro activity of Mdh is significantly increased (Arfman et al. 1991, Krog et al. 2013b). Act 
belongs to the class of NUDIX-hydrolases and cleaves NAD+ and ADP-ribose (ADPR) 
efficiently (Hektor et al. 2002). By heterologous expression of different Mdh mutant proteins of 
B. methanolicus C1 in E. coli the magnesium dependent NAD+ binding domain was identified 
to be formed by the GGGSX2DX2K motif conserved in all family III Adhs. The investigation of 
the influence of Act on different Mdh mutants led to the proposal of an Mdh reaction mechanism 
and a potential mode of action of the activator protein (Hektor et al. 2002). It had been shown 
that Mdh contains one tightly but non-covalent bound NAD+ molecule which is reduced in the 
presence of methanol (Arfman et al. 1997). In the absence of Act the reaction has been 
proposed to follow a ping-pong type reaction mechanism (Arfman et al. 1997). According to 
the model, the electron of the substrate is transferred to the bound NAD-molecule and 
subsequently used to reduce a free coenzyme NAD+ to NADH. If Act is present, it cleaves the 
bound cofactor NAD-molecule into nicotinamide mononucleotide (NMN) and adenosine 
monophosphate (AMP), which remains bound to the enzyme (Hektor et al. 2002). During the 
reaction, the electron is directly transferred to the free coenzyme NAD+ and the mechanism 
switches to a ternary complex mechanism. A mutation of the serine in the GGGSX2DX2K motif 
mimics the effect of Act by destroying the NAD-binding capacity of Mdh (Hektor et al. 2002).  
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C1 Soil 13114  (Dijkhuizen 
et al. 1988) 

+ + -               - +  

TS4 Soil  (Dijkhuizen 
et al. 1988) 

+ + -               - +  

TS1 Waste 
water 
treatment 
factory 

 (Dijkhuizen 
et al. 1988) 

+ + +               -   

PB1 Waste 
water 
treatment 
factory 

13113 (Dijkhuizen 
et al. 1988) 

+ - -               - -  

TS2 Laboratory 
water bath 

 (Dijkhuizen 
et al. 1988) 

+ + +               - +  

AR2 Volcanic 
hot spring 

 (Dijkhuizen 
et al. 1988) 

+ + W               - +  

TF Sewage 
sludge 

12522 (Alawadhi et 
al. 1989) 

+ - + - + - - + + + + + + + + + - - + - 

S2 Sewage 
sludge 

12528 (Alawadhi et 
al. 1989) 

+ - + - + - - + + + + + + W + + - - + - 

S1 Sewage 
sludge 

12524 (Alawadhi et 
al. 1989) 

+ + + + + + - + + + + + + + - - + - + - 

4(55) Sewage 
sludge 

12523 (Alawadhi et 
al. 1989) 

+ + + + + + - + + - + + + + + + + - - - 

WM5.1 Sewage 
sludge 

12527 (Alawadhi et 
al. 1989) 

+ - + - + + - + + + + + + - + - - - + - 

WM5.2 Sewage 
sludge 

12525 (Alawadhi et 
al. 1989) 

+ + - - + - - + - - - - - + + - - - + - 

KA Sewage 
sludge 

12529 (Alawadhi et 
al. 1989) 

+ - - - - - - - - - - - - - - + - - - - 

TFB Sewage 
sludge 

12526 (Alawadhi et 
al. 1989) 

+ - - - - - - W + - + + + - + + + + + + 

MGA3 Fresh water 
marsh soil 

 (Schendel et 
al. 1990) 

+ -  -  -     - - -  W + W W  - 

NOA2 Fresh water 
marsh soil 

 (Schendel et 
al. 1990) 

+ -  -  -     - - -  W + W W  - 
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Mdh of B. methanolicus MGA3 strain is essential for growth on methanol and is encoded on a 
plasmid, designated pBM19 together with 5 genes encoding for proteins of the RuMP cycle 
(see below). Plasmids with similar properties were also found in other B. methanolicus strains 
(Brautaset et al. 2004a) and transcriptome analysis showed that transcription of mdh together 
with the other encoded genes is increased on methanol (Heggeset et al. 2012). In addition to 
the plasmid encoded Mdh, genome sequencing of the B. methanolicus strains MGA3 and PB1 
showed that both strains have two additional Mdh like enzymes encoded on the chromosome 
(Heggeset et al. 2012). In MGA3 the chromosomally encoded proteins were named Mdh2 and 
Mdh3 and are 96% identical to each other, while they share 61% and 62% overall sequence 
identity to the pBM19 encoded protein Mdh. In PB1 the Mdh encoded on the natural plasmid 
pBM20 is 93% identical to the Mdh of MGA3. The chromosomally encoded Mdhs, denoted 
Mdh1 and Mdh2, are 92% and 59% similar to the Mdh encoded on pBM20. According to the 
sequence similarities the Mdhs of MGA3 and PB1 can be clustered into "Mdh-like" and "Mdh2-
like" enzymes; however, the biological function of the chromosomally encoded Mdhs is still 
unclear. 

1.3.2 Dissimilation of formaldehyde to CO2 

In the first studies of the metabolism of B. methanolicus C1 the failure of methanol grown cells 
to oxidize formate and the missing activities of formaldehyde and formate dehydrogenases led 
to the assumption that B. methanolicus does not possess a linear oxidation pathway for 
formaldehyde to CO2 (Arfman et al. 1989). It was rather assumed that oxidation of 
formaldehyde takes place via the dissimilatory RuMP cycle (Figure 2B) (Chistoserdova 
2011a). This was supported by the detection of high activities of glucose-6-phosphate 
isomerase, glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase 
(Arfman et al. 1989). However, a later study provided direct experimental evidence that a linear 
oxidation of formaldehyde to CO2 exists in B. methanolicus MGA3. Production of 13C labeled 
formate from 13C labeled methanol and 13C labeled CO2 from 13C labeled formate was observed 
(Pluschkell and Flickinger 2002). These findings were supported by the identification of genes 
encoding for a potential, linear tetrahydrofolate (H4F)-based oxidation pathway (Figure 2A) in 
the genomes of MGA3 and PB1 (Heggeset et al. 2012) but direct experimental evidence for 
the usage of this cofactor was still lacking until the realization of this work.  

1.3.3 Assimilation of formaldehyde via the RuMP cycle 

Together with the discovery of an NAD+-dependent methanol oxidation activity in 
B. methanolicus isolates, detection of high levels of hexulose-6-phosphate synthase activities 
made it likely that this organism employs the RuMP cycle for carbon assimilation (Dijkhuizen 
et al. 1988) but it was unclear which variant is used (Figure 3). Initially, missing activities of 
enzymes of the Entner-Doudoroff pathway and sedoheptulose-1,7-bisphosphatase led to the 
suggestion that the fructose-bisphosphate aldolase/transaldolase variant of the RuMP cycle is 
employed (Arfman et al. 1989). Later, the pBM19 plasmid was discovered (Brautaset et al. 
2004a) and biochemical characterization of the encoded fructose-1,6-bisphosphatase (GlpX) 
(Stolzenberger et al. 2013a) revealed that this enzyme might work as a sedoheptulose 1,7-
bisphosphatase. Thus, the FBP aldolase/SBPase variant of the RuMP cycle could be 
employed as well. This assumption is supported by the observed upregulation of the plasmid 
encoded GlpX on transcriptome level during methylotophic growth (Brautaset et al. 2004a, 
Heggeset et al. 2012). Both enzymes of the fixation phase, Hps and Phi have been purified 
from methanol grown B. methanolicus C1 and shown to be active (Arfman et al. 1990). In 
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contrast to many other key enzymes of the RuMP cycle (see below) they are only encoded 
once on the chromosome and are presumably transcribed from a single, formaldehyde 
inducible promoter (Brautaset et al. 2004a, Jakobsen et al. 2006). Overexpression of the two 
genes increases formaldehyde tolerance in B. methanolicus MGA3, proving their role in 
formaldehyde assimilation (Jakobsen et al. 2006). In the FBP aldolase variant of the cleavage 
phase, fructose 6-phosphate is phosphorylated by phosphofructokinase (Pfk) and cleaved by 
fructose-bisphosphatase aldolase (Fba). In the sequenced strains MGA3 and PB1 genes for 
both enzymes are found in duplicates, one copy on the endogenous plasmids pBM19 and 
pBM20 and a second copy on the chromosome (Heggeset et al. 2012). The same is true for 
the other plasmid encoded RuMP cycle proteins, needed during the rearrangement phase 
namely fructose/sedoheptulose bisphosphatase (GlpX), transketolase (Tkt) and ribulose 
phosphate epimerase (Rpe). Transcriptome data showed that only the plasmid encoded 
versions are up regulated during growth on methanol (Heggeset et al. 2012, Jakobsen et al. 
2006). Recent characterization of Fba revealed that the chromosomally encoded version is 
biochemically different and preferentially catalyzes the cleavage reaction of fructose 1,6-
bisphosphate while the plasmid encoded enzyme is working best in the opposite direction 
(Stolzenberger et al. 2013b). In conclusion, it has been shown that biomass production in B. 
methanolicus is dependent on a plasmid based RuMP cycle, which uses the fructose 
bisphosphate aldolase variant for cleavage. Regarding the rearrangement phase, it is likely 
that the SBPase variant is used.  

1.4 Aim of this study 

The aim of this study was to establish methylotrophy in E. coli thereby creating a synthetic 
methylotrophic organism. The strategy followed during this work was to confirm the enzymatic 
repertoire required to establish methylotrophy in the heterologous host prior to functionally 
implementing NAD+-dependent methanol oxidation as well as the assimilation of formaldehyde 
into biomass using the ribulose monophosphate (RuMP) cycle. Most of the proteins needed 
for the RuMP cycle are already present in E. coli reducing the effort to formally close the cycle. 
Such an organism would combine the advantages of the well-established and studied model 
organism E. coli with the ability to use methanol, in addition to other carbon sources, for 
production of desirable biotechnological products. From a scientific point of view, successful 
completion would proof that methylotrophy is indeed modular in nature as initially proposed 
and that logical rebuilding of methylotrophic pathways based on current knowledge is possible. 
To generate a synthetic methylotroph detailed knowledge of the key enzymes and pathways 
is necessary. Since basic knowledge of B. methanolicus, the blueprint organism of this study, 
was limited, a parallel strategy was followed consisting in the characterization of this natural 
methylotroph using proteome and metabolome analyses to advance our knowledge of its 
methylotrophy and to improve the engineering strategy applied to E. coli.  
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2 Material and Methods  

2.2 Materials 

2.2.1 Bacterial strains 

Table 3: Strains used during this study . JVZ-Number refers to the strain number in the Lab st rain collection.  

STRAIN GENOTYPE OR RELEVANT FEATURES REFERENCE JVZ-NO. 
BW25113 Wild type 

�û���D�U�D�'-araB)567, �û�O�D�F�=��������(::rrnB-3), ��-, rph-1, �û���U�K�D�'-rhaB)568, 
hsdR514 

Keio collection(Baba et 
al. 2006) 

1134 

JW0347 �ûfrmA, �û���D�U�D�'-araB)567, �û�O�D�F�=��������(::rrnB-3), ��-, rph-1, �û���U�K�D�'-
rhaB)568, hsdR514 

Keio collection (Baba 
et al. 2006) 

1145 

�'�+���.  �V�X�S�(�������û�O�D�F�8�����������n�����O�D�F�=�'�0���������K�V�G�5�������U�H�F�$�����H�Q�G�$�� 
gyrA96 thi�æ1 relA1 

Invitrogen  

JW0347-kan JW03747 cured of kanamycin resistance cassette  This study  
JM027 JW0347 pSEVA424 mdh MGA3 pSEVA131 act MGA3 This study 1203 
JM028 JW0347 pSEVA424 mdh2 MGA3 pSEVA131 act MGA3 This study 1204 
JM029 JW0347 pSEVA42  mdh3 MGA3 pSEVA131 act MGA3 This study 1205 
JM030 JW0347 pSEVA424 EV pSEVA131 act MGA3 This study  
JM035 JW0347 pSEVA424 mdh MGA3 This study 1215 
JM036 JW0347 pSEVA424 mdh2 MGA3 This study 1216 
JM037 JW0347 pSEVA424 mdh3 MGA3 This study 1217 
JM038 BW25113 pSEVA424 EV pSEVA131 EV This study 1246 
JM039 JW0347 pSEVA424 EV pSEVA131 EV This study 1247 
JM044 BW25113 pSEVA424 hps phi Operon B. methanolicus This study 1252 
JM045 JW0347 pSEVA424 hps phi Operon B. methanolicus This study 1253 
JM047 BW25113 pSEVA424 hps phi Operon M. flagellatus This study 1260 
JM048 JW0347 pSEVA424 hps phi Operon M. flagellatus This study 1261 
JM049 BW25113 pSEVA424 hps phi Fusion M. flagellatus This study 1262 
JM050 JW0347 pSEVA424 hps phi Fusion M. flagellatus This study 1263 
JM051 BW25113 pSEVA424 hps phi Fusion M. capsulatus This study 1264 
JM052 JW0347 pSEVA424 hps phi Fusion M. capsulatus This study 1265 
JM055 BW25113 pSEVA224 hps phi Fusion B. methanolicus This study 1268 
JM062 BW25113 pSEVA424 mdh MGA3 pSEVA131 hps phi MGA3 This study 1311 
JM063 BW25113 pSEVA424 mdh2 MGA3 pSEVA131 hps phi MGA3 This study 1312 
JM064 BW25113 pSEVA424 mdh3 MGA3 pSEVA131 hps phi MGA3 This study 1313 
JM065 JW0347 pSEVA424 mdh MGA3 pSEVA131 hps phi MGA3 This study 1314 
JM066 JW0347 pSEVA424 mdh2 MGA3 pSEVA131 hps phi MGA3 This study 1315 
JM067 JW0347 pSEVA424 mdh3 MGA3 pSEVA131 hps phi MGA3 This study 1315 
JM069 JW0347 pSEVA424 mdh2 MGA3 pSEVA131 EV This study 1321 
JM070 JW0347 pSEVA424 EV pSEVA131 hps phi MGA3 This study 1322 
JM072 BW25113 pSEVA424 mdh MGA3 This study 1342 
JM073 BW25113 pSEVA424 mdh2 MGA3 This study 1343 
JM074 BW25113 pSEVA424 mdh3 MGA3 This study 1244 
JM075 BW25113 pSEVA424 mdh MGA3 pSEVA131 act MGA3 This study 1345 
JM076 BW25113 pSEVA424 mdh2 MGA3 pSEVA131 act MGA3 This study 1346 
JM077 BW25113 pSEVA424 mdh3 MGA3 pSEVA131 act MGA3 This study 1347 
JM079 JW0347 pSEVA424 mdh S98G MGA3 This study 1417 
JM081 JW0347 pSEVA424 mdh2 S101G MGA3 This study 1419 
JM083 JW0347 pSEVA424 mdh3 S101G MGA3 This study 1421 
JM085 JW0347 pSEVA424 mdh S98G MGA3 pSEVA131 act MGA3 This study 1423 
JM087 JW0347 pSEVA424 mdh2 S101G MGA3 pSEVA131 act MGA3 This study 1425 
JM089 JW0347 pSEVA424 mdh3 S101G MGA3 pSEVA131 act MGA3 This study 1427 
JM097 JW0347 pSEVA424 mdh S98G MGA3 pSEVA131 hps phi MGA3 This study 1495 
JM098 JW0347 pSEVA424 mdh2 S101G MGA3 pSEVA131 hps phi MGA3 This study 1496 
JM099 JW0347 pSEVA424 mdh3 S101G MGA3 pSEVA131 hps phi MGA3 This study 1497 
JM109 BW25113 pSEVA424 mdh2 MGA3 pSEVA131 EV This study 1507 
JM110 BW25113 pSEVA424 EV pSEVA131 hps phi MGA3 This study 1508 
JM118 JW0347 pSEVA424 mdh1 PB1 This study 1643 
JM120 JW0347 pSEVA424 Adh L.s. This study 1645 
JM130 JW0347 pSEVA424 mdh PB1  This study 1657 
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JM132 JW0347 pSEVA424 mdh2 PB1 This study 1659 
JM134 JW0347 pSEVA424 Adh B.c This study 1661 
JM136 JW0347 pSEVA424 Adh L.f. This study 1663 
JM138 JW0347 pSEVA424 Adh D.h. This study 1665 
JM176 JW0347 pSEVA424 mdh MGA3 D38G This study 1920 
JM177 JW0347 pSEVA424 mdh2 MGA3 D41G This study 1921 
JM238 E. coli ER2566 pET21a mdh MGA3 This study 2137 
JM239 E. coli ER2566 pET21a mdh2 MGA3 This study 2138 
JM240 E. coli ER2566 pET21a mdh3 MGA3 This study 2139 
JM241 E. coli ER2566 pET21a mdh PB1 This study 2140 
JM242 E. coli ER2566 pET21a mdh1 PB1 This study 2141 
JM243 E. coli ER2566 pET21a mdh2 PB1 This study 2142 
JM255 BW25113 pCM80 mdh act Mga3 pSEVA131 hps phi MGA3 This study 2219 
JM256 BW25113 pCM80 mdh2 act Mga3 pSEVA131 hps phi MGA3 This study 2220 
JM257 BW25113 pSEVA424  mdh2 MGA3, pCM80 act MGA3 pSEVA131 

hps phi MGA3 
This study 2221 

JM258 BW25113 pSEVA424 mdh MGA3 pCM80 mdh2 act MGA3 
pSEVA131 hps phi MGA3 

This study 2222 

JM259 BW25113 pSEVA424 mdh2 MGA3 pCM80 mdh act MGA3 
pSEVA131 hps phi MGA3 

This study 2223 

JM260 JW0347 pCM80 mdh act MGA3 pSEVA131 hps phi MGA3 This study 2224 
JM261 JW0347 pCM80 mdh2 act MGA3 pSEVA131 hps phi MGA3 This study 2225 
JM261 JW0347 pSEVA424 mdh2 MGA3 pCM80 act MGA3 pSEVA131 hps 

phi MGA3 
This study 2226 

JM263 JW0347 pSEVA424 mdh MGA3 pCM80 mdh2 act MGA3 
pSEVA131 hps phi MGA3 

This study 2227 

JM264 JW0347 pSEVA424 mdh2 MGA3 pCM80 mdh act MGA3 
pSEVA131 hps phi MGA3 

This study 2228 

JM338 JW0347-kan pSEVA424 mdh MGA3 pSEVA131 hps phi MGA3 
pACYC EV 

This study 2792 

JM339 JW0347-kan pSEVA424 mdh2 MGA3 pSEVA131 hps phi MGA3 
pACYC EV 

This study 2793 

JM340 JW0347-kan pSEVA424 mdh MGA3 pSEVA131 hps phi MGA3 
pACYC act MGA3 

This study 2794 

JM341 JW0347-kan pSEVA424 mdh2 MGA3 pSEVA131 hps phi MGA3 
pACYC act MGA3 

This study 2795 

JM342 JW0347-kan  pSEVA424 EV pSEVA131 hps phi MGA3 pACYC act 
MGA3 

This study 2796 

JM343 JW0347-kan pSEVA424 EV  pSEVA131 hps phi MGA3 pACYC EV This study 2797 
JM369 JW0347-kan pSEVA424  mdh PB1 pSEVA131 hps phi MGA3 

pACYC EV 
This study 2841 

JM370 JW0347-kan pSEVA424 mdh PB1 pSEVA131 hps phi MGA3 
pACYC act MGA3 

This study 2842 

JM371 JW0347-kan pSEVA424 mdh2 PB1 pSEVA131 hps phi MGA3 
pACYC EV 

This study 2843 

JM372 JW0347-kan pSEVA424 mdh2 PB1 pSEVA131 hps phi MGA3 
pACYC act MGA3 

This study 2844 

JM373 JW0347-kan pSEVA424 Adh L. sphaericus pSEVA131 hps phi 
MGA3 pACYC EV 

This study 2845 

JM374 JW0347-kan pSEVA424 Adh L. sphaericus pSEVA131 hps phi 
MGA3 pACYC act MGA3 

This study 2846 

JM375 JW0347-kan pSEVA424 Adh D. hafniense pSEVA131 hps phi 
MGA3 pACYC EV 

This study 2847 

JM376 JW0347-kan pSEVA424 Adh D. hafniense pSEVA131 hps phi 
pACYC act MGA3 

This study 2848 

JM377 JW0347-Kan pSEVA424 Adh L. fusiformis pSEVA131 hps phi 
MGA3 pACYC EV 

This study 2849 

JM378 JW0347-Kan pSEVA424 Adh L. fusiformis pSEVA131 hps phi 
MGA3 pACYC act MGA3 

This study 2850 

JM379 JW0347-Kan pSEVA424 Adh B. coagulans pSEVA131 hps phi 
MGA3 pACYC EV 

This study 2851 

JM380 JW0347-Kan pSEVA424 Adh B. coagulans pSEVA131 hps phi 
MGA3 pACYC act MGA3 

This study 2852 
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JM381 JW0347-Kan pSEVA424 mdh S98G MGA3 pSEVA131 hps phi 
MGA3 pACYC EV 

This study 2853 

JM382 JW0347-Kan  pSEVA424 mdh S98G MGA3 pSEVA131 hps phi 
MGA3 pACYC act MGA3 

This study 2854 

JM383 JW0347-Kan pSEVA424 mdh2 S101G MGA3 pSEVA131 hps phi 
MGA3 pACYC EV 

This study 2855 

JM384 JW0347-Kan pSEVA424 mdh2 S101G MGA3 pSEVA131 hps phi 
MGA3 pACYC act MGA3 

This study 2856 

JM385 JW0347-Kan pSEVA424 mdh D38G MGA3 pSEVA131 hps phi 
MGA3 pACYC EV 

This study 2857 

JM386 JW0347-Kan pSEVA424 mdh D38G MGA3 pSEVA131 hps phi 
MGA3 pACYC EV 

This study 2858 

JM387 JW0347-Kan pSEVA424 mdh2 D41G MGA3 pSEVA131 hps phi 
MGA3 pACYC EV 

This study 2859 

JM388 JW0347-Kan pSEVA424 mdh2 D41G MGA3 pSEVA131 hps phi 
MGA3 pACYC act MGA3 

This study 2860 

JM389 JW0347-Kan pSEVA424 Adh D. Kuznetsovii pSEVA131 hps phi 
MGA3 pACYC EV 

This study 2861 

JM390 JW0347-Kan pSEVA424 Adh D. Kuznetsovii pSEVA131 hps phi 
MGA3 pACYC act MGA3 

This study 2862 

JM396 JW0347-Kan pSEVA424 mdh2 PB1 act MGA3 pSEVA131 hps phi 
MGA3 pACYC EV 

This study 2879 

JM397 JW0347-Kan pSEVA424 mdh2 PB1 pSEVA131 hps phi act MGA3 
pACYC EV 

This study 2880 

JM401 BW25113 pSEVA424 mdh2 PB1 pSEVA131 hps phi act MGA3 
pACYC EV 

This study 2898 

JM402 BW25113 �¨�I�U�P�$�¨�H�G�G  pSEVA424 mdh2 PB1 pSEVA131 hps phi 
act MGA3 pACYC EV 

This study 2899 

JM403 BW25113 �¨�I�U�P�$�¨�]�Z�I  pSEVA424 mdh2 PB1 pSEVA131 hps phi act 
MGA3 pACYC EV 

This study 2900 

 

2.2.2 Plasmids 

Oligonucleotides used for construction of plasmids are listed in Table S1. 

Table 4: Plasmids used in this study.  

PLASMID  ENCODED GENE DESCRIPTION REFERENCE 
pSEVA131  Medium-copy-number, 

lacIq/Ptrc promotor, pBBR1 
ori, AmpR. Original 
pSEVA131 plasmid does not 
contain a promotor. 

(Silva-Rocha et al. 2013) 

pSEVA424  Low-copy-number, lacIq/Ptrc 
promotor, RK2 ori, SmR. 

(Silva-Rocha et al. 2013) 

pCM80  pCM62 derivate. 
Methylobacterium 
extorquens - E. coli shuttle   

(Marx and Lidstrom 2001) 

pACYC  Medium-copy-number, 
lacIq/Ptac promotor 

Novagene 

pET21a mdh MGA3  mdh gene (MGA3_17392) 
of B. methanolicus MGA3 

 (Krog et al. 2013b) 

pET21a mdh2 MGA3  mdh2 gene 
(MGA3_10725) of 
B. methanolicus MGA3 

 (Krog et al. 2013b) 

pET21a mdh3 MGA3  Mdh3 gene 
(MGA3_07340) of 
B. methanolicus MGA3 

 (Krog et al. 2013b) 

pET21a mdh PB1  mdh gene (PB1_17533) of 
B. methanolicus PB1 

 (Krog et al. 2013b) 

pET21a mdh1 PB1  mdh1 gene (PB1_14569) 
of B. methanolicus PB1 

 (Krog et al. 2013b) 
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pET21a mdh2 PB1  mdh2 gene (PB1_12584) 
of B. methanolicus PB1 

 (Krog et al. 2013b) 

pET21a act MGA3  act gene (MGA3_09170) of 
B. methanolicus MGA3 

 (Krog et al. 2013b) 

pSEVA424 mdh MGA3  mdh gene (MGA3_17392) 
of B. methanolicus MGA3 

mdh gene was amplified from 
pET21a mdh MGA3 using 
primers JM001 and JM002 
and ligated into the 
EcoRI/HindIII site of 
pSEVA424 

This study 

pSEVA424 mdh2 MGA3  mdh2 gene 
(MGA3_10725) of 
B. methanolicus MGA3 

mdh2 gene was amplified 
from pET21a mdh2 MGA3 
using primers JM003 and 
JM004 and ligated into the 
EcoRI/PstI site of pSEVA424 

This study 

pSEVA424 mdh3 MGA3  mdh3 gene 
(MGA3_07340) of 
B. methanolicus MGA3 

Mdh3 gene was amplified 
from pET21a mdh3 MGA3 
using primers JM005 and 
JM006 and ligated into the 
EcoRI/PstI site of pSEVA424 

This study 

pSEVA424 mdh PB1  mdh gene (PB1_17533) of 
B. methanolicus PB1 

mdh gene was amplified from 
pET21a mdh PB1 using 
primers JM027 and JM028 
and ligated into the 
EcoRI/HindIII site of 
pSEVA424 

This study 

pSEVA424 mdh1 PB1  mdh1 gene (PB1_12584) 
B. methanolicus PB1 

Mdh1 gene was amplified 
from pET21a mdh1 PB1 
using primers JM029 and 
JM028 and ligated into the 
EcoRI/HindIII site of 
pSEVA424 

This study 

pSEVA424 mdh2 PB1  mdh2 gene (PB1_12584) 
of B. methanolicus PB1 

Mdh2 gene was amplified 
from pET21a mdh2 PB1 
using primers JM030 and 
JM031 and ligated into the 
EcoRI/PstI site of pSEVA424 

This study 

pSEVA424 adh L.s.  adh gene (Bsph_4187) of 
L. sphaericus C3-41 

adh gene was amplified from 
genomic DNA using primers 
JM034 and JM035 and 
ligated into the EcoRI/HindIII 
site of pSEVA424 

This study 

pSEVA424 adh B.c.  adh gene (Bcoa_2165) of 
B. coagulans 36D1 

adh gene was amplified from 
genomic DNA using primers 
JM032 and JM033 and 
ligated into the EcoRI/HindIII 
site of pSEVA424 

This study 

pSEVA424 adh L.f.  adh gene (BFZC1_05383) 
of L. fusiformis ZC1 

adh gene was amplified from 
genomic DNA using primers 
JM038 and JM039 and 
ligated into the EcoRI/HindIII 
site of pSEVA424 

This study 

pSEVA424 adh D.h.  adh gene (DSY0565) of 
D. hafniense Y51 

adh gene was amplified from 
genomic DNA using primers 
JM036 and JM037 and 
ligated into the EcoRI/HindIII 
site of pSEVA424 

This study 

pSEVA424 adh D.k.  adh gene (Desku_2952) of 
D. kuznetsovii (DSM6115) 

adh gene was amplified from 
genomic DNA using primers 
JM141 and JM142 and 
ligated into the EcoRI/HindIII 
site of pSEVA424 

This study 

pSEVA131 act  act gene (MGA3_09170) of 
B. methanolicus MGA3 

act gene was amplified from 
pET21a Act MGA3 using 

This study 
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primers JM007 and JM008 
and ligated into the 
EcoRI/HindIII site of 
pSEVA131 

pSEVA424 hps phi MGA3  hps and phi genes 
(MGA3_15306 and 
MGA3_15301) of 
B. methanolicus MGA3 

hps phi operon was amplified 
from genomic DNA using 
primers JM011 and JM012 
and ligated into the 
EcoRI/HindIII site of 
pSEVA424 

This study 

pSEVA424 hps phi fusion 
MGA3 

hps and phi genes 
(MGA3_15306 and 
MGA3_15301) of 
B. methanolicus MGA3 
artificially fused 

hps and Phi were both 
amplified from genomic DNA 
using primer pairs JM011 
and JM017 and JM018 and 
JM012. Genes were fused by 
overlap PCR and ligated into 
EcoRI/HindIII of pSEVA424 

This study 

pSEVA424 hps phi M.f.  hps and phi genes 
(Mfla_1654 and 
Mfla_1653) of 
M. flagellatus KT (DSM 
6875) 

hps phi operon was amplified 
from genomic DNA using 
primers JM013 and JM014 
and ligated into the 
EcoRI/HindIII site of 
pSEVA424 

This study 

pSEVA424 hps phi fusion 
M.f. 

hps and phi genes 
(Mfla_1654 and 
Mfla_1653) of 
M. flagellatus KT (DSM 
6875) artificially fused 

hps and Phi were both 
amplified from genomic DNA 
using primer pairs JM013 
and JM019 and JM020 and 
JM014. Genes were fused by 
overlap PCR and ligated into 
EcoRI/HindIII of pSEVA424 

This study 

pSEVA424 hps phi fusion 
M.c 

hps and phi genes 
(MCA_2738) of 
M. capsulatus Bath 
naturally fused 

hps phi operon was amplified 
from genomic DNA using 
primers JM015 and JM016 
and ligated into the 
EcoRI/HindIII site of 
pSEVA424 

This study 

pSEVA131 hps phi MGA3  hps and phi genes 
(MGA3_15306 and 
MGA3_15301) of 
B. methanolicus MGA3 

hps phi operon was 
subcloned from pSEVA424 
hps phi MGA3 and ligated 
into the EcoRI/HindIII site of 
pSEVA131 

This study 

pSEVA424 mdh S98G MGA3  mdh  gene (MGA3_17392) 
of B. methanolicus MGA3 
carrying a S98G point 
mutation 

mdh gene was amplified from 
pSEVA424 mdh as two parts 
using primer pairs JM001 
and JM022 and JM021 and 
JM002. Genes were fused by 
overlap PCR and ligated into 
EcoRI/HindIII of pSEVA424 

This study 

pSEVA424 mdh2 S101G 
MGA3 

mdh2 gene 
(MGA3_10725)  of 
B. methanolicus MGA3 
carrying a S101G point 
mutation 

Mdh2 gene was amplified 
from pSEVA424 mdh2 as 
two parts using primer pairs 
JM003 and JM024 and 
JM023 and JM004. Genes 
were fused by overlap PCR 
and ligated into EcoRI/PstI of 
pSEVA424 

This study 

pSEVA424 mdh3 S101G 
MGA3 

mdh3 gene 
(MGA3_07340) of 
B. methanolicus MGA3 
carrying a S101G point 
mutation 

Mdh2 gene was amplified 
from pSEVA424 mdh2 as 
two parts using primer pairs 
JM005 and JM024 and 
JM023 and JM006. Genes 
were fused by overlap PCR 
and ligated into EcoRI/PstI of 
pSEVA424 

This study 
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pSEVA424 mdh D38G MGA3  mdh2 gene 
(MGA3_17392)  of 
B. methanolicus MGA3 
carrying a S38G point 
mutation 

Mutation was introduced 
using the quick change 
protocol and primers JM055 
and JM056 

This study 

pSEVA424 mdh2 D41G 
MGA3 

mdh  gene (MGA3_17392) 
of B. methanolicus MGA3 
carrying a D41G point 
mutation 

Mutation was introduced 
using the quick change 
protocol and primers JM057 
and JM058 

This study 

pCM80 mdh MGA3  mdh gene (MGA3_) of 
B. methanolicus MGA3.  

mdh gene was amplified from 
pSEVA424 mdh MGA3 using 
primers JM042 and JM043 
and ligated into the 
EcoRI/HindIII site of pCM80 

This study 

pCM80 mdh2 MGA3  mdh2 gene 
(MGA3_10725) of 
B. methanolicus MGA3.  

mdh2 gene was amplified 
from pSEVA424 mdh2 
MGA3 using primers JM044 
and JM045 and ligated into 
the EcoRI/PstI site of pCM80 

This study 

pCM80 mdh act MGA3  mdh and act gene 
(MGA3_17392 and 
MGA3_09170) of 
B. methanolicus MGA3. 
Artificial operon. 

act gene was subcloned from 
pCM80 act MGA3 into 
pCM80 mdh MGA3 using 
BamHI/SacI cutting sites 

This study 

pCM80 mdh2 act MGA3  mdh2 and act gene 
(MGA3_10725 and 
MGA3_09170) of 
B. methanolicus MGA3. 
Artificial operon. 

act gene was subcloned from 
pCM80 act MGA3 into 
pCM80 mdh2 MGA3 using 
BamHI/SacI cutting sites 

This study 

pCM80 act MGA3  act gene (MGA3_09170) of 
B. methanolicus MGA3 

act gene was amplified from 
pSEVA131 Act MGA3 using 
primers JM040 and JM041 
and ligated into the 
BamHI/SacI site of pCM80 

This study 

pSEVA131 hps phi a ct MGA3  hps, phi and act gene 
(MGA3_15306, 
MGA3_15301 and 
MGA3_09170) of 
B. methanolicus MGA3. 
Artificial operon 

act gene was amplified from 
pSEVA131 act MGA3 using 
primers JM143 and JM144 
and ligated into HindIII/SpeI 
sites pSEVA131 hps phi 
MGA3 

This study 

pSEVA424 mdh2 PB1 act 
MGA3 

mdh2 gene (PB1_12584)  
of B. methanolicus PB1and 
act gene (MGA3_09170) of 
B. methanolicus MGA3  

act gene was amplified from 
pSEVA131 act MGA3 using 
primers JM145 and JM146 
and ligated into PstI/SphI 
sites pSEVA424 mdh2 PB1 

 

pACYC act  act gene (MGA3_09170) of 
B. methanolicus MGA3 

act gene was amplified from 
pSEVA131 act MGA3 using 
primers JM121 and JM122 
and ligated into HindIII/XhoI 
sites of pACYC 

This study 
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2.2.3 Media used for E. coli growth 

If agar plates were prepared 1.5 % agar noble (DifcoTM Agar Noble, Becton, Dickinson and 
company) was added to the media. 

2.2.3.1 LB medium 

LB media was used for standard cultivation of E. coli, expression test experiments and normally 
for preparation of E. coli pellets for production of crude lysate for in vitro enzyme assays 
(Bertani 1951). 

10 g/L  Tryptone 
5 g/L  Yeast extract 
10 g/L  NaCl 

2.2.3.2 M9-minimal salt media 

Standard M9-Glc-CAA medium: 

The standard M9 medium was used in growth experiments, in vivo and in vitro assays. As 
carbon sources either glucose or ribose were used. 

5xM9-salts (see 2.2.5.5):  200 mL 
10 mg/ml Thiamine:   34 mL 
20% Glucose (Glc):   20 mL (if needed ribose was used instead) 
10% Casamino acids (CAA):  20 mL  
(BactoTM Casamino acids, Becton, Dickinson and company) 
1M CaCl:    0.1 mL 
1M MgSO4:    2 mL 

3g/l FeSO4 (see 2.2.5.5):  1 mL 
All components are prepared separately. 
Fill up with 723.9 ml autoclaved deionized water. 
The medium was always supplemented with antibiotics and isopropyl-��-D-
thiogalactopyranoside (IPTG) if required. 

M9 medium used for first evolution experiment: 

For the first evolution experiment M9 medium slightly different from standard M9 medium was 
used. Thiaminhydrochloride concentration was adopted from (Blount et al. 2008), trace 
elements were added, casamino acids were left out and either ribose or galactose were used 
as carbon sources. 

The medium was prepared as follows (1 L final volume):  

5xM9-salts:    200 mL 
Thiaminhydrochloride (10 µg/mL): 200 µL (final 2 µg/L according to (Blount et al. 2008)) 
1 M MgSO4:     2 mL 
1 M CaCl2:     0.1 mL  

3 g/L FeSO4:     1 mL 
Trace element solution 1 (2.2.5.5): 10 µL 
H2O:     500 mL (was added to solve the precipitate) 
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For preparation of media containing different C-sources, 56,1 ml of M9-medium were taken to 
prepare the different sugar media. For medium containing ribose 0.4 ml of a 1M stock solution 
were added yielding a final concentration of 5 mM. Medium containing galactose was prepared 
by adding 0.333 ml of a 1M stock resulting in a final concentration of 4.166 mM. For media 
containing a final concentration of 1 M methanol, 3.24 ml of 100 % methanol (= 24.65 M) was 
added. To each medium streptomycin, ampicillin and IPTG were added to final concentrations 
of 20 µg/mL, 100 µg/mL and 0.1 mM. Each flask was filled up to a final volume of 80 mL with 
sterile ddH2O (+20 ml). 

M9 medium used for second evolution experiment: 

For the second evolution experiment the M9 medium was slightly changed to resemble the M9 
medium used by (Lee and Palsson 2010) to successfully evolve E. coli to use L-1,2-
propanediol. Thiaminehydrochloride was not present in the medium and a different trace 
element and iron solution was used. 

The medium was prepared as follows (1 L final volume) 

5xM9-salts:    200 mL 
1 M MgSO4:     2 mL 
1 M CaCl2:     0.1 mL  

Trace element solution 2:  500 µL 
100 % Methanol:   20.28 mL 

For the ribose gradient in the first phase of the experiment ribose was added to result in the 
following concentrations: 5 mM, 2.5 mM, 1.25 mM, 0.625 mM and 0.3125 mM. 

Methanol was constantly present at a concentration of 500 mM. 

The medium was always supplemented with streptomycin, ampicillin, chloramphenicol and 
IPTG to final concentrations of 20 µg/mL, 100 µg/mL, 25 µg/mL and 0.1 mM. 

M9 medium used for E. coli metabolome experiments: 

For cultivation of E. coli strains, which were destined for metabolome experiments a special 
M9 medium with low concentration of phosphate was used since normal phosphate 
concentrations interfered with MS-measurements. To not change NaCl and NH4Cl 
concentrations which are normally part of the 5xM9 salts they were prepared separately to 
allow normal concentrations of these components. 

Protocol for 1L final volume:  

5xM9-salts low Pi (0.98g Na2HPO4 0.43g KH2PO4 filled up to 1L):  200 mL 
5xNaCl 2.5 g/L:        200 mL 
5xNH4Cl 5 g/L:        200 mL 
10 mg/mL Thiamine:        34 mL 
100 mM Ribose if needed:      200mL  
10 % Casaminoacids if needed:     20 mL  
1M MgSO4:        2 mL  
1M CaCl:         0.1 mL 
Trace element solution 2:      0.5 mL 
Fill up to 1L with deionized water 
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2.2.4 Media used for B. methanolicus growth 

Minimal salt vitamin medium: 

B. methanolicus MGA3 strain was used throughout the study and was routinely cultivated in 
minimal salt vitamin medium (MSV) modified after (Schendel et al. 1990): K2HPO4, 0.49 g/L; 
NaH2PO4, 0.14 g/L; (NH4)2SO4, 0.21 g/L. Trace elements were introduced into the minimal salt 
medium as a stock solution with final concentrations of: FeSO4*7H2O, 2 mg/L; CuSO4*5H2O 
40 µg/L;  CaCl2*2H2O, 5.3 mg/L; CoCl2*6H2O, 40 µg/L; MnCl2*H2O, 200 µg/L; ZnSO4*7H2O, 
200 µg/L; Na2MoO4*2H2O, 48 µg/L; H3BO3, 31 µg/L. To complete the MSV medium, vitamin 
stock solution was added prior to use, resulting in the following final concentrations: 
thiamine*HCl, 100 µg/L; riboflavin, 100 µg/L; pyridoxine*HCl, 100 µg/L; pantothenate, 100 
µg/L; nicotinamide, 100 µg/L; p-aminobenzoic acid, 20 µg/L; folic acid, 10 µg/L; cobalamine, 
10 µg/L; lipoic acid, 10 µg/L. As a carbon source the medium was either complemented with 
200 mM methanol or 55 mM mannitol. 

2.2.5 Buffers and solutions 

2.2.5.1 MS-solutions 

MS-metabolite mix: 

The mass-spectrometer metabolite mix was added to samples to use the automated internal 
mass calibration function offered by eMZed (Kiefer et al. 2013). Ten times solution contained 
1 µM of the following metabolites: 

Iodo-ATP, DSIP (delta sleep inducing peptide), chlorobenzoyl-CoA, FLAG-tag peptide 
(DYKDDDDK), MRSA peptide, SDS (Sodium dodecyl sulfate), chlorosuccinate, taurochlorate 

Quenching solution: 

Mix 100 % acetonitrile, 0.5 M methanol and 100 % formic acid in a 60:20:20 ratio (v/v) 

2.2.5.2 Buffer for protein purification 

Lysis buffer: 

50 mM Dipotassium phosphate buffer pH 8 
300 mM NaCl  
10 mM Imidazol 
1 mM Dithiothreitol (DTT) 
Add lysozyme before use (for sonication) 

Wash buffer: 

50 mM Dipotassium phosphate buffer pH 8 
300 mM NaCl  
20 mM Imidazol 
1 mM DTT 
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Elution buffer: 

50 mM Dipotassium phosphate buffer pH 8 
300 mM NaCl  
250 mM Imidazol 
1 mM DTT 

Dialysis buffer:  

50 mM Tris-Cl pH 8 
50 mM NaCl  
1 mM DTT 

2.2.5.3 Nash reagent 

2 M Ammonium acetate 
0.05 M Acetic acid 
0.02 M Acatylacetone 

2.2.5.4 SDS-loading buffer according to Laemmli (Laemmli 1970) 

5x Laemmlibuffer: 

4 mL  1.5 M Tris-HCl 
10 mL  Glycerol 
5 mL  ��-Mercaptoethanol or 2.28 g DTT (for 0.375M final concentration.) 
2 g SDS 
1 mL 1% Bromphenolblau 
After preparation dilute the buffer with 20 ml water to app. 2,5x. 

1.5 M Tris-HCl (100ml) pH 6.8: 

18.165 g  Tris  
11 mL  HCl (rauchend 37,5%) 
Up to 100 mL with Water 

1% Bromphenolblue: 

100 mg Bromphenolblue 
10 mL  Water 

2.2.5.5 M9 medium components 

5xM9 salts: 

64 g Na2HPO4 �Â 7H2O 
15 g KH2PO4 
2.5 g NaCl 
5 g NH4Cl 
Dissolved in MilliQ water to a final volume of 1 L. Autoclave! 
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Trace element solution 1 (1000x): 

ZnSO4 �Â 7H2O   4.50 g  
CoCl2 �Â 6H2O   3.00 g  
MnCl2 0.64 g   0.64 mg  
H3BO3 1.00 g   1.00 mg  
Na2MoO4 �Â 2H2O  0.40 g  
CuSO4 �Â 5H2O   0.30 g  
CaCl2 �Â 2H2O   3.00 g  
Dissolved in MilliQ water to a final volume of 1 L. Filter sterilized. 

Iron solution (1000x): 

Na2EDTA �Â 2H2O  5.0 g  
FeSO4 �Â 7H2O   3.0 g  
Dissolved in MilliQ water to a final volume of 1 L. Filter sterilized. 

Trace element solution 2 (2000x) according to (Lee and Palsson 2010): 

1 g/L FeCl3 �Â 6H2O   for 50 mL: 50 mg  
0.18 g/L ZnSO4 �Â 7H2O  for 50 mL: 9 mg  
0.12 g/L CuCl2 �Â 2 H2O  for 50 mL: 6 mg  
0.12 g/L MnSO4 �Â H2O  for 50 mL: 6 mg (4.4 mg of MnCl2 was used instead of MnSO4)  
0.18 g/L CoCl2 �Â 6 H2O  for 50 mL: 9 mg 

2.2.5.6 Antibiotics 

Streptomycin (1000x): 

20 mg/mL in water 

Ampicillin (1000x): 

100 mg/mL in water 

Chloramphenicol (1000x): 

25 mg/mL in ethanol or in water as a suspension. 

Kanamycin (1000x): 

25 mg/mL in water 

2.3 Plasmid and strain construction 

Plasmids used in this study are listed in Table 4. Oligonucleotides used for construction were 
obtained from Mircosynth (Switzerland) and are listed in Table S1. All DNA manipulations were 
performed using standard protocols (Green et al. 2012). Point mutations were introduced 
following the quick change protocol described by (Cormack and Castano 2002). All PCR 
reactions were performed using phusion polymerase (Finnzymes) and restriction enzymes 
were purchased from Fermentas. All constructs were verified by sequencing (Microsynth, 
Switzerland). Plasmids were either transformed into CaCl2 competent cells for amplification 
and further manipulation or transformed into electro competent cells for protein expression. 
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Single gene knock out strains were created using the one step inactivation protocol described 
by (Datsenko and Wanner 2000) using the ��-red-recombinase. The pKD4-plasmid (kanamycin 
resistance) was used for introducing the knock-out cassette. If needed resistance cassette was 
later removed using flippase (flp-recombinase). 

All strains used throughout this study are listed in Table 3. 

2.3.1 Preparation of CaCl2 competent E. coli cells and heat shock transformation 

Single colonies of E. coli DH5�. were used to inoculate 5 mL LB medium and were grown 
overnight at 37 °C and used the next day to inoculate 100 mL cultures at an optical density of 
0.05. Cells were incubated at 37 °C with shaking until they reached an OD600 of 0.4-0.6. After 
30 minutes incubation on ice cells were harvested at 4000 x g, 4 °C for 10 minutes. Pellets 
were resuspended (no vortexing) in 50 mL 0.1 M CaCl2 and incubated on ice for 30 minutes 
prior to the next centrifugation step. The resulting pellet was resuspended in 2 mL 0.1 M CaCl2 
containing 15 % glycerol and 50-100 µL aliquots were snap frozen in liquid N2 and stored at -
80 °C. 

For heat shock transformation competent cells were thawed on ice, mixed with the respective 
plasmid (50-100 ng) and incubated for 30 minutes. The cells were heat shocked at 42 °C for 
45 seconds and placed on ice for 2 minutes. Afterwards 500 µL LB medium were added and 
cells were incubated for at least one hour before plating. 

2.3.2 Preparation of electro competent E. coli cells and electroporation 

Electro competent cells were prepared after (Green et al. 2012). For electroporation a volume 
of 50 µL competent cells was thawed on ice and mixed with 50 ng of plasmid DNA. The mixture 
was transferred into a precooled electroporation cuvette plus (1 mm gap, model No. 610, BTX 
Harvard Apparatus) and pulsed at 1.8 kV, 25 µF, 200 �÷���I�R�U�������P�V�����*�H�Q�H�3�X�O�V�H�U���;�F�H�O�O�����%�L�R�U�D�G������
Cells were mixed with 500 µL cooled LB medium and incubated for at least one hour at 37 °C 
before plating. 

2.4 Methods in protein biochemistry 

2.4.1 Protein expression 

2.4.1.1 Protein expression for preparation of cell pellets for crude E. coli lysate 

LB or M9 medium (400 mL) was inoculated to an OD600 of 0.1 using an overnight culture grown 
in the same medium. Cells grew to an OD600 of 0.4-0.6, protein expression was induced with 
0.1 mM isopropyl-��-D-thiogalactopyranoside (IPTG; Biosynth) and cells were incubated at 
37 °C,150 rpm for 5 hours. The cultures were harvested by centrifugation (JA-10 rotor, Avanti 
J-E, Beckman Coulter) for 10 minutes at 8000 x g and 4 °C. Pellets were stored at - 20 °C until 
further processing.  

2.4.1.2  Protein expression for preparation of cell pellets for protein purification 

LB medium (200 mL) supplemented with ampicillin (100 µg/mL) was inoculated with 5 mL 
overnight culture. Cells grew at 37 °C to an OD600 of 1 and protein expression was induced by 
addition of 0.5 mM IPTG. Temperature was lowered first to 25 °C for 2 hours and then to 15 °C 
over night. The next day cells were harvested by centrifugation for 15 minutes at 8000 x g and 
4 °C. 
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2.4.2 Preparation of crude cell extracts 

2.4.2.1 Preparation of crude extracts from E. coli: 

Crude extract was prepared by resuspending cell pellets (2.4.1.1) in 1 mL 50 mM dipotassium 
phosphate buffer (pH 7.4) supplemented with complete protease cocktail inhibitor tablets 
(cOmplete, EDTA-free, Roche Applied Science). Cells were disrupted by passing cell 
suspension three times through a French pressure cell press (SLM instruments, Thermo Fisher 
Scientific) at 1000 Psi. Cell debris and membrane fractions were removed by 
ultracentrifugation (140'000 x g for 60 min at 4 °C). The resulting supernatant was used in 
enzyme assays. 

2.4.2.2 Preparation of crude extracs from B. methanolicus MGA3: 

Crude extracts of B. methanolicus cells were prepared as described for the proteome samples 
(see 2.6.2), with the difference that the cell pellets were resuspended in 50 mM Tris/HCl, pH 
8, containing Proteinase Inhibitor Cocktail (cOmplete, EDTA-free, Roche Applied Science) 
before cell disruption. After cell disruption using a french press (see above), the cell debris 
were removed by centrifugation at 50,000 x g for 1 hour at 4°C. The resulting supernatant was 
used in enzyme assays. 

2.4.3 Purification of His-tagged proteins 

Cell pellets (2.4.1.2) were resuspended in 10 mL lysis buffer. For cell disruption cells were 
sonicated for a total of 10 minutes (1 second sonification followed by 2 second pause. Intensity 
30 %) and kept on ice all time. Cell lysate was centrifuged for 45 minutes at 10000 rpm and 4 
°C (Eppendorf centrifuge) to remove cell debris. Protino Ni-NTA Agarose (1 mL) (Macherey-
Nagel, Oensigen, Switzerland) was equilibrated two times for 20 minutes with 10 ml lysis buffer 
before mixing it with 10 mL cell extract. The mixture was incubated for 1 hour at 4 °C before it 
was loaded onto a column and washed twice with 4 mL washing buffer. Protein was eluted 
using 4 mL elution buffer and fractions of 0.5 mL were collected. NanoDrop ND-1000 
spectrophotometer (NanoDrop Technologies) was used to identify protein containing fractions. 
Fractions containing protein were pooled and dialyzed in 3 L dialysis buffer over night. Dialysis 
buffer was exchanged the next morning and dialysis was continued for four more hours. Protein 
samples were snap frozen in liquid N2 and stored at - 80 °C. 

2.4.4 Determination of protein concentration 

Protein concentration was measured using the Pierce BCA protein assay kit (Thermo Fisher 
Scientific) with bovine serum albumin (BSA) (Sigma-Aldrich, Buchs, Switzerland) as a 
standard. All measurements were performed at least in duplicates. 

2.4.5 Gene expression tests and SDS-PAGE analysis 

In order to examine gene expression of different plasmid-encoded genes, E. coli cells 
harboring the respective plasmids were grown in 5 mL LB medium to OD600 0.4-0.6, induced 
with 0.1 mM IPTG (isopropyl-��-D-thiogalactopyranoside) and incubated at 37 °C, 180 rpm till 
at least OD600 1 was reached. A sample of 1 mL was centrifuged (Centrifuge 5415D, 
Eppendorf, 11000 x g, 1 min, RT) and the pellet resuspended in 100 ��L 2x loading buffer. If 
cells had a higher or lower OD600 the amount of loading buffer was adjusted accordingly. 
Subsequently, the samples were boiled at 95 °C for 5 min and sonicated briefly (Soniprep 150, 
MSE). 10-15 ��L of this solution together with 5 ��L of protein ladder (PageRuler Plus Prestained 
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Protein ladder, Fermentas) were loaded on a polyacrylamide gel and proteins were separated 
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (after (Schagger 
et al. 1985)). The separating and stacking gel contained 12.5 % and 4 % polyacrylamide 
respectively. Gels were run at 200V for 45 min and stained with Coomassie staining solution 
(40 % methanol, 10 % acetic acid, 0.2 % R-250 Coomassie-Brilliant-Blue) for 20-30 min. 
Destaining was usually performed in water over night. 

2.4.6 Activity assay of NAD+-dependent dehydrogenases 

These assays are based on measurement of NADH production during oxidation of an alcohol 
substrate.  

2.4.6.1 Activity assays of NAD+-dependent dehydrogenases in crude lysate 

The assay was performed in a total volume of 1 mL in pre-heated (37 °C or 45 °C) 50 mM 
K2HPO4 buffer supplemented with 5 mM MgSO4. The standard assay contained 500 µM NAD+ 
(Sigma-Aldrich) and 5 - 10 µL crude lysate corresponding to 150-300 µg total protein. If needed 
5 µL crude lysate containing Act were added additionally. The reaction was started by addition 
of methanol or ethanol to a final concentration of 1 M. The production of NADH was 
continuously measured at 340 nm at 37 °C or 45 °C by a Cary 50 Bio UV-Visible 
spectrophotometer (Varian, Steinhausen, Switzerland). Activities were calculated from 
maximal slopes using the law of Lambert-Beer (�0NADH=6220 M-1 cm-1). All measurements were 
performed at least in duplicates. 1 U was defined as the amount of enzyme that converted 1 
µmol of NAD+ into NADH per minute. If specific units (U/mgprotein) are calculated total protein 
concentration of the lysate was used. 

2.4.6.2 Activity assays of purified NAD+-dependent dehydrogenases 

Alcohol dehydrogenase activities were measured spectrophotometrically in 1 mL cuvettes 
essentially as previously described (Hektor et al. 2002, Kloosterman et al. 2002), and unless 
otherwise stated, the reaction mixture contained: 100 mM glycine-KOH pH 9.5, 5 mM MgSO4, 
0.5 mM NAD+, and 0.5 M alcohol (methanol, ethanol, propanol, 1,3-propanediol, or butanol) or 
alternatively 0.05 M alcohol (pentanol or hexanol), as well as purified Mdh protein (5-100 

�Pg/ml). NAD+ was substituted with 0.5 mM NADP+, FMN+, or FAD+ when indicated. When 
measuring formaldehyde reductase activity, the reaction mixture contained: 50 mM Potassium-
phosphate buffer pH 6.7, 0.15 mM NADH, 1 mM DTT and 11.6 mM formaldehyde or 
acetaldehyde. Unless otherwise stated, the assay components were mixed in the cuvette and 
pre-warmed to 45 °C. The generation or consumption of NADH was monitored at 340 nm. One 
unit (U) of Mdh activity was defined as the amount of enzyme needed to produce 1 µmol NADH 
per minute under the conditions described above. Purified Act (0.1-40 µg) protein was added 
to the reaction mixtures as indicated. The six Mdh proteins were analyzed for pH and 
temperature optima. All enzymes displayed the highest catalytic activity at pH between 9.5 and 
10. The Mdhs were assayed at pH 9.5 at temperatures ranging from 25 °C to 45 °C, and the 
results showed that they all had temperature optima around 45 °C.  

In order to determine the Michaelis Menten constants of the enzymes during the oxidation of 
methanol or reduction of formaldehyde, activities were measured at varying methanol 
concentrations (0.1-2000 mM) keeping NAD+ at saturation (0.5 mM), at varying NAD+ 

concentrations (1-2000 �PM) keeping methanol at saturation (0.5 M), or at varying formaldehyde 
concentrations (0.1-40 mM) keeping NADH at saturation (0.15 mM). The data were plotted and 
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fitted using Prism 5.04 (GraphPad software). The Mdh reaction has previously been found not 
to follow Michaelis-Menten kinetics, but rather displays a ping-pong type of reaction 
mechanism (Arfman et al. 1997). By using a definition of Km as the substrate concentration 
resulting in a reaction rate of ½Vmax rough estimates of the Km values for methanol were made, 
and they correlated well with the constants found fitting the Michaelis-Menten equation in Prism 
5.04. It was therefore decided to report the Prism 5.04 calculated constants. 

2.4.7 Activity assay of hexulose-6-phosphate synthase (Hps) 

The activity of 3-hexulose-6-phosphate synthase (Hps) was determined in a discontinuous 
assay based on the formation of 3-hexulose-6-phosphate from formaldehyde and ribulose 5-
phosphate (Quayle 1982). The Hps assay contained the following final concentrations: 50 mM 
potassium phosphate buffer, pH 7.4, 5 mM MgCl2, 5 mM formaldehyde, 5 mM ribose-5-
phosphate, and 2 U of phosphoriboisomerase (Sigma-Aldrich, Buchs, Switzerland). The 
reaction mixture was incubated at 37 °C for 15 min and was started by the addition of 10 µl 
crude lysate. For each sample, a negative control reaction was performed containing the same 
volume of ddH2O instead of ribose 5-phopshate. At time point zero, a sample (100 µL) was 
withdrawn and added to 100 µl 0.1 M HCl solution that was kept cold to stop any enzymatic 
activity. Subsequently, a new sample was taken every 60 seconds. After collecting all samples, 
protein precipitates were pelleted by centrifugation at 16,000 x g and 4 °C for 10 min, and 100 
µL of the supernatant was mixed with 400 µL of ddH2O and used to determine the decreasing 
formaldehyde concentration using the method described by Nash (Nash 1953) (2.4.9). 

2.4.8 Activity assay of phospho-hexulo-isomerase (Phi) 

The activity of 6-phospho-3-hexuloisomerase (Phi) was determined in a direction that opposed 
the physiological reaction by measuring the formation of formaldehyde from fructose 6-
phosphate with a coupled discontinuous enzyme assay with functional Hps (demonstrated with 
the corresponding assay). The Phi assay contained a final concentration of 50 mM potassium 
phosphate buffer at pH 7.4, 5 mM MgCl2, and 50 mM fructose 6-phosphate (Sigma-Aldrich, 
Buchs, Switzerland). The reaction was incubated at 37 °C for 10 min and was started by the 
addition of 10 µl crude lysate. For each sample, a blank reaction containing the same volume 
of ddH2O instead of fructose 6-phosphate was also performed in parallel. Sampling and 
determining assay readouts were performed as described above for the Hps assay (2.4.7). 
The absorption of the blank samples was subtracted from the absorption of the samples 
containing fructose 6-phosphate. Increases in formaldehyde concentration were plotted 
against time, and the specific enzyme activities for the samples were determined as U/mg total 
protein, where 1 U was defined as 1 µmol formaldehyde produced per 1 minute. 

2.4.9 Formaldehyde determination using an assay based on Nash (Nash-assay) 

To determine formaldehyde concentrations in solution a method based on Nash (Nash 1953) 
was developed. Nash reagent (2.2.5.3) was mixed in a 1:1 ratio with formaldehyde-containing 
samples and incubated for 5 min at 58 °C to form yellow diacetyldihydrolutidin (DDL), whose 
concentration was photometrically detected at 412 nm. The amount of DDL formed was 
quantified based on external standards created by reacting Nash reagent with samples 
containing known formaldehyde concentrations. The absorption of blank samples was 
subtracted from the absorption of the samples containing ribose 5-phosphate. Decreases or 
increases in formaldehyde concentration were plotted against time, and specific enzyme 
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activities for samples were determined in U/mg total protein, where 1 U was defined as 1 µmol 
formaldehyde consumed or produced per 1 minute. 

2.4.10 In silico structure prediction experiments 

The protein structure predictions were produced using three different prediction tools, SWISS-
MODEL, M4T and ModWeb offered on the Swiss Institute of Bioinformatics (SIB) resource 
portal ExPASy.org. The following crystal structures served to generate a comparative model 
for Mdh and Mdh2: Adh2 from Zymomonas mobilis ZM4 (3OWO) (Moon et al. 2011), Adh2 
from Zymomonas mobilis ZM4 complexed with NAD+ cofactor (3OX4) (Moon et al. 2011), 1,3-
propanediol oxidoreductase from Klebsiella pneumonia (Marcal et al. 2009) (3BFJ), 
lactaldehyde reductase from E. coli (1RRM) (Kumaran et al., unpublished) and the 1,2-
propanediol oxidoreductase FucO from E. coli (2BI4) (Montella et al. 2005). In combination 
with data from the crystal structures of these enzymes and the protein sequences of Mdh and 
Mdh2 from B. methanolicus MGA3, comparative models could be generated. Structure images 
and modifications were created with the program PyMOL (Schrödinger). 

2.5 Methods in cell biology 

2.5.1 In vivo formaldehyde production from methanol 

This assay served the purpose to determine in vivo activities of methanol oxidizing enzymes 
by monitoring the subsequent formaldehyde production. The assay was performed in 
stationary cells to avoid extensive growth throughout the assay. Cells were grown overnight in 
standard M9 medium supplemented with glucose and the respective antibiotics. The next 
morning 50 mL standard M9 medium supplemented with glucose, antibiotics and 0.1 mM IPTG 
are inoculated to an OD600 of 1. Cells were grown at 37 °C and vigorous shaking until stationary 
phase was reached (checked by OD600 measurements). When stationary phase was reached, 
an amount of cells corresponding to an OD600 of 1 in a volume of 50 mL was pelleted by 
centrifugation at 8000 rpm for 10 minutes at room temperature. Cells were washed two times 
in water and pelleted as described above between the steps. Finally, the pellet was 
resuspended in 50 mL standard M9 medium without glucose and actual OD600 was measured. 
The experiments were started by addition of 2 ml 100 % methanol resulting in a final 
concentration of 1 M. Directly after addition of methanol a start sample of 600 µL was taken 
and from there on samples were taken every 5 minutes. The samples were directly centrifuged 
for 5 min with 11000 x g at 4 °C to remove the cells. 500 µL of the supernatant were mixed 
with Nash-reagent and the formaldehyde concentration was determined as described above 
(2.4.9). Throughout the experiment cultures were kept at 37 °C and shaken using a water bath. 
1 U was defined as 1 µmol formaldehyde produced per 1 minute. For calculating specific units 
(U/mgprotein) protein concentration was estimated based on the OD600 of the culture and the 
assumption that 1 L culture with an OD600 1 contains 0.250 g of biomass of which half is 
assumed to be protein. 

2.5.2 In vivo formaldehyde consumption by Hps 

The assay was performed to estimate in vivo activities of hexulose-6-phosphate synthase and 
is based on measuring formaldehyde degradation over time. Preparation of the cells and 
sampling was performed as described above (2.5.1) with the difference that the reaction was 
started by addition of 0.5 mM formaldehyde instead of methanol. Formaldehyde concentration 
measurements and activity calculations were again performed as described above. In case of 
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15 minutes preincubation with ribose cell pellets were resuspended in standard M9 medium 
containing 10 mM ribose and cells were incubated for 15 minutes in this medium before the 
experiment was started. For the "all-time ribose" experiments cells were cultivated from the 
beginning in standard M9 medium containing 10 mM ribose instead of glucose. 

2.5.3 Co-metabolization of methanol 

The bacterial growth assay was based on measuring the optical density at 600 nm to detect 
differences in growth. E. coli cells harboring combinations of one pSEVA424 (streptomycin 
resistance) and one pSEVA131 (ampicillin resistance) plasmid were pre-cultured in 3 mL 
standard M9 medium supplemented with 20 mM ribose to an OD600 0.4-0.6, induced with 0.1 
mM IPTG and incubated at 37 °C, 180 rpm overnight. The amount of cells needed for OD600 
0.05 in 20 mL medium was centrifuged the next day (Centrifuge 5414D, Eppendorf, 11000 x 
g, 1 min, RT) and washed once with M9 medium without ribose. The resulting pellet was 
resuspended in 20 mL standard M9 medium supplemented with 0.5 mM ribose giving OD600 of 
0.05. Subsequently, the culture was split in half resulting in two cultures with a volume of 10 mL. 
A total of 0.5 M of methanol was added to one of the cultures and both were incubated at 37 
°C, 150 rpm in two separate, but identical incubators (Minitron, Infors). Samples were taken at 
shorter time intervals during the exponential phase and two samples were taken on the 
following day. The OD600 was determined for each sample. Nash test was preformed to 
determine the formaldehyde concentration in the culture samples. 600 ��L of bacterial culture 
�Z�D�V���F�H�Q�W�U�L�I�X�J�H�G�����&�H�Q�W�U�L�I�X�J�H�����������'���� �(�S�S�H�Q�G�R�U�I���������¶�������� �U�S�P���� �����P�L�Q���� �����ƒ�&���� �D�Q�G������������L of the 
resulting supernatant was added to 500 ��L Nash reagent to determine the formaldehyde 
concentration (see 2.4.9). 

2.5.4 Experimental evolution of E. coli 

2.5.4.1 1st evolution experiment 

The first evolution experiment was performed in M9 medium (Evo medium 1) containing either 
ribose or galactose with or without 1M methanol. The experiment was performed at 37 °C with 
180 rpm shaking in 14 ml culture tubes (Falcon) containing 3 mL medium. Either wild type or 
�ûfrmA E. coli carrying pSEVA424 Mdh2 MGA3 and pSEVA131 Hps Phi MGA3 were used. 
Strains containing the respective empty plasmids served as controls. All strains were tested in 
medium containing 1M methanol and 5 mM ribose or 4.166 mM galactose. Six replicates for 
each strain and condition were prepared leading to a total 48 tubes. Every 24h (between 18:00 
and 19:00) the cultures were transferred into fresh medium in a 1:30 (= 100 µl in 3 ml) ratio 
using filtered pipet tips resulting in an OD600 of app. 0.02 after dilution. For each dilution a total 
volume of 146 mL (48x3) was needed, half of it with ribose the other half with galactose as a 
carbon source. Medium was prepared in 1 L batches without the respective carbon source, 
antibiotics and IPTG. These compounds were added freshly each time (for medium 
preparation see 2.2.3.2). For documentation app. every five days OD600 was measured before 
inoculation of the new cultures, glycerol stocks were prepared, and cells were plated on plates 
with or without methanol. To monitor protein expression SDS-samples were prepared and 
analyzed by SDS-PAGE (2.4.5).  

2.5.4.2 2nd evolution experiment 

In total ten different strains were used during the experiments (Table 11). For each wild type 
strain four and for each �ûfrmA strain three biological replicates were prepared. In the fourth 
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wild type replicate the pH was lowered to 6.5 by addition of HCl to induce expression of formate 
dehydrogenase (FdhO). 

All precultures were grown in 5 mL M9 medium with 5 mM ribose and 500 mM methanol. For 
actual cultures 5 mL medium in 14 mL tubes (Falcon) were used and were inoculated at the 
start to an OD600 of 0.01, which corresponds to app. 5x107 cells. Every 2.5 days cells were 
diluted again to an OD600 of 0.01 in fresh medium. The ribose content of the medium was 
lowered each time until a final concentration of 0.3125 mM was reached after 10 days. Before 
every dilution, OD600 of the cells was measured. For the next 20 days cells were kept in this 
medium at 37 °C with shaking (180 rpm). During this period and at its end OD600 was measured 
to document the progress. After 30 days the remaining cells in all tubes were pelleted (4000 x 
g, 10 minutes, room temperature) and the pellets were resuspended in fresh M9 medium 
containing 5 mM ribose and 500 mM methanol. Again cells were kept in this medium for 20 
days and OD600 was measured once during this time and once at the end. Due to removal of 
culture for preparation of glycerol stocks and SDS-samples the volume of the cultures had 
dropped to app. 2.5 mL at this point. Instead of really diluting the cultures they were filled up 
to 5 mL with medium containing only methanol and further incubated for app. 30 days. OD600 

was measured three times during this period. 

For general monitoring of the experiment glycerol stocks of the cultures and SDS-samples 
were prepared, as described for the first evolution experiment and OD600 was measured. Also 
as described for the first experiment the cultures were plated on M9-medium agar plates with 
or without methanol to check for growth. 

All media used throughout this experiment contained streptomycin (20 µg/mL), ampicillin 
(100µg/mL), chloramphenicol (in water, 25 µg/mL) and IPTG (0.1 mM) 

2.6 Proteomics of B. methanolicus 

2.6.1 Growth of B. methanolicus in a bioreactor 

Starter cultures for the inoculation of bioreactors were inoculated directly from frozen glycerol 
stocks into 500 mL baffled shake flasks containing 100 mL MSV medium supplemented with 
either 200 mM methanol or 55 mM mannitol as a carbon source. The starter cultures were 
grown at temperatures of 37 °C or 50 °C. Prior to inoculation, the media was incubated for 1 
hour at the temperature used for growth. 

B. methanolicus MGA3 cultures for proteome sampling were cultivated in 0.6 L bioreactors 
(Multifors Multi-Fermenter System, Infors AG, Bottmingen, Switzerland) at 50 °C and at 37 °C. 
Each bioreactor contained 300 mL MSV medium with 200 mM methanol or 55 mM mannitol 
as the sole carbon source. Bioreactor aeration was conducted with an air flow of 0.3 L/min. 
Oxygen saturation was measured continuously with a polarimetric oxygen electrode (Mettler 
Toledo, Giessen, Germany) and remained constantly above 80 %. The pH was determined 
online using a standard pH electrode (Mettler Toledo) and adjusted to pH 7.2 with 1 M 
ammonia. The B. methanolicus bioreactor cultures were inoculated at an optical density (OD) 
of app. 0.15 from corresponding flask starter cultures grown with the same carbon source and 
at the same temperature. Culture samples for proteome analysis were harvested from 
exponentially growing cells at an OD of 1.5. Three independent fermentations with 
corresponding proteome sampling were performed for each condition tested. B. methanolicus 
exhibited similar growth rates on mannitol and methanol in MSV medium at 50 °C, resulting in 
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µ of 0.44 h-1 and 0.40 h-1, respectively, whereas at 37 °C cells grown in methanol-
supplemented MSV medium exhibited a growth rate of 0.14 h-1. 

2.6.2 Sample preparation of proteome samples 

Bacterial cell suspensions (50 mL) from the bioreactors were pelleted at 8,000 x g for 5 min in 
50 mL tubes. After resuspension of the cells in 2 mL TE-buffer (10 mM Tris, 1 mM EDTA, pH 
7.5) containing Proteinase Inhibitor Cocktail (cOmplete, EDTA-free, Roche Applied Science), 
cells were lysed three times in a French pressure Mini-cell under 21,700 psi internal cell 
pressure. Cell-debris were removed by centrifugation at 4 °C for 30 min at 20,800 x g 
(Eppendorf centrifuge). The supernatants were transferred into fresh 2 mL tubes. The proteins 
were mixed with Laemmli sample buffer (Bio-Rad) and denatured for 10 min at 95 °C. Proteins 
(30 µg per lane) were loaded onto a NuPAGE Bis-Tris polyacrylamide gel (4-12 % linear 
gradient, 8 cm x 8 cm, 1 mm, 10 wells, Life Technologies). Electrophoresis was performed for 
2 h 15 min at 100 V in NuPAGE buffer (Life Technologies). Subsequently, the gel was 
incubated for 30 min in fixing solution (20 % Methanol, 1 % Phosphoric acid) and stained 
overnight in Roti-Blue Staining (Roth). The gel was transferred to a clean box and incubated 
for 30 min in washing solution (25 % Methanol, 75 % water). For each sample, the 
corresponding gel lane was cut into 7 pieces. Gel pieces were washed three times in 50 % 
acetonitrile and dried for 10 min under vacuum (SpeedVac, Thermo Fisher Scientific). Proteins 
were reduced for 45 min at 56 °C in 10 mM DTT (in 25 mM ammonium hydrogen carbonate, 
pH 8.0) and carbamidomethylated for 60 min at room temperature in the dark with 50 mM 
iodoacetamide (in 25 mM ammonium hydrogen carbonate, pH 8.0). After quenching the 
reactions with 50 mM DTT gel pieces were washed twice in 50 % acetonitrile and dried for 15 
min under vacuum. The proteins of each gel piece were digested by adding 50 ng trypsin 
(Promega) for 16 h at 37 °C in 25 mM ammonium hydrogen carbonate, pH 8.0. To stop the 
digest trifluoroacetic acid (5 % in 50 % acetonitrile) was added until pH was below 2. Peptides 
were transferred to fresh tubes and solvents were evaporated. Finally, peptides were 
resuspended in 20 µL 3 % acetonitrile (ACN) and 0.1 % formic acid (FA), and desalted with 
C18 ZipTip (Millipore Corporation). 

2.6.3 MS-measurements 

2.6.3.1 MS Analysis 

Mass spectrometry based shotgun analysis was performed on a LTQ Orbitrap XL instrument 
(ThermoScientific, Bremen, Germany) coupled to an Eksigent LC system (Eksigent, Redwood 
City, USA). Solvent compositions of the two channels were 0.1 % formic acid (FA) in H2O for 
solvent A and 0.1 % FA in ACN for solvent B (both solvents from Brunschwig Chemie AG, 
Basel, Switzerland). Peptides were resuspendend in 20 µL 3 % ACN and 0.1 % FA and 4 µL 
were loaded directly onto an in-house (FGCZ) packed reverse phase column (75 µm, 15 cm, 
ProntoSIL C-18 AQ, 3 µm, 200 Å, Bischoff Chromatography, Leonberg, Germany) with a flow 
rate of 500 nL/min. Peptides were separated with a flow rate of 300 nL/min and a gradient from 
5 % to 9 % solvent B in 1 min followed 9 % to 40 % solvent B over 55 min. Solvent B was 
increased to 95 % in 2 min and the column was cleaned for 15 min followed by a reconditioning 
step at 5 % solvent B for 8 min prior to the next injection. Peptides were ionized by electro 
spray using a spray voltage of 1.8 kV and the ion transfer tube was operated at 200 °C. MS 
scans were acquired in the Orbitrap from 300 �± �����������P���]���Z�L�W�K���D���U�H�V�R�O�X�W�L�R�Q���R�I�������¶�����������D�W����������
m/z) and an automated gain control (AGC) target value of 5e6 or a maximum injection time of 
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500 milli seconds. From each ms scan the five most intense ions were selected for collision 
induced decay (CID) fragmentation. The minimum precursor signal intensity threshold was set 
to 500 and charge state screening was rejecting singly charged ions and ions with an 
undetermined charge state. Precursors were isolated with a 2 Dalton window and accumulated 
to a target value of 1e5 or a maximum injection time of 100 milli seconds. MS/MS spectra were 
recorded in the linear trap after activation of the precursor with normalized collision energy of 
35 % (activation Q=0.25, activation time 30 milli seconds). Each ion was put for 60 seconds 
onto the dynamic exclusion list (max. of 500 entries) after one fragmentation event with a 
window of 20 ppm.  

2.6.3.2 Experimental Sequence 

To optimize MS measurements and to prevent biased readouts the samples were analyzed in 
a mixed order following the loading pattern on the gel. Three biological replicates were always 
loaded on the gel in the following order: mannitol 50 °C, methanol 50 °C and methanol 37 °C. 
The MS-MS analysis of the samples started with all slices of the lowest molecular weight (least 
complex) followed by the next nine slices of higher molecular weight. Additionally, for 
quantification with Progenesis LCMS a pooled sample (composed of an aliquot from each of 
the nine previously analyzed samples) was included at the end of each batch of samples with 
the same molecular weight which served as the aligning reference. 

2.6.3.3 Protein Identification and Quantification using Progenesis LCMS 

Raw data of gel slices with equal molecular weight were loaded together into the software 
package Progenesis LCMS Version. 4.1 (www.nonlinear.com), a software tool developed for 
label-free quantification of LC�±MS data. Data was analyzed according to Progenesis LCMS 
analysis in Weisser et al., (Weisser et al. 2013). In brief, for data loading, the option "High Mass 
Accuracy Instrument" was selected. LC�±MS data were normalized and aligned according to 
�P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�� �V�S�H�F�L�I�L�F�D�W�L�R�Q�V�� In the aligning step manual seeding of "three to five" vectors 
along the retention time gradient was performed followed by automatic alignment.  

For the identification of peptide features in the corresponding mass spectrometry files, Mascot 
generic files (mgf file format) are generated with Progenesis LCMS (using up to five tandem 
mass spectra for each feature with the top 200 fragment ion peaks, charge deconvolution and 
de-isotopting activated). Mgf files were searched by Mascot 2.3 search engine against an 
amino acid database containing 20,399 entries including 3,418 MGA3 annotated proteins 
(downloaded from Uniprot on August 2013), 6,651 yeast proteins, 261 known mass 
spectrometry contaminants as forward entries and from all forward entries except the 
contaminants, a reverse decoy sequence. Parameters for precursor tolerance and fragment 
ion tolerance were set to ± 10 ppm and ± 0.6 Da, respectively. The search parameters were 
set to one missed cleavage for trypsin, fixed modifications (carbamidomethylation at cysteine), 
and variable modifications (oxidation at methionine).   

Mascot results were loaded into Scaffold v4.05, using the options for protein clustering and 
high mass accuracy PeptideProphet scoring. A spectrum report from Scaffold was reimported 
into Progenesis LCMS.  

Quantification was performed on non-conflicting features only and grouping of proteins was 
applied. For quantification, proteins were only accepted when 2 peptides with a peptide prophet 
score above 80 % were identified. 
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Seven Progenesis experiments were first performed individually for each molecular weight 
fraction and afterwards combined within the software using the "combine analyzed fractions" 
approach. Identified peptide features were summed into protein volumes. Statistical testing (T-
test) was done on normalized, arcsinh transformed protein volumes, as suggested by 
Progenesis LCMS. Criteria for significant changes on protein levels were p-values < 0.05, fold 
change > 2. 

2.7 Metabolomics 

2.7.1 Sample preparation used for B. methanolicus metabolomics 

For metabolomic measurements B. methanolicus cells from the same bioreactors as for the 
proteome analysis were used. When cells reached an OD600 between 1 and 1.5 sampling was 
started. To dilute remaining unlabeled methanol or mannitol in the growth medium 500 µL of 
culture were added to 4.5 mL low buffer salt medium containing 0.5 M 13C labeled methanol. 
Cells were incubated at 50 °C in a shaking water bath for 5, 10, 20, 30, 60, 120, 300 and 600 
seconds before the reaction is stopped by filtering the cells through a pre washed (app. 20 mL 
50 °C MillQ water) 0.45 µm PESU  filter (Sartorius Stedim). For a start sample, cells were 
directly filtered without incubation in 13C labeled methanol. On the filter cells were washed with 
10 mL 20 °C warm MilliQ water before the filter was transferred into 8 mL -20 °C cold quenching 
solution ((ACN:MeOH:0.5M Formic acid 60:20:20)). After app. 5 minutes with short intervals of 
sonification in a water bath, filters were removed and samples were lyophilized over night. 
Based on OD600 of cultures before sampling the amount of biomass in each sample was 
calculated based on the assumption that 1 mL of a culture with an OD600 of 1 contains 240 µg 
of biomass. The samples were resuspended in an amount of MilliQ water to give a final 
concentration of 1 µg/µL. Insoluble cell debris was removed by 2 times 10 min centrifugation 
at 4 °C at 16000 x g.   

For the second sampling of mannitol grown B. methanolicus the sampling procedure was 
slightly adjusted. Instead of growing cells in a bioreactor cells were pre grown in shake flasks. 
For the actual experiment, 50 mL of the culture were transferred into 100 mL flask with baffles 
and further incubated in shaking water bath at 50 °C. The OD600 of the culture should be around 
1. For the sampling 500 µL were pipetted out of the flask, put on a small RC-filter (0.2 µm) 
(Sartorius Stedim) and washed with 500 µL 50°C water. The filter is transferred into a 50 mL 
falcon containing 5 mL of 13C methanol containing (0.5 M) low buffer salt medium and 
incubated for the time periods indicated above (for short periods of time the filter was still held 
with forceps to allow fast removal). After incubation, filter and medium are transferred on a big 
PESU filter (0.2 µm) and washed with 10 mL 20 °C warm water. Both filters are subsequently 
transferred into quenching solution. The rest of the protocol is described above. 

For preparation of LC-MS samples 5 µL sample were mixed with 10 µL of 10x MS metabolite 
mix (2.2.5.1) and 85 µL TBA buffer pH 8.0 yielding a final biomass concentration of 50 ng/µL. 

2.7.2 Sample preparation used for determination of B. methanolicus metabolite pool 
sizes 

Samples for metabolite pool size determination were directly taken from the bioreactors. app. 
500 µL of culture were sucked into a syringe. To determine the exact amount of culture taken 
the syringe was weighed before and after sample removal. The cells were filtered through a 
extensively prewashed (50 °C hot MilliQ water) 25 mm RC filter (Sartorius Stedim) and washed 
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with 500 µL 20 °C warm MilliQ. The rest of the sampling was performed as described above 
with two exceptions. The filters were transferred into 1.5 mL quenching solution and internal 
B. methanolicus MGA3 standard (see 2.7.3) equal to the calculated amount of biomass was 
added to the quenching solution for later quantification. 

2.7.3 Preparation of internal standard for B. methanolicus MGA3 

To produce uniformly labeled B. methanolicus MGA3 biomass that can be used for 
quantification of metabolites, cells were grown on uniformly labeled methanol and as much 
biomass as possible was sampled to produce internal standard. 

50 mL overnight precultures of B. methanolicus MGA3 were grown in flask containing standard 
B. methanolicus medium with uniformly 13C labeled methanol as the only carbon source. 
Bioreactors were inoculated to a start OD600 of 0.1 and cells grew up to an OD600 of 1.17. The 
sampling was started by filtering 3 mL of culture through a prewashed 45 mm RC filter 
(Sartorius Stedim). Due to increasing biomass the volume used for sampling was gradually 
reduced throughout the experiment. Cells on the filters were washed with 10 mL 20 °C warm 
MilliQ water, filters were packed into aluminum foil and stored on liquid N2 until all biomass was 
sampled. At the end of sampling OD600 was measured to be 2.2. All filters were unpacked and 
transferred into a total of 375 mL -20 °C cold quenching solution. After lyophilisation the total 
sampled biomass was calculated as described above based on a mean OD600 of 1.68. The 
amount was estimated to 90 mg and resuspended in 40 mL MilliQ leading to a concentration 
of 2.25 µg/µL. Cell debris was removed by 2 times 10 min centrifugation at 4 °C at 16000 x g 
and 1 mL aliquots were stored at -20 °C.   

2.7.4 Sample preparation used for E. coli metabolomics 

Precultures of strains to be tested were inoculated directly from glycerol stocks in 5 mL M9 
mass spectrometer medium containing 20 mM ribose and 0.2 % casamino acids to allow 
efficient protein expression. Medium was supplemented with fitting antibiotics and 0.1 mM 
isopropyl-��-D-thiogalactopyranoside (IPTG). Cultures were grown over night at 37 °C and 150 
rpm in culture tubes. The next morning precultures were used to inoculate 20 mL M9 mass 
spectrometer medium to an OD600 of 0.1-0.2. The medium contained 20 mM ribose, fitting 
antibiotics and 0.1 mM IPTG but no casamino acids. Strains were grown at 37 °C and 150 rpm 
for app. 6 hours in 100 mL shake flasks with baffles. Growth was followed by measuring OD600. 
For the actual experiment, an amount of cells equal to OD600 of 0.5 in a volume of 10 mL was 
pelleted (5 min, 10000 g, RT). The cells were washed with 20 mL sterile deionized water and 
pelleted again (5 min, 10000 g, RT). Finally, cells were resuspended in 10 mL M9 mass 
spectrometer medium without any carbon source but fitting antibiotics and 0.1 mM IPTG and 
transferred into pre warmed 100 mL shaking flasks with baffles. Before the experiment was 
started actual OD600 was measured. Throughout the experiment flask were shaken at constant 
speed in a water bath at 37 °C. Before starting the experiment by �D�G�G�L�W�L�R�Q���R�I������������L 13C labeled 
methanol (Cambridge Isotope Laboratories) ���R�U������������L 13C labeled 0.5 % formaldehyde), which 
correspond to a final concentration of 1 M (or 0.5 mM in the formaldehyde labeling) a start 
sample was taken. After addition of labeled substrate, samples were taken 3 min, 6 min, 10 
min and 60 min after the start. For each sample 1 mL culture was transferred onto a 
�S�R�O�\�H�W�K�H�U�V�X�O�I�R�Q�H�����3�(�6�8���������������P��filter (Sartorius Stedim) pre washed with an excess amount 
of 50 °C hot water. By applying vacuum, the medium was removed and the cells were washed 
with 1 mL 20 °C warm MilliQ water. The filter carrying the cells was transferred into 1.5 mL -20 
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°C cold quenching solution and kept on ice for app. 10 minutes with short intervals of 
sonification. The filters were removed, samples were snap frozen in liquid N2 and lyophilized 
overnight. Biomass sampled this way corresponded app. to �����������J���G�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���2�'600 of 
the respective culture. This calculation is based on the assumption that 1 mL of culture at OD600 

of 1 �H�T�X�D�O�V�������������J���P�/ of biomass.  

The lyophilized biomass was resuspended in MilliQ to give a final biomass concentration of 
1 ���J����L. Biomass in the samples was calculated based on OD600 of the cultures at the end of 
the experiment. The resuspended samples were centrifuged at 20'000 x g for 10 min at 4 °C 
and the supernatant was transferred to a new tube and stored at -20 °C. 

Samples for liquid chromatography mass spectrometer (LC-MS) measurements were 
prepared �E�\���P�L�[�L�Q�J�����������/���V�D�P�S�O�H�����������J�����/���E�L�R�P�D�V�V�����Z�L�W�K ���������/���R�I���0�6���0�H�W�D�E�R�O�L�W�H���0�L�[���������[��������
���0, 2.2.5.1���� �D�Q�G�� ������ ���/��tributylamine (TBA) buffer pH 8.0. This results in a final biomass 
�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I�����������Q�J�����/�����,�Q���V�R�P�H���F�D�V�H�V���W�K�H���/�&-MS samples were furthermore filtered via a 
�V�\�U�L�Q�J�H���I�L�O�W�H�U���������������P�����0�L�Q�L�V�D�U�W���5�&�������6�D�U�W�R�U�L�X�V���� 

2.7.5 Nanoscale ion-pair reversed phase HPLC-MS 

Metabolome analysis of the prepared 13C labeling experiment samples was carried out by 
using nanoscale ion-pair reversed-phase high performance liquid chromatography (nano-IP-
RP-HPLC) with a split-free nanoLC Ultra system (Eksigent, Dublin, CA) hyphenated to an LTQ-
Orbitrap mass spectrometer (ThermoFisher Scientific, San Jose, CA) by nanoelectrospray 
ionization. Separation of the metabolites was performed on a C18 column (Dr. Maisch HPLC 
Markensäule, Reprosil-Gold 120, 100 mm x 0.1 mm, Morvay Analytik GmbH) as stationary 
phase with a tributylamine (TBA) solution as the ion-pairing reagent and methanol (solvent B) 
as eluent. The TBA solution (solvent A) was obtained by dissolving 1.7 mM TBA in 1.5 mM 
acetic acid and adjust the pH to 9.0 with 6 M ammonium hydroxide. Solvent B (methanol) was 
varied according to the gradient; 0 min, 3 %; 30 min, 90 %; 35 min, 90 %; 36 min, 3 %; 45 min, 
3 % under a flow �U�D�W�H�� �R�I�� �������� �Q�/���P�L�Q���� �7�K�H�� �L�Q�M�H�F�W�L�R�Q�� �Y�R�O�X�P�H�� �Z�D�V�� ���� ���/���� �0�D�V�V�� �D�F�T�X�L�V�L�W�L�R�Q�� �Z�D�V��
done in the negative Fourier transform mass spectrometry mode at unit resolution of 60'000 
(at m/z 400) applying an ion spray voltage of -1.9 kV. The capillary temperature was 150 °C 
and the capillary voltage was set at -10 V. Acquisition was performed in a scan monitoring 
�P�R�G�H�����6�&�$�1�����I�R�U���W�K�H���P�D�V�V���U�D�Q�J�H�V�����������”���P���]���”����������(Kiefer et al. 2011). 

2.7.6 MS-data analysis: 

Obtained MS-data was analyzed using the program eMZed 1.3 (Kiefer et al. 2013). 

2.8 In silico modelling using Optflux 

For in silico modelling approaches the Optflux software (Rocha et al. 2010) version 3.0.7 was 
used. As a model an adopted E. coli model was used (Feist et al. 2007) containing additionally 
the reactions catalyzed by Mdh, Hps and Phi and the required "transport" reaction to allow 
external methanol to enter the cell. During project creation Optflux was told to remove external 
metabolites and to use regeexps ending with _b. As biomass reaction 
R_Ec_biomass_iAF1260_core_59p81M was set. The SBML-file used for modeling is already 
set for methylotrophic growth meaning influx of methanol is set to 18.5 mmol/gbiomass*h. For 
simulation of glucose based growth the influx of methanol was set to zero while influx of 
glucose was allowed using the environmental constrains function offered by Optflux. For knock 
out simulations the "knock-out of reactions" function was used. It should be mentioned that the 
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model contains in addition to the NAD+-dependent Mdh and the RuMP cycle also reactions 
catalyzed by PQQ-dependent Mdh and components to enable the serine cycle. Additionally 
enzymes for the sedoheptulose bisphosphate bypass were integrated. For standard 
simulations described in Chapter 3 all these reactions were ignored by the "reaction knock out" 
function. 
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3 In silico  validation of the engineering strategy for E. coli  

As described in 1.2.1 development of a simple, yet promising strategy is needed to convert 
E. coli into a methylotrophic organism. Based on the properties of potential methanol 
dehydrogenases as outlined in 1.1.1 expression of an NAD+-dependent Mdh should be a 
feasible solution for successful heterologous expression and oxidation of methanol into 
formaldehyde compared to PQQ dependent Mdh. E. coli naturally possess a glutathione-based 
formaldehyde oxidation pathway, which could potentially be employed for energy production 
by linear oxidation and at the same time detoxification. Since this pathway is optimized for fast 
formaldehyde degradation, it might become necessary at a later stage to artificially regulate 
the pathway to avoid excessive loss of formaldehyde. In order to establish biomass formation, 
employment of one of the RuMP cycle variants seems promising since most of them only 
require expression of two additional genes, hps and phi.  

To validate the strategy outlined above, in silico simulation experiments were performed based 
on the E. coli model of Feist et al. (Feist et al. 2007). To this end, the model was modified and 
the three reactions determined to be essential for the strategy were added. In total, the model 
contained 1271 gene products and reactions with 1676 metabolites. In contrast to a "pen and 
paper" approach in silico modelling has the advantage that within the boundaries of the system, 
feasibility of an approach can be tested. We used flux balance analysis (FBA) with a maximal 
biomass yield (equals growth rate µ) as constraint on methanol and glucose, respectively, as 
carbon sources. The uptake rate of glucose was set to 7 mmol/(gCDW × h), which corresponds 
to the glucose uptake rate of E. coli in shake flasks (Fischer et al. 2004, Nicolas et al. 2007). 
For comparison, we decided to adjust the influx of methanol to equal the amount of carbon 
that is taken from glucose. Accordingly the influx of methanol was set to 42 mmol/(gCDW× h). 
The integration of the three methylotrophic modules confirmed a feasible solution for growth 
on methanol. The predicted maximal growth rate was 0.88 h-1 whereas the growth rate on 
glucose was 0.65 h-1 which was in perfect agreement with the experimentally determined µ of 
0.65 h-1 (Nicolas et al. 2007). These results indicated that methanol can principally be 
metabolized at least as efficiently as glucose. 

In one feasible solution the predicted fluxes in the central carbon metabolism showed that the 
enzymes of the non-oxidative pentose phosphate pathway were used to establish a 
transaldolase based rearrangement variant of the RuMP cycle (Figure 6A). All reactions were 
inverted compared to the fluxes during glucose-based growth (Figure 6B). Since these 
enzymes are supposed to be bidirectional the flux direction allowing for growth on methanol 
should be possible in vivo as well. E. coli naturally possesses genes encoding for the Entner-
Doudoroff (Edd) pathway and a fructose bisphosphate aldolase. Therefore, both cleavage 
variants of the RuMP cycle (see also 1.1.3) are theoretically possible in E. coli and the model 
has to choose between the two variants. As shown in Figure 6A without further constrains the 
model strictly used the FBPase variant and no flux through the Entner-Doudorff pathway was 
predicted upon conversion of methanol. The model could be forced to use the KDPG variant 
of the RuMP cycle if fructosebisphosphate aldolase and fructose-6-phosphate aldolase 
(Schurmann and Sprenger 2001) were knocked out resulting in a slightly reduced growth rate 
(0.349 h-1). The Edd pathway was not used during growth on glucose either. This example 
shows that modeling solutions often but not always mirror in vivo processes accurately since 
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usage of the Edd pathway is reported for E. coli during growth on glucose (Peekhaus and 
Conway 1998).  

Figure 6: Metabolic fluxes calculated for E. coli  growing on methanol  (A) and  glucose  (B). Metabolic fluxes 
calculated for E. coli growing on methanol (A) and glucose (B). Metabolic fluxes in a hypothetical methylotrophic E. 
coli are calculated either for growth on methanol (A) or glucose (B). Green arrows indicate flux and size of the 
arrows corresponds to the calculated flux. Pathways: MO, methanol oxidation; FOII, formaldehyde oxidation II; FOI, 
formaldehyde oxidation I; RuMP, ribulose monophosphate cycle; MAN, mannitol metabolism; EMP, glycolysis; 
TCA, tricarboxylic acid cycle; EDD, Entner-Doudoroff pathway. Proteins: Mdh, methanol dehydrogenase; FrmA, 
formaldehyde dehydrogenase A; FrmB, S-formylglutathione hydrolase; Fdh, formate dehydrogenase; Hps, 3-
hexulose-6-phosphate synthase; Phi, phospho-hexulo-isomerase; Pfk, phosphofructokinase; Fba, fructose 
bisphosphate aldolase; Tkt 1, transketolase 1; Tkt 2, transketolase 2; Rpe, ribose-5-phosphate 3-epimerase; RpiA, 
ribose-5-phosphate isomerase A; Pgi, phosphoglucose isomerase; Zwf, glucose-6-phosphate 1-dehydrogenase; 
Pgl, 6-phosphogluconolactonase; Gnd, 6-phosphogluconate dehydrogenase; Tpi, triose phosphate isomerase; 
Gap, glyceraldehyde 3-phosphate dehydrogenase; Pgk, phosphoglycerate kinase; GpmI, 2,3-
bisphosphoglycerate-independent phosphoglycerate mutase; Eno, enolase; Pyk, pyruvate kinase; Pdh, pyruvate 
dehydrogenase; GltA, citrate synthase; AcnA, aconitate hydratase 1; AcnB, bifunctional aconitate hydratase 2; Icd, 
isocitrate dehydrogenase; Odh, 2-oxoglutarate dehydrogenase complex; Suc, succinyl-CoA synthetase; Sdh, 
succinate dehydrogenase; Fum, fumarase; Mdh, malate dehydrogenase; Edd, phosphogluconate dehydratase; 
Eda, 2-keto-3-deoxygluconate 6-phosphate aldolase; PTS, glucose specific phosphotransferase system; Ppc, 
phosphoenol-pyruvate carboxylase. Numbers represent calculated fluxes in mmol/g×h. Names and abbreviations 
are given according to the Biocyc database (http://www.biocyc.org) 
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The model predicted that the TCA cycle is not closed which is in line with knowledge available 
from natural methylotrophs during growth on methanol (Chistoserdova et al. 2009) and was 
only used for cataplerosis in our simulation. Only app. 10 % of the produced formaldehyde 
were oxidized to CO2 and to this end the established dissimilatory RuMP cycle was used while 
no flux through the endogenous GSH-dependent pathway was predicted. Deletion of the 
dissimilatory RuMP cycle (caused by deletion of zwf) and subsequent knock out simulation 
hardly effected growth rate (0.369 h-1), thus indicating that additional production of energy by 
formaldehyde oxidation is of low importance. In conclusion, the model supports the idea that 
introduction of three additional genes could establish methylotrophy in E. coli but it requires 
enzymes of the pentose phosphate pathway to be functional and present. One general problem 
of stoichiometric models is that all reactions in the model are available to find a solution. In 
vivo this would mean that all genes are expressed at all times in high amounts which might not 
be the case. On the contrary, gene expression is highly regulated and it remains to be 
validated, if all genes necessary for our approach are expressed in sufficient amounts.  
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4 Systemic  invest igation of the metabolism of 
B. methanolicus  

A solid understanding of natural methylotrophs is a prerequisite for the development of a 
strategy to engineer a methylotrophic E. coli. While the metabolism of some methylotrophic 
bacteria such as M. extorquens AM1 has been studied in great detail (Chistoserdova 2011a, 
Peyraud et al. 2011), knowledge on other methylotrophs such as B. methanolicus is still limited. 
A number of reasons as outlined in chapter 1.3, make B. methanolicus a promising candidate 
as a donor for enzymes and pathway implementation (based on the in silico confirmation 
described in chapter 3). Although many isolates have been described (Alawadhi et al. 1989, 
Dijkhuizen et al. 1988) only the strains C1 and MGA3 are studied in great detail. Our 
biochemical knowledge of the key enzymes of the methylotrophic pathways is mainly based 
on studies of enzymes from strain B. methanolicus C1 (Arfman et al. 1990, Arfman et al. 1992a, 
Arfman et al. 1992b, Arfman et al. 1997, Arfman et al. 1989, de Vries et al. 1992, Hektor et al. 
2002, Kloosterman et al. 2002). In B. methanolicus MGA3 research was mainly focused on 
characterization and improvement of amino acid biosynthesis (Brautaset et al. 2010, Brautaset 
et al. 2003, Hanson et al. 1991, Lee et al. 1996, Naerdal et al. 2011, Schendel et al. 1990, 
Schendel and Flickinger 1992). From the above mentioned B. methanolicus strains, only the 
B. methanolicus MGA3 and PB1 genome has been sequenced. Albeit there is transcriptomics 
data available (Heggeset et al. 2012), we lack knowledge of its proteome and metabolome, 
which is, however, crucial for our understanding of methylotrophy in B. methanolicus from a 
fundamental science point of view, but also to improve biotechnological application strategies 
(Brautaset et al. 2007) and finally to guide us regarding the use of B. methanolicus as a 
"blueprint" for the engineering approach in E. coli. 

4.1 Proteome analysis of B. methanolicus MGA3 

The results of this part are published in (Muller et al. 2014): 

Muller, J.E.N., Litsanov, B., Bortfeld-Miller, M., Trachsel, C., Grossmann, J., Brautaset, T. and 
Vorholt, J.A. (2014) Proteomic analysis of the thermophilic methylotroph Bacillus methanolicus 
MGA3. Proteomics 14(6), 725-737. 

To generate proteome data for B. methanolicus MGA3 we used label-free quantitative 
proteomics and compared the proteome on two different carbon sources (mannitol and 
methanol) to identify the set of proteins that is upregulated during methylotrophic growth 
conditions versus non-methylotrophic growth. In addition to better reflect methylotrophy at the 
optimal temperature of E. coli the proteome of B. methanolicus MGA3 was compared at 50 °C 
and 37 °C during growth on methanol. As mentioned above, B. methanolicus MGA3 itself is 
an interesting candidate for production especially of the amino acids L-lysine and L-glutamate 
(Brautaset et al. 2007) and even without sophisticated methods for genetic manipulation some 
progress in this direction had been made. For this reason, the data were also analyzed in 
respect to future potential production strategies of glutamate and lysine. 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 
Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository 
(Vizcaino et al. 2013) with the dataset identifier DOIs 10.6019/PXD000637 (carbon 
dependency) and PXD000638 (temperature dependency).

http://proteomecentral.proteomexchange.org/
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4.1.1 General analysis of differential proteomes 

Here, we established for the first time a proteomic analysis of B. methanolicus MGA3, and we 
used this approach to compare cells grown on methanol and mannitol at 50 °C as well as cells 
grown on methanol at 37 °C and 50 °C. B. methanolicus growth rates on mannitol and 
methanol in MSV medium at 50 °C were similar (0.44 h-1 vs 0.4 h-1), which allowed us to 
conduct proteomic comparisons of the metabolism of these carbon sources without any 
observed growth rate-induced differences (see also (Jakobsen et al. 2006)). These two growth 
conditions represent a basis to study regulatory, biochemical, and biotechnological 
characteristics of this organism. To demonstrate reproducibility and for statistical reasons, we 
performed three independent biological replicates for each growth condition. When the growth 
temperature of B. methanolicus MGA3 is shifted from 50 °C to 37 °C, sporulation is initiated, 
while vegetative growth is maintained when the cells were cultivated at a constant temperature 
of 37 °C (Schendel et al. 1990). These two growth temperatures therefore represented a 
second proteomic comparative analysis of interest in this study. 1,244 different proteins were 
detected in the three independent biological replicates for each of the three different growth 
conditions. Pairwise comparisons resulted in the detection of 1,189 different proteins in cell 
cultures growing on methanol and mannitol at 50 °C, while 1,140 different proteins were 
detected in cell cultures growing on methanol at 37 °C and 50 °C. In both cases, the detected 
proteins constituted app. one third of the total number of predicted protein coding sequences 
in this organism (Heggeset et al. 2012). After filtering the protein lists (a minimum of 2 peptides 
per protein), 1,048 protein were quantified with Progenesis (see 2.6.3.3). When comparing 
methanol and mannitol, 109 proteins exhibited significantly altered levels (fold change > 2, T-
test < 0.05) (Figure 7A). The same procedure was applied to compare growth at 37 °C and 

Figure 7: Overview of detected proteins and their distribution according to cellu lar functions.  The number 
of detected, quantified and significantly affected proteins is shown in A. KEGG functional classification of 
significantly affected proteins is shown in B. Distribution of significantly affected metabolic proteins is shown in C. 
Central metabolism includes the RuMP cycle, glycolysis and TCA cycle proteins. 
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50 °C on methanol, and of the 1,000 proteins that passed through the filters, 213 exhibited 
significant regulation (fold change > 2, T-test < 0.05) (Figure 7A).   

Proteins that were significantly affected were categorized into functional groups according to 
the Kyoto Encyclopedia of Genes and Genomes (KEGG) classification 
(http://www.genome.jp/kegg/). Depending on the growth comparison, the relative contributions 
of the KEGG major categories were different, as summarized in Figure 7B. 62 % percent of 
all the significantly affected proteins identified on different growth substrates had a function in 
cell metabolism, while 49 % of the significantly affected proteins identified at different growth 
temperatures had the same function. The relative distribution of affected proteins classified as 
cellular processes and signaling and genetic information processing were similar in the growth 
substrate and the growth temperature comparisons. In contrast, the proportion of functionally 
unknown proteins affected was 2.5-fold higher in the growth temperature comparison versus 
the growth substrate comparison.  

Proteins functionally categorized within metabolism (Figure 7B) accounted for the largest 
fraction in both of the pairwise comparisons, and these proteins were therefore further 
classified (Figure 7C). In particular, we noted a high proportion of affected proteins involved 
in central metabolism (33 %), amino acid metabolism (18 %) and cofactor/vitamin metabolism 
(10 %) in the growth substrate comparison. For the growth temperature comparison, proteins 
involved in amino acid metabolism (29 %), cofactor/vitamin metabolism (20 %) and lipid 
metabolism (11 %) constituted more than half of the significantly affected proteins. In both 
cases, proteins not assigned to one of the fractions mentioned constituted 21 % and 25 %, 
respectively.  

4.1.2 Influence of different growth substrates on enzymes involved in central carbon 
metabolism 

As previously mentioned, the proteome of B. methanolicus differed when the organism was 
grown either on methanol or mannitol, particularly with respect to proteins involved in central 
carbon metabolism (Figure 7C). In agreement with previous transcriptome data (Heggeset et 
al. 2012), proteins comprising the complete RuMP cycle, with the exception of ribose 5-
phosphate isomerase (RpiB), were significantly affected (upregulated) in cells growing on 
methanol (Figure 8). In the case of pBM19 plasmid-encoded and chromosomally encoded 
paralogs, only the plasmid-encoded versions were upregulated (Table 5). B. methanolicus has 
only one chromosomally encoded RpiB, and this protein was present at similar levels for both 
growth substrates. It therefore appears feasible to assume that the catalytic activity of this 
enzyme is high enough to support growth on methanol without further upregulation. As 
previously reported, a strong upregulation of fructose-1,6-bisphosphatase/seduheptulose-1,7-
bisphosphatase (GlpX) was observed, while the transaldolase I3EBM5 was not among the 
significantly affected proteins. Together, these findings support the assumption that 
B. methanolicus uses the sedoheptulose-1,7-bisphosphatase variant of the RuMP cycle rather 
than the transaldolase variant (Heggeset et al. 2012, Stolzenberger et al. 2013b). Among the 
three methanol dehydrogenase paralogs, Mdh was present at roughly similar amounts upon 
the two growth conditions. Due to their high sequence similarity of 96% Mdh2 and Mdh3 shared 
most of the detected peptides. Notably, MS-analysis detected one unique peptide for Mdh3 
while all the other detected peptides may originate from either one of the two enzymes. In 
consequence, the presence of Mdh3 could be demonstrated with the experimental approach 

http://www.genome.jp/kegg/
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used in this paper while the presence of Mdh2 could not be unambiguously shown. The Hps 
and Phi proteins are encoded by a bi-cistronic operon, and they were found to be upregulated 
by app. 2.5-fold on methanol (Table 5). In addition, we confirmed the constitutive synthesis of 
the key enzymes Mdh, Hps and Phi by measuring their activities in crude cell lysates of 
B. methanolicus MGA3 grown on methanol or mannitol. Methanol dehydrogenase activity was 
found to be 210 mU/mg on methanol, while it was 120 mU/mg on mannitol. Hps activity was 
15 U/mg and 17 U/mg, and Phi activity was 1.2 U/mg and 1.0 U/mg on methanol and mannitol, 

Figure 8: An integrated view of central carbon metabolism in B. methanolicus  MGA3. The reactions are 
balanced with regard to the RuMP cycle to demonstrate how three formaldehyde molecules result in the formation 
of one molecule of pyruvate. Green arrows indicate significant upregulation of proteins on methanol. Red arrows 
correspond to enzymes downregulated on methanol and thus upregulated on mannitol. If more than one protein is 
predicted to catalyze a reaction, the regulated protein is also indicated by color-coding. All proteins shown were 
detected. Fold changes and p-values for the presented proteins are shown in Table 1. Pathways: MO, methanol 
oxidation; FOV, formaldehyde oxidation V; FOI, formaldehyde oxidation I; RuMP, ribulose monophosphate cycle; 
MAN, mannitol metabolism; EMP, glycolysis; TCA, tricarboxylic acid cycle. Proteins: Mdh, methanol 
dehydrogenase; FolD, bifunctional methylene tetrahydrofolate dehydrogenase FolD; Fhs, formate-tetrahydrofolate 
ligase; Fdh, putative formate dehydrogenase; FdhA, formate dehydrogenase alpha chain; Hps, 3-hexulose-6-
phosphate synthase; Phi, phospho-hexulo-isomerase; Pfk, phosphofructokinase; Fba, fructose bisphosphate 
aldolase; GlpX, fructose-1,6-bisphosphatase; Tkt, transketolase; Rpe, ribose-phosphate 3-epimerase; RpiB, ribose 
5-phosphate isomerase; Pgi, glucose-6-phosphate isomerase; Zwf, glucose-6-phosphate 1-dehydrogenase; Pgl, 6-
phosphogluconolactonase; Gnd, 6-phosphogluconate dehydrogenase; MtlF, phosphotransferase system (PTS) 
mannitol-specific IIA component; MtlA, phosphotransferase system (PTS) mannitol-specific IIBC component; MtlD, 
mannitol-1-phosphate 5-dehydrogenase; Tpi, triosephosphate isomerase; Gap, glyceraldehyde-3-phosphate 
dehydrogenase; Pgk, phosphoglycerate kinase; GpmI, 2,3-bisphosphate-independent phosphoglycerate mutase; 
Eno, enolase; Pyk, pyruvate kinase; PdhA, pyruvate dehydrogenase E1 component alpha subunit; CitY, citrate 
synthase; AcnA, aconitate hydratase; Icd, isocitrate dehydrogenase; OdhA, 2-oxoglutarate dehydrogenase E1 
component; SucC, succinyl-CoA ligase subunit beta; SucD, succinyl-CoA ligase subunit alpha; SdhA, succinate 
dehydrogenase flavoprotein subunit; CitH, malate dehydrogenase. Names and abbreviations are given according 
to the Uniprot database (http://www.uniprot.org). 
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respectively. In agreement with previous transcriptional data, the methanol dehydrogenase 
activator protein Act was not among the regulated proteins (Heggeset et al. 2012, Jakobsen 
et al. 2006). As the activation mechanism of Act is based on its activity as a NUDIX-hydrolase 
(Arfman et al. 1997, Hektor et al. 2002, Kloosterman et al. 2002) we also investigated whether 
other potential NUDIX-hydrolases were among the significantly upregulated proteins. Although 
two other potential NUDIX-hydrolases, annotated as NUDIX hydrolase (I3E862) and 
MutT/NUDIX family protein (I3DUK9), were detected, neither of them was significantly 
regulated.  

The enzymes required for the proposed linear dissimilatory tetrahydrofolate pathway, FolD, 
Fhs and FdhA in B. methanolicus (Heggeset et al. 2012), were all detected but were not 
upregulated on methanol (Table 5), indicating that the pathway is either important on both 
substrates (tetrahydrofolate can act as a one-carbon carrier for biosynthetic reactions including 
purine biosynthesis) or alternatively it has no specific role in formaldehyde oxidation during 
growth on methanol. The latter would be surprising, as the linear dissimilation of formaldehyde 
is reported to be important for energy production and formaldehyde detoxification during 
growth on methanol (Chistoserdova 2011b). An alternative pathway for the production of 
energy in the form of reduction equivalents from formaldehyde is the dissimilatory cyclic RuMP 
cycle via 6-phosphogluconate (Chistoserdova 2011b). Notably, we found here that glucose-6-
phosphate 1-dehydrogenase 2 (Zwf2) was upregulated by app. 8-fold, while the remaining 
enzymes of this pathway were not or in the case of Pgl were even slightly down regulated on 
methanol. Zwf2 might thus represent a key enzyme for the regulation of the flux through this 
pathway, and one might speculate that the cyclic rather than the linear dissimilation pathway 
is used for energy production in B. methanolicus during growth on methanol.  

As expected, all mannitol metabolism-related enzymes, including the components IIA and IIBC 
of the mannitol-specific phosphotransferase system (PTS) and mannitol-1-phosphate 5-
dehydrogenase, were present at much higher levels on mannitol (Table 5). In addition, the 
transcriptional regulator MtlR (I3E3X2) was found to be more highly expressed by 19-fold on 
mannitol. All these enzymes are known to be essential for growth on mannitol in other 
organisms (Solomon and Lin 1972), and their regulation was thus expected.  

The enzymes involved in glycolysis and gluconeogenesis were all detected and found to be 
present at similar levels on mannitol and methanol (Table 5). Because it is independent of the 
used substrates, carbon is metabolized in both cases via glycolysis, large differences in the 
expression levels of these enzymes would be rather surprising. Notably however, fructose 
bisphosphate aldolase (Fba) should function both in the RuMP cycle and in glycolysis. The 
reaction it catalyzes represents a branching point, at which it is determined whether a C3 
intermediate is entering glycolysis or will be used for regeneration of a C5 precursor for 
formaldehyde fixation via the RuMP cycle. Interestingly, the pBM19-encoded version of Fba, 
and not the chromosomal variant, was upregulated on methanol. Compared with the 
chromosomal version of the enzyme, it had a lower affinity towards fructose-1,6-bisphosphate 
as well as lower glycolytic activity, but it exhibited higher efficiency for the gluconeogenetic 
reaction (Stolzenberger et al. 2013a). Thus, it was assumed to preferentially catalyze the 
formation of fructose-1,6-bisphosphate (Stolzenberger et al. 2013a). One might argue that only 
this Fba is upregulated on methanol to counteract the loss of C3 compounds and maintain flux 
through the RuMP cycle. 
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Table 5: Regulation of proteins involved in the central carbon metabolism of B. methanolicus  during growth 
on methanol versus mannitol. Proteins are listed according to their respective pathway (according to the KEGG 
database). The fold change is given with respect to growth on methanol.  

On both growth substrates, all enzymes of the TCA cycle were detected, indicating that 
B. methanolicus does not only possess all the genes necessary for a complete TCA cycle but 
also expresses these genes during growth on methanol. Interestingly, four of the TCA cycle 
enzymes, Icd, Suc, SdhA and OdhA, were upregulated (2- to 4-fold) on mannitol. These 
enzymes represent four out of five energy-producing reactions of the TCA cycle with only 

Common name  Abbreviation  Uniprot accession 
no.  

Locus tag  Log2 fold 
change  

T-test p -value  

Methanol oxidation (MO)       
Methanol dehydrogenase Mdh I3DTM5 MGA3_17392  0.5 0.28 
Methanol dehydrogenase 3 (2) Mdh3 I3E2P9 MGA3_10725  -1.5 < 0.05 
Formaldehyde oxidation I (FOI)       
Glucose-6-phosphate isomerase Pgi I3DUN2 MGA3_16421  -0.1 0.37 
Glucose-6-phosphate 1-dehydrogenase 2 Zwf2 I3DZR1 MGA3_15311  3 < 0.05 
Glucose-6-phosphate 1-dehydrogenase 1 Zwf1 I3EA81 MGA3_09280  -0.4 0.17 
6-Phosphogluconolactonase Pgl I3E313 MGA3_11305  -1.2 < 0.05 
6-Phosphogluconate dehydrogenase Gnd I3EA83 MGA3_09290  -0.1 0.78 
Formaldehyde oxidation V (FOV)       
Bifunctional protein FolD FolD I3EAB7 MGA3_09460  -0.3 0.26 
Formate-tetrahydrofolate ligase Fhs I3E9N7 MGA3_08300  -0.4 0.31 
Putative formate dehydrogenase Fdh I3E8Y3 MGA3_07000  -0.6 0.24 
Formate dehydrogenase alpha chain FdhA I3E8Q8 MGA3_06625  -0.9 0.07 
Ribulose monophosphate (RuMP)  cycle       
3-Hexulose-6-phosphate synthase  Hps I3DZR0 MGA3_15306  1.4 < 0.05 
6-Phospho-3-hexuloisomerase Phi I3DZQ9 MGA3_15301  1.3 < 0.05 
Phosphofructokinase Pfk I3DTN8 MGA3_17457  3.4 < 0.05 
Phosphofructokinase 2 Pfk2 I3ECJ8 MGA3_03000  0.3 < 0.05 
Fructose-bisphosphate aldolase Fba I3DTM2 MGA3_17377  3.8 < 0.05 
Fructose-bisphosphate aldolase 2 Fba2 I3EBM6 MGA3_01355  -0.04 0.77 
Transketolase Tkt I3DTN9 MGA3_17462  3.7 < 0.05 
Transketolase 2 Tkt2 I3DZN5 MGA3_15171  -0.1 0.68 
Fructose-1,6-bisphosphatase GlpX I3DTM3 MGA3_17382  3.6 < 0.05 
Ribose-phosphate 3-epimerase Rpe I3DTN4 MGA3_17437  2.8 < 0.05 
Ribose 5-phosphate isomerase RpiB I3EBL1 MGA3_01280  0 0.97 
Glycolysis (EMP)       
Triosephosphate isomerase TpiA I3DUA5 MGA3_15786  -0.6 < 0.05 
Glyceraldehyde-3-phosphate dehydrogenase Gap I3DUA3 MGA3_15776  -0.8 < 0.05 
Phosphoglycerate kinase Pgk I3DUA4 MGA3_15781  -0.3 0.13 
2,3-bisphosphoglycerate-independent 
phosphoglycerate mutase GpmI I3DUA6 MGA3_15791  -0.6 0.17 
Enolase Eno I3DUA7 MGA3_15796  -0.3 0.06 
Pyruvate kinase Pyk I3ECJ9 MGA3_03005  0.3 0.27 
Pyruvate dehydrogenase E1 component alpha 
subunit PdhA I3DYU2 MGA3_13696  -1.3 < 0.05 
Tricarboxylic acid (TCA) cycle       
Citrate synthase CitY I3ECK3 MGA3_03025  -0.4 < 0.05 
Aconitate hydratase AcnA I3DU49 MGA3_16693  -0.4 0.44 
Isocitrate dehydrogenase Icd I3ECK4 MGA3_03030  -1.1 < 0.05 
2-oxoglutarate dehydrogenase E1 component OdhA I3E8K3 MGA3_06350  -2 < 0.05 
Succinyl-CoA ligase subunit beta SucC I3DZ97 MGA3_14471  -1.2 < 0.05 
Succinyl-CoA ligase subunit alpha SucD I3DZ98 MGA3_14476  -1.3 < 0.05 
Succinate dehydrogenase flavoprotein subunit SdhA I3ECP9 MGA3_03265  -1.8 < 0.05 
Fumarate hydratase FumA I3E2Q7 MGA3_10765  -1 < 0.05 
Malate dehydrogenase CitH I3ECK5 MGA3_03035  -0.6 0.14 
Mannitol metabolism (MAN)       
Phosphotransferase system (PTS) mannitol-
specific IIA component MtlF I3E3X1 MGA3_12920  -3.8 < 0.05 
Phosphotransferase system (PTS) mannitol-
specific IIBC component MtlA I3E3X3 MGA3_12930  -4.1 < 0.05 
Mannitol-1-phosphate 5-dehydrogenase MtlD I3E3X0 MGA3_12915  -4.1 < 0.05 
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malate dehydrogenase missing. In contrast to methanol growth, energy from mannitol is 
produced via the TCA cycle with these enzymes; this might permit higher flux into this pathway 
compared to when cells consume methanol. Whether the TCA cycle is operating as a full cycle 
during growth on methanol or is only used for cataplerosis remains to be elucidated. 

4.1.3 Influence of growth substrates on the synthesis of proteins required for 
L-glutamate biosynthesis 

It has been reported that cultures of B. methanolicus secrete up to 60 g/L of L-glutamate during 
batch-fed methanol fermentation (Brautaset et al. 2003), while no analogous data have been 
published for cells growing on mannitol. For future metabolic engineering approaches, it might 
be interesting to determine whether growth conditions have any influence on the synthesis of 
proteins required for glutamate biosynthesis. L-glutamate is synthesized from the precursor 
metabolite 2-oxoglutarate, which is an intermediate of the TCA cycle, and the high production 
of L-glutamate by B. methanolicus indicates that a substantial fraction of pyruvate enters the 
first reactions of the TCA cycle. Levels of the relevant enzymes were not affected by the growth 
substrate, as mentioned above (Figure 8). 2-oxoglutarate can be transaminated to 
L-glutamate or alternatively oxidized by 2-oxoglutarate dehydrogenase (Odh) and further 
metabolized in the TCA cycle. Odh activity during growth on methanol has been reported to 
be low in B. methanolicus, and it has been speculated that this is the main reason for the high 
production of L-glutamate (Brautaset et al. 2003). Here, we found that Odh levels were app. 4 
times higher when B. methanolicus was grown on mannitol compared to methanol. This might 
cause decreased L-glutamate production compared to cell growth on methanol. Glutamate is 
produced from 2-oxoglutarate via reactions catalyzed by glutamate dehydrogenase or 
glutamate synthase. In addition, it can be produced by deamination of glutamine by the reverse 
reaction of glutamine synthetase. All three enzymes have been detected in B. methanolicus, 
but glutamate dehydrogenase (I3EAII) and glutamine synthetase (I3DZK5) were found here to 
be present at similar levels for both growth substrates. Glutamate synthase consists of a small 
(I3E3J7) and a large (I3E3J8) subunit, and the large subunit was slightly upregulated by 
2.3-fold during growth on mannitol. It is unknown which of these pathways is employed by 
B. methanolicus for L-glutamate production. However, recent findings have demonstrated that 
overexpression of glutamate synthase and glutamate dehydrogenase in B. methanolicus 
MGA3 has no or a marginally positive effect on glutamate production (Krog et al. 2013a), while 
overproduction of the native Odh protein led to a 5-fold reduction in glutamate. Interestingly, 
Odh overexpression in an L-lysine-overproducing B. methanolicus host resulted in a 2-fold 
increase in L-lysine production yield, suggesting that Odh activity plays an important role at 
the branching point between glutamate synthesis and the TCA cycle, eventually regenerating 
the L-lysine precursor molecule oxaloacetate (Krog et al. 2013a). Combining these findings 
with the proteome data generated for the presence of Odh in this study suggests that the 
potential for amino acid production could differ on both carbon sources, with methanol being 
the more suitable substrate for the production of glutamate and mannitol being the preferred 
substrate for the accumulation of lysine. 

4.1.4 Influence of growth temperature on the proteome of B. methanolicus 

B. methanolicus is a spore-forming bacterium, and a rapid shift in growth temperature from 
50 °C to 37 °C induces sporulation in MGA3 cell cultures (Schendel et al. 1990). The 
sporulation process in other organisms like B. subtilis had been studied in great detail, and 
once sporulation is initiated, it is irreversible and resource demanding (Phillips and Strauch 
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2002). When growing B. methanolicus on methanol at 37 °C, the sporulation-related proteins 
stage VI sporulation protein D and anti-sigma F factor antagonist SpoIIAA were among the 
proteins most highly upregulated in comparison to methylotrophic growth at 50 °C. In addition, 
another sporulation protein, Stage IV sporulation protein A, was among the top 25 most 
regulated proteins at 37 °C (Table 6). The detected anti-sigma F factor antagonist is known to 
activate sigma factor F in the forespore by titrating SpoIIAB (I3EA48) away from sigma F, 
thereby initiating spore formation (Duncan et al. 1996). In B. subtilis, Stage VI sporulation 
protein D is required for the assembly of the spore coat and might be a component of the 
innermost layer of the spore coat (Beall et al. 1993). Stage IV sporulation protein A is an 
ATPase and plays a role at an early stage of the morphogenesis of spore coat outer layers 
(Roels et al. 1992, Stevens et al. 1992).  

Table 6: Top 25 most upregulated proteins of B. methanolicus  during methylotrophic growth at 37  °C 
compared to 50  °C. Proteins are listed based on their fold change levels. Fold change designated as "Infinity" 
indicates that the protein was only detected during growth at 37 °C (T-test p-value < 0.05). 

Among the 25 most upregulated proteins at growth temperature 37 °C were other enzymes 
that may be indirectly linked to spore formation as a consequence of metabolic 
rearrangements. Acyl-CoA dehydrogenase, one of the initial proteins needed for ß-oxidation, 
was detected as well as catalase. In addition, other ß-oxidation related enzymes were 
significantly regulated, such as 3-hydroxybutyryl-CoA dehydrogenase (I3EBN6; 3.3-fold), short 
chain acyl-CoA dehydrogenase (I3EBN4; 3-fold), putative acyl-CoA dehydrogenase, and 
short-chain specific putative acyl-CoA dehydrogenase (I3E8K5; 2.1-fold). These findings 
suggest it is likely that due to the high demand of energy during sporulation, high levels of ß-
oxidation are required to supply additional energy. Because H2O2 is known to be an unwanted 
side product of ß-oxidation, the overexpression of catalase might counteract oxidative stress. 

The increased synthesis of glycerophosphoryl diester phosphodiesterase, a protein needed 
for phospholipid degradation, at 37 °C and the simultaneous down regulation of 
1-acyl-sn-glycerol-3-phosphate acyltransferase (I3EA01), a protein involved in phospholipid 

Common name  Uniprot accession no.  Locus tag  Log2 fold change  
Stage VI sporulation protein D I3ECT2 MGA3_03430  Infinity 
Anti-sigma F factor antagonist  I3EA49 MGA3_09120  15.5 
Uncharacterized protein  I3E915 MGA3_07170  9 
ABC transporter related protein  I3EBR7 MGA3_01560 7.4 
Catalase I3E7W8 MGA3_05110  6 
Cytochrome c551 I3EAX9 MGA3_00060  5.6 
Uncharacterized protein I3E8C9 MGA3_05955  5.6 
Sulfate ABC transporter I3E882 MGA3_05710  4.9 
50S ribosomal protein L17 I3E403 MGA3_13090  4.7 
Serine protein kinase I3E783 MGA3_03870  4.4 
Putative nicotinate phosphoribosyltransferase I3E8V9 MGA3_06880  4.3 
Non-specific serine/threonine protein kinase  I3E3R7 MGA3_12650  4.1 
Dihydroneopterin aldolase I3EC62 MGA3_02285  4 
Glycerophosphoryl diester phosphodiesterase family protein I3EAA7 MGA3_09410  3.9 
Acetaldehyde dehydrogenase (Acetylating) I3E349 MGA3_11515  3.9 
5-methyltetrahydropteroyltriglutamate-homocysteine 
methyltransferase  I3E8N9 MGA3_06530  

3.9 
Lon protease  I3ECS3 MGA3_03385  3.8 
DNA primase, Toprim domain protein  I3DUG0 MGA3_16061  4 
Aldehyde dehydrogenase I3E8H9 MGA3_06215  3.7 
Uncharacterized protein I3DZR9 MGA3_15351  3.7 
Luciferase-like monooxygenase I3E8B1 MGA3_05865  3.6 
Uracil permease I3DZ41 MGA3_14191  3.6 
Carbon-monoxide dehydrogenase large subunit  I3E8H4 MGA3_06190  3.6 
Stage IV sporulation protein A  I3E9Y8 MGA3_08815  3.5 
Acyl-CoA dehydrogenase I3E8B2 MGA3_05870  3.5 
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biosynthesis, may indicate that higher demand for fatty acids is fulfilled by the degradation of 
cell membrane components at this lower temperature. 

In general, sporulation requires an entirely new set of proteins. It therefore appears feasible 
that cells optimize their metabolism to enable rapid and efficient protein biosynthesis. Some 
ribosomal proteins were found to be upregulated, specifically ribosomal protein L17 (I3E403), 
50S ribosomal protein L14 (I3E422; 6.8-fold) and 30S ribosomal protein S18 (I3EBY3; 6.2-
fold). Another protein that is associated with the ribosome, ribosome-binding factor A (RbfA) 
(I3DZF5; 5.3-fold), was also significantly upregulated at 37 °C, although it was not among the 
top 25 most regulated proteins. It has been reported that the deletion of rbfA in E. coli triggers 
cold shock responses, resulting in lower protein synthesis, and overproduction of this protein 
serves as protection against cold shock (Dammel and Noller 1995, Jones and Inouye 1996, 
Xia et al. 2003). B. methanolicus therefore might use the same mechanism to maintain protein 
synthesis at low temperatures. Another hint that protein synthesis is of high priority at 37 °C is 
the upregulation of 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase 
(I3E8N9), an enzyme needed in the biosynthesis of methionine, which is the first amino acid 
of every newly synthesized protein. 

It is known that motility is reduced during sporulation in B. subtilis (Nishihara and Freese 1975). 
The same appears to be true for B. methanolicus, as two flagellar proteins were found to be 
among the 25 most down regulated genes at 37 °C. Additionally, a flagellar assembly factor 
(FliW; I3EAZ9; 4.4-fold) was significantly down regulated. 

4.1.5 Conclusions 

Our data provide detailed information concerning the relative production levels of proteins 
under different growth conditions. Growth on methanol requires a specific set of proteins with 
distinct biochemical features. Some of the genes corresponding to the most-regulated proteins 
needed for methylotrophic growth exist in B. methanolicus in duplicate. Our data confirm 
previous reports that only those proteins that are encoded on the pBM19 plasmid are 
upregulated during growth on methanol, underlining the importance of this plasmid for growth 
on methanol. As the biochemical properties of the two versions of Fba and GlpX as determined 
in vitro have already been described (Stolzenberger et al. 2013a, Stolzenberger et al. 2013b), 
it appears reasonable to assume that the different enzymes perform different metabolic tasks. 
Whether the same is true for the two versions of Tkt and Zwf remains to be determined; 
however, because the production of the respective isoenzymes is dependent of the carbon 
source, a similar preference for different pathways seems likely. The strongly induced 
expression of GlpX on methanol is in line with published transcriptome data (Heggeset et al. 
2012), and these findings corroborate the assumption that B. methanolicus MGA3 uses the 
seduheptulose-1,7-bisphosphatase variant rather than the transaldolase variant of the RuMP 
cycle. Although the plasmid-encoded mdh gene has been reported to be essential for growth 
on methanol (Brautaset et al. 2004a) and slightly upregulated at the transcriptome level 
(Heggeset et al. 2012), we did not detect a significant quantitative difference at the proteome 
level. The constitutive production of Mdh might thus indicate that this organism frequently 
encounters methanol in its natural environment, and therefore down regulation in its absence 
is not a preferred trait. For Mdh2, no regulation was detected, and for Mdh3 only a slight 3-fold 
down regulation on methanol was detected, making it unlikely that these enzymes are directly 
involved in methanol oxidation. Due to their reported broad substrate specificity (Krog et al. 
2013b) and the fact that some methylotrophic bacilli can grow on other alcohol substrates 
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(Arfman et al. 1992b), this may suggest that Mdh2 and Mdh3 are involved in the oxidation of 
alternative carbon substrates; however, further experiments are needed to determine their 
metabolic function. The missing regulation of any proteins assumed to be part of the linear 
formaldehyde oxidation pathway and the fact that of all the enzymes of the putative cyclic 
formaldehyde dissimilation pathway, only Zwf (i.e., Zwf2) is upregulated on methanol, may 
suggest a role for this latter pathway in formaldehyde oxidation. It also remains to be 
investigated whether the linear tetrahydrofolate pathway indeed plays a catabolic role as has 
been assumed before (Pluschkell and Flickinger 2002), or whether it serves as a formaldehyde 
overflow valve for detoxification comparable to the role of the tetrahydromethanopterin 
pathway in the obligate methylotroph Methylobacillus flagellatus KT (Chistoserdova et al. 
2000).  

The data presented here also revealed the potential for amino acid production to be affected 
by growth on different carbon sources. The upregulation of Odh on mannitol may indicate 
suitable L-lysine production conditions and simultaneously suggests methanol as the preferred 
substrate for increased L-glutamate accumulation, but further studies are needed to prove this 
assumption. In any case, B. methanolicus is a good candidate for L-glutamate production from 
methanol, and its natural high levels of L-glutamate production might even be increased by 
further metabolic engineering. 

Sporulation is a very resource-demanding process (Phillips and Strauch 2002). As sporulation 
is initiated at 37 °C in B. methanolicus (Schendel et al. 1990), major metabolic changes appear 
to support this process. In addition to proteins directly involved in spore formation, ß-oxidation 
appears to be increased in response to the higher energy demand. Additionally, protein 
synthesis is optimized to enable the fast production of sporulation-related proteins.  

Taken together, the presented reference data sets examining the adaptation of 
B. methanolicus MGA3 to different growth conditions can be used to develop future strategies 
for targeted metabolic engineering approaches.  

4.2 Metabolome analysis of B. methanolicus MGA3 

While the proteome provides information about the set of proteins present in the cell, 
metabolome data are crucial to demonstrate pathway operation in vivo. Metabolomic analysis 
based on stable isotope labeling strategies can be used to determine metabolic fluxes thereby 
allowing elucidation of metabolic networks (Sauer 2006). In particular, dynamic labeling 
strategies allow gathering of crucial information about the dynamics of metabolites in biological 
systems since the speed of labeling incorporation depends on corresponding pathway 
activities. In contrast to proteomic data, which highlights metabolic potential, dynamic 
metabolome data shows which pathways are used under the conditions tested. 

Thus to fully understand which pathways are operating during methylotrophic growth of 
B. methanolicus its metabolome was investigated. Based on the existing knowledge about the 
organism it was decided to focus the analysis on the core metabolites of pathways, such as 
the RuMP cycle. Experiments were performed with cells from the same bioreactors used for 
investigation of the proteome (see chapter 4.1) to allow data integration, which means that 
cells pregrown on methanol or mannitol as substrates were tested. Metabolite pool sizes were 
determined first, to obtain qualitative and quantitative data of the metabolites present. To 
elucidate which pathways are used, three different dynamic labeling incorporation experiments 
were performed. In the first two experiments kinetics of 13C label incorporation was measured 
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for cells pregrown on cold methanol at 50 °C and 37 °C, respectively. While 50 °C presents 
the optimal growth temperature of B. methanolicus, the experiment at 37 °C was performed in 
respect to the engineering strategy based on E. coli as a host to resemble its optimal growth 
temperature. In order to see how the metabolism of B. methanolicus reacts upon a change in 
availability of carbon sources a third experiment was performed in which cells pregrown on 
cold mannitol were transferred into media containing 13C labeled methanol.  

4.2.1 Pool sizes of core metabolites during growth on methanol and mannitol 

To verify that metabolites chosen for targeted analysis were present in significant amounts at 
the tested conditions, their pool sizes were determined. Five samples of each biological 
replicate were taken from the same cultures, which were later used for dynamic labeling 
experiments. With the exception of 6-phosphogluconate in cells pregrown on mannitol, all 
chosen metabolites were detectable and quantified. The observation that 6-phosphogluconate 
was completely undetectable during growth on mannitol made it unlikely that the dissimilatory 
RuMP cycle, of which 6-phosphogluconate is a central metabolite, was used during non-
methylotrophic growth. For the other metabolites, no major differences in pool sizes were 
observed at different conditions (Figure 9). When cells were grown at 37 °C on methanol pool 
sizes were overall slightly higher compared to growth at 50 °C, possibly reflecting the slower 

overall speed of the metabolism as could also be observed in the dynamic labeling experiments 
(see 4.2.2). Pools of pentose- and hexose-phosphates were almost equal in cells grown on 
methanol or mannitol showing that the amount of RuMP cycle metabolites was not increased 

Figure 9: Pool s izes of core metabolites of B. methanolicus MGA3. Pool sizes in µmol per gram cell dry weight 
(CDW) were determined on methanol at 37 °C and 50 °C and on mannitol at 50 °C. Shown are mean values of 
three biological and five technical replicates each. Error bars indicate standard deviation.  
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during growth on methanol. However, since metabolite pool sizes are static no conclusions 
about the actual usage of pathways can be drawn. Fructose-1,6-bisphosphate was the most 
abundant metabolite at all conditions tested. Independent of the used carbon source it is the 
central metabolite for production of biomass (Figure 8) and high concentrations are reported 
for other organisms as well (Bennett et al. 2009). Higher concentrations of this metabolite 
observed during methylotrophic growth might imply that efflux through glycolysis was lowered 
to prevent loss of RuMP cycle metabolites needed for formaldehyde assimilation.  

4.2.2 Dynamic labeling incorporation into core metabolites upon growth on methanol 

To elucidate which pathways are used during growth on methanol, dynamic labeling 
experiments were performed. In general, if a substrate is used efficiently, labeling in active 
pathways should occur in metabolites within a timeframe of seconds (Taymaz-Nikerel et al. 
2009). Based on the published transcriptome (Heggeset et al. 2012) and the proteome data 
(4.1.2) fast labeling was expected for metabolites of the RuMP cycle as the major assimilation 
pathway of methanol. For the experiment cells were transferred from bioreactors containing 
cold methanol to medium containing 13C labeled methanol and incubated for a defined amount 
of time. To prevent potential changes in the metabolomic state extensive washing was avoided 
and in consequence, a small quantity of unlabeled methanol was always carried over (see 
2.7.1 for details). The resulting mixture of labeled and unlabeled methanol allowed a maximal 
labeling of app. 95 %. When cells were grown at 50 °C very fast labeling of pentose phosphates 
like ribulose 5-phosphate and ribose 5-phosphate was observed (Figure 10A). The same was 
true for hexose 1- and hexose 6-phosphates and metabolites of early glycolysis (3-
phosphoglycerate, dihydroxyacetone phosphate). These findings supported the hypothesis 

that methanol is assimilated via the RuMP cycle and is fed into biomass via glycolysis. Hexose 
phosphates have very similar chemical properties and could not be separated with the used 
LC-method hence a detailed analysis of the labeling sequence is not possible. When the 
experiment was performed at 37 °C to resemble growth conditions of E. coli (Figure 10B) the 
overall results were comparable to those at 50 °C, but the velocity of label incorporation was 
reduced to about half of what was observed at 50 °C. This observation fits well to the general 
rule that velocity of chemical reactions doubles if the temperature is raised 10 °C. In general 
metabolization of methanol did not change upon a temperature shift but at 37 °C some 
metabolites did not reach the maximal labeling possible. This might be a consequence of the 

Figure 10: Dynamic incorporation of 13C labeled carbon  into central metabolites.  Dynamic label incorporation 
into metabolites of B. methanolicus MGA3 at 50 °C (A) or 37 °C (B). Incorporation into 6-phosphogluconate is 
depicted in red in both figures. Shown are the mean values of three biological replicates with standard deviation. 
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temperature-induced sporulation in B. methanolicus which had been already observed in the 
proteome experiment. At both temperatures, 6-phosphogluconate (red line) was found among 
the fast labeling metabolites. Since it is a metabolite of the dissimilatory RuMP cycle this 
indicates that during growth on methanol not only the assimilatory but also the dissimilatory 
RuMP cycle (Figure 8) is used which is in-line with the results from the pool size experiment. 

4.2.3 Dynamic labeling incorporation into core metabolites after substrate switch from 
mannitol to methanol 

Even for methylotrophs like B. methanolicus formaldehyde is toxic and already concentrations 
below 0.1 mM reduce the specific growth rate (Arfman et al. 1992a). Also, it has been reported 
that methanol grown B. methanolicus cells react very sensitive to an increase in methanol 
concentration (Pluschkell and Flickinger 2002). To investigate the consequences of a substrate 
switch form a substrate other than methanol to methanol, B. methanolicus was grown on 
mannitol in a bioreactor at 50 °C and subsequently transferred into medium containing labeled 
methanol. For reasons of comparison, the same experimental procedure as used for the 
dynamic methanol experiment was used (2.7.1). Because unlabeled mannitol is not removed 
entirely during the experiment, we expected a maximal labeling of app. 80 to 90 % from 
methanol. However, the results showed that none of the core metabolites reached the 
expected levels (Figure 11A). In contrast, all metabolites reached only about 20 % labeling on 
average. One may speculate that independent of the ratio of unlabeled mannitol to labeled 
methanol, the remaining mannitol might be better metabolized since cells were pregrown on 
this substrate. To completely avoid carryover of mannitol the experimental procedure was 
adopted and a fast, filter based washing step was included (2.7.1). Compared to the first 
experiment standard deviation of the three replicates could be reduced but again only 
30 % - 40 % labeling was observed (Figure 11B). One possible explanation would be that the 
abrupt switch to methanol and the subsequent formaldehyde production caused death of the 
cells thereby stopping the metabolism. Regardless of the low level of labeling, no labeled 
6-phosphogluconate was detected in both experiments indicating that the dissimilatory RuMP 
cycle is not active during growth on mannitol and that its activation after a substrate switch 
takes some time. 

Figure 11: Dynamic incorporation of 13C labeled carbon  by B. methanolicus cells pregrown on mannitol.  
Cells were either transferred directly into medium containing labeled methanol (A) or prewashed (B). Shown are 
the mean values of three biological replicates with standard deviation. 
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4.2.4 Identification of tetraglutamyl-H4F as carrier for a linear oxidation pathway 

Annotation of the respective genes (Heggeset et al. 2012) led to the hypothesis that 
tetrahydrofolate (H4F) could be a one-carbon carrier molecule in the linear formaldehyde 
oxidation pathway. To test this, dynamic labeling data was specifically analyzed for the 
presence of the cofactor. Identification of a fast labeling formyl-H4F (Figure 2A) species would 
indicate that H4F is used for linear oxidation of formaldehyde. Since it is known that 
tetrahydrofolate usually carries several glutamate residues (Schirch and Strong 1989) data 
were inspected for features with corresponding masses. For a one-carbon carrier molecule 
one would expect a very fast initial labeling, corresponding to the binding of labeled 
formaldehyde. Subsequent data analysis specifically searching for polyglutamyl-H4F species 
revealed a fast labeling feature corresponding to the mass (theoretical mass: 856.2623) of 
tetra-glutamyl-formyl H4F (Figure 12). The respective feature was present in all three dynamic 
labeling data sets and the labeling pattern was similar. As observed for the other metabolites, 
incorporation at 37 °C was slightly slower compared to 50 °C but results for cells pregrown on 

different carbon sources were identical. Under all conditions tested, the difference between the 
labeling at the start and the end was app. 3 %. Tetra-glutamyl-formyl H4F contains 35 C-atoms 
and the observed difference of 3 % in labeling corresponds to the binding of one labeled C-
atom originating from labeled formaldehyde.  

 

Figure 12: Dynamic incorporation of 13C labeled carbon into tetra -glutamyl -formyl H4F. Incorporation of 
labeled carbon into tetra-glutamyl-formyl H4F after switching B. methanolicus cells pregrown on methanol (circles 
and squares) or mannitol (triangles) into medium containing labeled methanol. Shown are mean values of three 
biological replicates. Error bars indicate standard deviation. 
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4.2.5 Identification of a potential second linear detoxification pathway based on 
bacillithiol as a carbon-carrier molecule 

In addition to its potential role as a cofactor in formaldehyde detoxification glutathione is nearly 
ubiquitous as a low-molecular-mass antioxidant but it is missing in most gram-positive bacteria. 
In 2009 a thiol species, named bacillithiol was discovered and shown to substitute for 
glutathione in Bacillus species (Newton et al. 2009). Due to the close phylogenetic relationship 
between B. methanolicus and B. subtilis we speculated that B. methanolicus might as well use 
bacillithiol as an antioxidant and eventually even as a cofactor for linear formaldehyde 
oxidation, analogous to the other thiol based pathways (1.1.2). In B. subtilis, four genes have 
been identified to be responsible for the biosynthesis of bacillithiol (Gaballa et al. 2010) (Figure 
13). Inspection of the genome of B. methanolicus revealed four genes (MGA3_08650, 
MGA3_00265, MGA3_08655, MGA3_01550) encoding for potential homologs of the 
respective genes in B. methanolicus. 

To verify the presence of bacillithiol in B. methanolicus, metabolome data of all three conditions 
were analyzed for the presence of reduced (theoretical mass: 398.09951) and oxidized 
bacillithiol (theoretical mass: 794.18338). Reduced bacillithiol was not detected in any of the 
three experiments. However, a signal of [M-H2]2--adduct corresponding to the mass of oxidized 
bacillithiol was identified in all data sets (Figure 14). 

Figure 13: Biosynthesis of Bacillithiol in B. subtilis . BshA, bacillithiol glycosyltransferase; BshB, bacillithiol 
deacetylase; BshC, bacillithiol synthase.  

Figure 14: Dynamic incorporation of 13C labeled carbon into  bacillithiol species. Incorporation of labeled 
carbon into oxidized or formyl-bacillithiol after switching B. methanolicus cells pregrown on methanol (dashed lines)  
or mannitol (solid lines) into medium containing labeled methanol. Shown are mean values of three biological 
replicates. Error bars indicate standard deviation.  
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Oxidized bacillithiol is not expected to incorporate labeling form methanol directly. If labeling is 
incorporated, it can be expected to occur through biosynthesis from labeled precursor 
molecules and indeed labelled carbon was incorporated in a linear fashion into oxidized 
bacillithiol under all three experimental conditions tested, showing a slow exchange of 
unlabeled and labeled carbon atoms (Figure 14). To test a potential role of bacillithiol as an 
one-carbon carrier during formaldehyde oxidation the data were analyzed for the presence of 
a formyl-species. Notably, a [M-H]--adduct corresponding to the mass of formyl-bacillithiol 
(theoretical mass: 426.09443) was detected. This confirms that formaldehyde did not only 
react spontaneously with the thiol group of bacillithiol but is actively oxidized while bound. The 
observed labeling pattern of formyl-bacillithiol was different for experiments performed with 
methanol grown compared to mannitol-grown cells. In case of methanol pre-grown cells formyl-
bacillithiol was labeled similarly to oxidized bacillithiol meaning that labeled carbon was 
incorporated through biosynthesis rather than through the exchange of unlabeled formyl-
species with a labeled one (Figure 14). Therefore, it is unlikely that bacillithiol was used for 
oxidation of formaldehyde after adaptation to methylotrophic growth. However, if cells were 
pre-grown on mannitol and subsequently experienced a methanol shock, 13C labeled carbon 
was incorporated very fast into formyl-bacillithiol up to a total labeling of app. 7 %. Based on a 
total of 14 carbon atoms this corresponds to one labeled carbon atom in average per molecule. 
It seems that after a substrate switch to methanol, formaldehyde was very quickly bound to 
bacillithiol and oxidized. These findings make it feasible to assume the existence of a linear, 
bacillithiol based oxidation pathway in B. methanolicus which is used in case of sudden 
formaldehyde production. If formyl-bacillithiol is further oxidized to yield formate and free 
bacillithiol or if formyl-bacillithiol is a dead end metabolite only produced upon a toxic shock 
remains to be investigated. Determination of the respective pool sizes showed that formyl-
bacillithiol is always produced to a certain extent when cells grow on methanol (Figure 15). 
During growth at 37 °C and 50 °C an almost equal amount of formyl-bacillithiol was detected 

while almost no bacilli-thiol was present in cells growing on mannitol. Based on the amount of 
oxidized bacillithiol, oxidative stress seemed biggest, during growth on mannitol followed by 

Figure 15: Relative pool s izes of bacillithiol  species at different growth conditions.  Pool sizes of formyl-
bacillithiol and oxidized bacillithiol were determined in B. methanolicus cells grown on mannitol or methanol. Pool 
sizes were quantified based on the total area of the respective feature peaks because no standards for absolute 
quantification were available. Shown are mean values of three biological replicates and five technical replicates of 
each biological one. Error bars indicate standard deviation.  
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growth on methanol at 50 °C. Since no standards for bacillithiol were available, only the area 
ratios are given here, allowing relative comparison of metabolites but no absolute 
quantification. 

4.2.6 Conclusions 

Analysis of the dynamic labeling pattern of core metabolites confirmed that the RuMP cycle 
was used during methylotrophic growth even though static metabolite pool sizes on methanol 
and mannitol were almost equal. Lowering the temperature to 37 °C did not change the general 
pattern but lowered the velocity of the biochemical reactions thereby lowering label 
incorporation. During growth on methanol, 6-phosphogluconate was labeled as fast as other 
RuMP cycle metabolites which suggests a high flux through the dissimilatory RuMP cycle. This 
is supported by the finding that in contrast to growth on mannitol, methanol grown cells 
contained a detectable amount of 6-phosphogluconate. After a substrate switch from mannitol 
to methanol a maximal labeling of only 40 % could be achieved. This might be caused by 
sudden cell death as a consequence of methanol caused formaldehyde toxification. To prove 
this further investigations are needed. In addition, the substrate switch experiment confirmed 
tetra-glutamyl H4F as a cofactor for linear oxidation of formaldehyde. Also, it revealed that 
bacillithiol can serve as an additional cofactor during formaldehyde oxidation.  
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5 Characterization of enzymes from natural methylotrophs 
and functional expression in E. coli  

Before implementation of specific methylotrophic modules into E. coli, different methanol 
dehydrogenases, hexulose-6-phosphate synthases and phosphohexulo-isomerases were 
screened for their operational potential in this organism. To this end, different enzymes were 
expressed from plasmids in E. coli and their in vitro and in vivo functionality was tested. 

5.1 Tolerance of E. coli towards methanol and formaldehyde 

In order to convert E. coli into a methylotroph, it is inevitable that the organism will be exposed 
to methanol and formaldehyde. Methanol would serve as the sole carbon and energy source 
and therefore would be supplied with the growth medium. In cells methanol is then oxidized by 
methanol dehydrogenase resulting in formaldehyde. Because both one-carbon compounds 
are cytotoxic, tolerance of E. coli towards them is of high importance. On the other hand 
formaldehyde toxicity might be used as a readout during construction of the strain for in vivo 
methanol dehydrogenase activity. If a functional Mdh is, expressed formaldehyde should be 
produced from methanol. In cells lacking the ability of formaldehyde detoxification, 
accumulation of the toxic compound should lead to cell death or slowed growth thereby 
revealing a functional Mdh. In general, the ability to detect formaldehyde presence (e.g. cell 
death) can be advantageous since it also serves as a substrate for Hps and its consumption 
(e.g. cell survival) might indicate Hps activity. In a long-term perspective, a functional 
detoxification pathway optimized to oxidize formaldehyde to CO2 might be contra productive 
to efficient biomass production and a hindrance for establishing methylotrophy in E. coli.  

Since the glutathione dependent pathway of E. coli evolved for formaldehyde oxidation, it was 
decided to perform experiments not only in a wild type (wt) E. coli strain but also in a mutant 
deficient in this pathway. Here, we used a mutant (JW0347) in formaldehyde dehydrogenase A 
(FrmA) which was obtained from a collection of mutants with knock outs in all non-essential 
open reading frames (Baba et al. 2006). FrmA normally catalyzes the first step of formaldehyde 
oxidation and is therefore crucial for functionality of the complete linear detoxification pathway. 
To keep results comparable, the parental wild type strain of the Keio collection, called 
BW25113, was also used for experiments. To determine which concentration of methanol and 
formaldehyde E. coli can tolerate initial growth experiments were performed. Wild type or 
�ûfrmA cells were grown in M9 medium containing glucose and either different concentrations 
of methanol (Figure 16AB) or formaldehyde (Figure 16CD). Both strains showed no growth 
effect up to a methanol concentration of 1M (red line). The final low cell density (OD600 of 
around 3) of both strains can be explained by growth in 15 mL culture tubes instead of shake 
flasks. The high resistance of E. coli towards methanol is surprising. B. methanolicus grown 
on mannitol starts to show growth effects already at concentrations of 60 mM and even 
methanol pregrown B. methanolicus cells react negatively to concentrations of app. 500 mM 
(Jakobsen et al. 2006). The ability to use up to 1 M of methanol during experiments can be of 
advantage since NAD+-dependent Mdhs are reported to have high Km-values for this substrate 
(Arfman et al. 1991). Regarding formaldehyde, the tolerance of the �ûfrmA mutant towards 
formaldehyde was much lower compared to wild type cells, as was expected. While growth of 
wild type cells was not affected up to a formaldehyde concentration of 1 mM (Figure 16C), 
growth rate of mutant cells was already impaired (Figure 16D) at this concentration. The 
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highest tolerated concentration was 0.5 mM for the mutant cells. This is still surprisingly high 
because B. methanolicus, although it possesses several detoxification pathways, can only 
bare similar amounts (Arfman et al. 1992a, Jakobsen et al. 2006). In general, the capability of 
both E. coli strains to handle relatively high concentrations of both substrates is of advantage 
for further experimental design, since the risk of accidentally toxifying the cells is lowered. On 
the other hand, the high formaldehyde tolerance might be a problem for the development of a 
"toxification" assay as described above.  

  

Figure 16: Growth curves of E. coli  cells in presence of methanol or formaldehyde . Wild type E.coli (A+C) or 
�ûfrmA cells (B+D) were grown in M9 medium containing different concentrations of methanol (A+B) or formaldehyde 
(C+D). Concentrations of methanol are given in molar (A+B) while formaldehyde concentration are given in milli 
molar (C+D). Red lines always correspond to the highest possible concentration of both substances not showing a 
severe phenotype. 
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5.2 Methanol oxidizing enzymes 

A large variety of methanol dehydrogenases had been chosen for initial experiments to search 
for the best candidate for expression in E. coli. The two chromosomally encoded Mdhs of 
B. methanolicus MGA3 as well as the plasmid encoded one (Heggeset et al. 2012) were 
included as well. Trygve Brautaset (SINTEF, Norway) generously provided information about 
their existence ahead of publication, as well as genetic material. Pre-experiments showed that 
the newly discovered chromosomal enzymes possess the ability to oxidize methanol and might 
even be more efficient in E. coli compared to the enzyme mainly used by B. methanolicus 
MGA3 (for details see below). Genome sequencing of B. methanolicus PB1 revealed that this 
strain also possesses three Mdh enzymes very similar to the ones of MGA3 and these 
enzymes were included in the screening process as well. To not only test Mdhs originating 
from B. methanolicus strains amino acid sequences of Mdh and Mdh2 of MGA3 were used to 
perform a BLAST search to identify potential other candidates. Only enzymes with high 
similarity to both enzymes were selected (Figure  S1). To enable cloning of the chosen 
enzymes the availability of a genome sequence was another prerequisite. By this approach 
five enzymes, originating from different organisms were identified. All of them are annotated 
as alcohol dehydrogenases (Adh), share at least 69 % sequence identity with Mdh2 of MGA3 
and are of similar length (382-402 amino acids). The organisms they originate from are very 
diverse (Table 7) in their growth characteristics and only D. kuznetsovii was described to use 
methanol as a sole substrate for growth (Visser et al. 2013). Phylogenetic analysis (Figure 17) 
showed that the enzymes cluster in three groups. Mdhs of B. methanolicus can be divided into 
"Mdh-like" and "Mdh2-like" proteins and the other enzymes cluster in an "Mdh2-related" group. 

Table 7: Characteristics of donor organisms for additional alcohol dehydrogenases  

For optimal comparison, Mdhs and Adhs from all above selected organisms were cloned in a 
similar manner into plasmids of the pSEVA-series (Silva-Rocha et al. 2013). The advantage of 
this plasmid series is their modular design, which makes exchange of plasmid features of 
existing constructs readily feasible (e.g. antibiotic resistance gene or origin of replication). For 
initial characterization, the pSEVA424 plasmid was used to express the different enzymes. 
This plasmid contains a low copy ori (RK2), a strong IPTG inducible promotor (Ptrc) and should 
therefore allow high expression of methanol dehydrogenase without the burden of much 
additional DNA biosynthesis. The forward primers for all constructs were always designed to 
introduce the same ribosomal binding site (rbs) consisting of the sequence AGGAGA followed 

Characteristics Lysinibacillus 
fusiformis ZC1 

Lysinibacillus 
sphaericus C3-41 

Desulfitobacterium 
hafniense Y51 

Bacillus 
coagulans 36D1 

Desulfotomaculum 
kuznetsovii 

Growth 
temperature [°C] 

37 (17-40) 37 (17-40) 37 (23-40) 50-55 60 (50-72) 

pH for growth 7.0-8.0 (6.0-9.5) 7.0-8.0 (6.0-9.5) 6.5-7.5 5.0 (5.0-10.0) 7.2 

Gram-staining positive positive Negative positive positive 

Aerobic/anaerobic aerobic aerobic Anaerobic aerobic anaerobic 

Methylotrophy no no No no yes 

Reference (Ahmed et al. 
2007) 

(Ahmed et al. 
2007) 

(Suyama et al. 
2001) 

(Rhee et al. 2011) (Visser et al. 2013) 
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by a seven base pair long spacer before the start codon. Prior to activity measurements, 
expression of the respective constructs was tested by SDS-PAGE in each case. 

Two major assays were used for experiments described in this chapter. In vitro activity was 
measured by following the production of NADH (NADPH) spectrophotometrically (2.4.6) and 
in vivo activity was measured by following the production of formaldehyde after addition of 
methanol (2.5.1). For the in vivo assay, it is assumed that both substances can pass the cell 
membrane. 

All reported B. methanolicus Mdh activity tests were performed at 45 °C or 50 °C and a pH of 
9.5. Methanol oxidation activity in lysates of methanol grown B. methanolicus cells at these 
conditions was determined to be 210 mU/mglysate protein (4.1.2). This shows that an Mdh activity 
of app. 200 mU/mg in lysate at the mentioned conditions could serve as a bench mark for 
engineered E. coli strains. The high pH of 9.5 for in in vitro experiments traditionally used 
(Dijkhuizen et al. 1988) might be optimal for the enzymes but does not mimic well the 
conditions in the cytoplasm of the host organism E. coli. In consequence all tests were 
additionally performed at pH 7.4. In part, also experiments at elevated temperatures were 
conducted with E. coli which is possible up to 49 °C (Fotadar et al. 2005). 

  

Figure 17: Phylogenetic tree of potential methanol oxidizing enzymes . Protein sequences were aligned using 
multi-way alignment and BLOSUM 62 scoring matrix in Clonemanager 9.0.  
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5.2.1 In vitro and in vivo activities of methanol dehydrogenases from B. methanolicus 
MGA3 

First a screen for high activities of Mdh enzymes was performed among the repertoire of the 
blueprint organism B. methanolicus MGA3. Since it is reported that B. methanolicus Mdh 
activity is greatly enhanced by an activator protein (Act) (Arfman et al. 1991) another 
compatible pSEVA plasmid (pSEVA131) was used to express this enzyme in addition. Wild 
type and �ûfrmA E. coli cells were transformed with a plasmid encoding for one of the three 
Mdhs of B. methanolicus MGA3 or with one Mdh in combination with Act. SDS-PAGE proofed 
production of the proteins at the expected molecular weight (Figure 18D). Based on their 
length Mdhs are expected to have a molecular weight of app. 42 kDa, while Act should have a 
molecular weight of app. 23 kDa. For activity assays �ûfrmA cells carrying the respective 
constructs were either grown in LB-medium at 37 °C for in vitro assays or in M9 medium with 
glucose at 37 °C or 42 °C for in vivo assays. Enzyme assays were performed at pH 7.4 and 
either at 37 °C or at 45 °C for in vitro and 42 °C for in vivo experiments, respectively. At 37 °C 
lysate of cells expressing only Mdh barely showed any methanol oxidation activity while at 45 
°C activity for all three enzymes became detectable (Figure 18A).  

Figure 18: Characterization of methanol dehydrogenases of B. methanolicus MGA3 expressed in E. coli . 
Activity of Mdh, Mdh2 and Mdh3 expressed in �ûfrmA E.coli was characterized in vitro (A) or in vivo (B) at two 
different temperatures in the presence or absence of Act. Formaldehyde production in vivo was measured in wt 
(broken lines) or �ûfrmA cells (solid lines) expressing Mdh2 or carrying an empty plasmid (C). Expression of the 
respective enzymes was checked using SDS-PAGE (D). Arrows indicate expected sizes of Mdhs and Act. 
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Highest activity with 11 mU/mg was observed for Mdh2. The presence of Act resulted at both 
tested temperatures in an increase in activity. The factor of activation depended on the enzyme 
and the temperature and was between 5 for Mdh at 45 °C and 18 for Mdh3 at 37 °C. 
Independent of the tested condition Mdh2 was the most active enzyme with highest activity of 
86 mU/mg at 45 °C in the presence of Act.  

For the in vivo assays, cells were pre-grown at the reaction temperatures to avoid spontaneous 
heat shock. Unlike published results (Fotadar et al. 2005) the E. coli strains tested here did not 
grow at 45 °C. Therefore 37 °C and 42 °C were used as reaction conditions. Since production 
of formaldehyde served as an assay read-out we assumed that wild-type E. coli would not be 
suited for the experiments, due to their ability to degrade formaldehyde (1.2.1). To validate our 
assumption wild type and �ûfrmA cells expressing the most potent methanol dehydrogenase 
Mdh2, based on the in vitro assays above were tested for their potential to produce 
formaldehyde in vivo. As a control the cells also carried an empty pSEVA131 plasmid, which 
was used for Act expression. As expected cells, carrying empty plasmids showed no methanol 
oxidation activity (Figure 18C). In �ûfrmA cells, formaldehyde accumulated over time and 
reached a maximal concentration of about 0.12 mM, which is far below the 0.5 mM determined 
to be toxic for E. coli (5.1). In wild type cells formaldehyde accumulated at the beginning as 
fast as in �ûfrmA cells up to a concentration of about 0.04 mM where a plateau was reached. 
Subsequently, formaldehyde was degraded until concentration reached the starting point 
proving the efficiency of the endogenous linear detoxification pathway. 

When testing all Mdhs for their in vivo activities in �ûfrmA cells, highest activities were observed 
in cultures expressing only methanol dehydrogenases (Figure 18B). While Mdh, the major 
Mdh in B. methanolicus MGA3 (Brautaset et al. 2004a), showed almost no activity with or 
without Act, in vivo activity of Mdh2 and Mdh3 was decreased when Act was co-expressed. 
However, activities of these enzymes without Act were significantly higher than observed in 
vitro but the temperature dependent difference was less pronounced. While at higher 
temperature, in vitro activity was at least doubled, activities in vivo were only raised app. 20 % 
to 25 %. Consistently, Mdh2 showed the highest absolute activities in vitro and in vivo 
independent of the temperature. 

The observation that the detected Mdh in vivo activity was lowered by Act seemed to contradict 
the finding of the beneficial effect of Act in vitro. Since cells for the different experiments were 
cultured differently (once in LB and once in M9 medium) this might explain the observed 
difference in the results. To rule out the possibility of growth condition induced effects, an 
experiment was performed were �ûfrmA cells expressing either Mdh2 alone or together with 
Act were cultured in M9 medium with glucose as a carbon source. The cultures were split in 
half and cells of one half were used for production of crude lysate for in vitro assays while the 
other half was used to perform in vivo assays. Although cells in these experiments originated 
from the same culture, results were the same as observed before. In vitro, presence of Act 
strongly increased activity of Mdh2 while in vivo the presence of Act resulted in a slight 
decrease in activity (Figure 19A). As mentioned above, cells carrying empty plasmids or 
expressing only Act were included in the experiment to rule out any influence of the plasmid 
backbone or the antibiotic resistance on the results.  

The highest absolute measured activity was 8 mU/mg (in vitro activity of Mdh2 in the presence 
of Act at 45 °C) (Figure 18A). This activity is below the measured activity of 200 mU/mg in 
lysate of B. methanolicus MGA3 at 45 °C. Since Mdh activity in B. methanolicus lysate was 
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determined at pH 9.5 at 45 °C, Mdh2 activity in the presence of Act was tested under these 
conditions to validate the overall methanol oxidation activity established in E. coli so far. In vitro 
activity measured under these conditions was 228 mU/mg, which was higher than 86 mU/mg 
at 45°C and pH 7.4 and almost equal to Mdh activity measured in lysate of B. methanolicus 
MGA3 (Figure 19B). These results indicated that methanol oxidation activity introduced into 
E. coli could be sufficient to support methylotrophic growth.  

5.2.2 In vitro and in vivo activities of potential methanol dehydrogenases from 
organisms other than B. methanolicus MGA3 

To potentially identify an Mdh enzyme with even higher activity than Mdh2 from MGA3 and to 
potentially substitute for the missing stimulation effect of Act, additional enzymes were 
analyzed for their potential as Mdh in E. coli. To uncover candidate enzymes we used BLAST 
search and identified NAD+-dependent alcohol dehydrogenases of B. coagulans, 
D. kuznetsovii, D. hafniense, L. fusiformis and L. sphaericus (Table 7). Together with the three 
Mdhs of B. methanolicus PB1 they were tested for their in vitro and in vivo activity. To this end, 
�ûfrmA cells were transformed with pSEVA424 plasmids carrying one of the mentioned Adhs. 
When expression of the Adhs was tested at the conditions used for Mdh of B. methanolicus 
(5 hours at 37 °C) only the Mdhs of B. methanolicus PB1 showed expression detectable on 
SDS-PAGE. Since expression of the other enzymes could not be confirmed, activity of the 
lysates was first tested with ethanol as a substrate. Ethanol has been reported to be a better 
substrate than methanol even for methanol dehydrogenases (Arfman et al. 1991). Mdh2 of 
B. methanolicus MGA3 displayed an activity of 120 mU at 37 °C and pH 7.4 (Figure 20A), 
which is higher compared to the detected methanol activity confirming that ethanol is also a 
better substrate for the chromosomally encoded Mdhs. All newly tested enzymes showed 
activities significantly higher than activity in the empty control which presumably resulted from 
E. coli endogenous Adhs. Most of the enzymes displayed activities around 40 mU, which is a 
third of the activity of Mdh2 of B. methanolicus MGA3. Only Mdh2 of B. methanolicus PB1, 
which is very similar Mdh2 of B. methanolicus MGA3 (Figure 17) showed a higher activity of 
80 mU/mg. Despite the fact that expression of the Adhs was not very strong based on 

Figure 19: Activities of Mdh2 expressed in E. coli . Activity of Mdh2 with or without Act was tested in vitro and in 
vivo in �ûfrmA cells from the same culture (A). In vitro activity of Mdh2 in the presence of Act in E. coli lysate was 
tested at 45 °C at pH 9.5 and compared to activity in B. methanolicus lysate at the same conditions (B).  
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SDS-PAGE, activities with ethanol proved that the enzymes are at least functionally expressed 
to some extent. Therefore, both in vitro and in vivo methanol dehydrogenase activities were 
measured and compared to activities of Mdh2 from B. methanolicus MGA3. Two enzymes, 
Mdh1 of B. methanolicus PB1 and Adh of L. sphaericus showed with 10 mU and 8.3 mU 
respectively, high in vitro activities (Figure 20B) which were comparable to those of Mdh2. 

In vitro activities of the other enzymes were either much lower or not detectable. In vivo activity 
of the two enzymes with high in vitro activities was much smaller compared to that of Mdh2 of 
B. methanolicus MGA3. The highest in vivo activity among the new enzymes was detected for 
Adh of D. hafniense with 7 mU which did not show any detectable in vitro activity. However, 
the activity was still about 4 times lower than for B. methanolicus MGA3 Mdh2. Thus, none of 
the candidates from other organisms reached a level of methanol dehydrogenase activity 
comparable to Mdh2 of B. methanolicus MGA3. 

5.2.3 In vitro activities of commercially available alcohol dehydrogenases with respect 
to methanol oxidation capability 

None of the homologous enzymes tested showed higher in vivo activity than Mdh2 of 
B. methanolicus MGA3 and only few enzymes showed comparable in vitro activities. To 
broaden the search for an enzyme with higher methanol oxidation capabilities we tested 12 

Figure 20: In vitro and in vivo activities of pot ential methanol oxidizing enzymes . In vitro activity of alcohol 
dehydrogenases was tested at 37 °C and pH 7.4 with ethanol as a substrate (A). In vitro (blue) and in vivo (red) 
activities were tested at the same conditions but with methanol as a substrate (B). Shown are single point 
measurements. 
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NAD(P)+-dependent alcohol dehydrogenases engineered by Evocatal (Germany, Düsseldorf). 
The enzymes were supplied together with information regarding cofactor specificity, and the 
chemical nature of the preferred substrate (primary alcohol, secondary alcohol etc.). In vitro 
testing of those enzymes at 37 °C and pH 7.4 showed that four out of twelve enzymes showed 
activity with methanol (Table 8). Interestingly one of the enzymes supposed to have high 
activity with primary alcohols (Evo-1.1.020) showed no activity with methanol while another 
enzyme without reported activity towards primary alcohols (Evo-1.1.260) showed an activity of 
11 mU/mg. The other enzymes with detectable methanol oxidation activity showed activities 
of 11, 9 or 1 mU/mg. Given the missing genetic information, the observed activities were not 
high enough compared to Mdh2 of B. methanolicus MGA3 to proceed investigation of these 
enzymes. 

Table 8: Alcohol dehydrogenases from Evocatal. Informations about substrate usage are taken from the data 
sheet of the alcohol dehydrogenase kit (evo-1.1.100). +++ very high activity. ++ high activity. + fair activity. - no 
activity.  

Enzyme Cofactor Substrate usage 
Aliphatic 
alcohols 

Phenylethanol 
& Derivatives 

�.-
ketoesters 
and 
derivatives 

��-
ketoesters 
and 
derivatives 

Primary 
alcohols 

Cyclic, 
secondary 
alcohols 

Methanol 
[mU/mg] 

Evo-
1.1.010 

NAD+ ++ - +++ +++ - + - 

Evo-
1.1.020 

NAD+ ++ - ++ ++ ++ + - 

Evo-
1.1.030 

NAD+ ++ ++ + + - - - 

Evo-
1.1.040 

NAD+ + - - - +++ - 9 

Evo-
1.1.130 

NAD+ - - +++ - - - - 

Evo-
1.1.140 

NAD+ - - +++ - - - - 

Evo-
1.1.190 

NADP+ - - - - +++ - 1 

Evo-
1.1.200 

NAD+ +++ ++ ++ +++ - -. 
 

- 

Evo-
1.1.210 

NAD+ - - + + ++ + 11 

Evo-
1.1.250 

NADP+ + - + ++ + - - 

Evo-
1.1.260 

NADP+ ++ - - - - ++ 11 

Evo-
1.1.270 

NADP+ ++ ++ - +++ + ++ - 

 

5.2.4 Investigation of point mutations in methanol dehydrogenases from 
B. methanolicus MGA3 

This study revealed that Mdh2 of B. methanolicus MGA3 showed highest activity of all tested 
enzymes in E. coli in vivo and high in vitro activity as well. The second best enzyme especially 
with respect to in vivo activities was Mdh3 of the same organism. Previous reports stated that 
the essential enzyme for methylotrophy in B. methanolicus MGA3 is Mdh (Brautaset et al. 
2004a). Therefore, it was decided to investigate all three Mdh enzymes derived from 
B. methanolicus MGA3 further. Experiments including the activator protein Act had shown that 
Act seemed to rather inhibit in vivo activities, despite its stimulating role in vitro (see 5.2.1). To 
resolve this apparent discrepancy, point mutations were generated and studied.  
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Activity testing of "S97G" activation mutants 

Studies of B. methanolicus C1 and its methanol dehydrogenase revealed its activity is highly 
stimulated by Act (Arfman et al. 1991). This stimulation can be mimicked by a single point 
mutation (Hektor et al. 2002) of serine97 to glycine in a conserved GGGSX-motif in Mdh. The 
resulting mutant was reported to be insensitive towards further Act stimulation. Alignment of 
Mdhs from B. methanolicus MGA3 (Figure S1 ) identified the respective serine in the three 
enzymes Mdh, Mdh2 and Mdh3 to be serine98, serine101 and serine101, respectively. Point 
mutations were generated in a PCR based approach and the resulting constructs were cloned 
into pSEVA424 plasmids. To verify the missing sensitivity towards Act activation, methanol 
oxidation activity of the mutated enzymes was tested in lysates of cells expressing one of the 
Mdhs alone or in combination with Act. Activities were measured in vitro and in vivo at standard 
conditions (37 °C, pH 7.4) and at 42 °C in vivo. In parallel, the respective wild type enzymes 
were measured and results compared. The Mdh mutant showed an increased activity and 
strongly reduced sensitivity towards activation by Act in vitro at 37 °C as expected. Also Mdh2 
and Mdh3 mutants were insensitive towards Act. However, no increase in activity could be 
observed compared to the wild type proteins (Figure 21A). In vivo, the effect is even more 
pronounced at both tested temperatures (Figure 21BC).  

Figure 21: Activity measurements of activation mutants of methanol dehydrogenases.  In vitro activity of 
activation mutants expressed in E. coli at 37 °C was measured (A) and compared to the wild type versions of the 
enzymes. The same is shown for in vivo experiments at 37 °C (B) and 42 °C (C). Shown are single point 
measurements. 
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While in vivo activity of mutant Mdh raised to a level equal to wild type Mdh2 and Mdh3, activity 
of Mdh2 and Mdh3 mutants was heavily decreased compared to the wild type enzymes. As 
reported before the presence of Act had no positive influence on any of the wild type enzymes 
in vivo. The mutation, although in the same motif, led to opposite effects for the different Mdhs. 
It seems that "Mdh-like" enzymes are activated by the mutation while "Mdh2-like" enzymes 
lose activity. More detailed investigations are needed to fully understand this phenomenon. 
Since even active Mdh site directed mutants were not more proficient than wild type Mdh2, this 
enzyme remained to be the best candidate for establishing methylotrophy in E. coli. 

Production of NADP-sensitive Mdh mutants based on in silico structure predictions 

In an attempt to understand the opposite effects of the serine to glycine mutation in the different 
enzymes and to identify potential new targets for mutations we performed in silico structure 
prediction experiments for the methanol dehydrogenases Mdh and Mdh2 of B. methanolicus 
MGA3. Due to high amino acid sequence similarity between Mdh2 and Mdh3 of 96 % 
predictions were only performed for Mdh2. The structure prediction was based on resolved 
structures of type III alcohol dehydrogenases such as E. coli lactaldehyde reductase (FucO) 
(Montella et al. 2005), Klebsiella pneumonia 1,3-propanediol oxidoreductase (Marcal et al. 
2009) or Zymomonas mobilis Adh2 (Moon et al. 2011). Interestingly 1,3-propanediol 
oxidoreductase was crystalized in a homo decameric structure (Figure 22A) which resembles 

Figure 22: In silico  predicted Mdh structures and their templates.  1,3-propanediol oxidoreductase of K. 
pneumonia was crystalized as a decamer consisting of five dimers (A). The dimeric structure is found in all used 
template proteins and is exemplified on the structure of lactaldehyde dehydrogenase of E. coli (B). Predicted 
monomeric structure of Mdh with bound cofactor (C) and a zoom-in of the active site (D). Amino acids involved in 
cofactor binding are shown. Amino acids mutated in this study are framed.  
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the Cryo-EM structure published for methanol dehydrogenase of B. methanolicus C1 (Vonck 
et al. 1991).  

The decamer consists of five dimeric subunits and this dimeric structure is common to all 
enzymes used for prediction. An example (lactaldehyde dehydrogenase) is shown in Figure 
22B. Since all model structures have the same overall topology, the predicted structures for 
Mdh and Mdh2 look identical. Adh2 of Z. mobilis was crystalized together with NAD+ therefore 
the potential binding site of the cofactor is known and it was possible to include the cofactor 
into in the predicted structure of the methanol dehydrogenases, which is shown in Figure 22C. 
A zoom-in of the modeled active site (Figure 22D) showed that the serine residue from the 
above mentioned GGGSX motif is in close vicinity to the bound cofactor. Its mutation to a 
glycine might destroy a hydrogen bridge.  

An aspartate (Asp-38) which potentially presents a steric hindrance for the additional 
phosphate group of NADP+ could be identified in addition. For FucO it was reported that 
mutation of this residue enables the enzyme to use NADP+ as a cofactor (Montella et al. 2005). 
Broadening the cofactor usage not necessarily leads to higher activities but might be useful for 
later in vivo experiments. Using the quick change protocol aspartate38 in Mdh and aspartate41 
in Mdh2 were mutated to glycine and their in vitro and in vivo activity was tested. While lysate 
of cells containing the wild type version of both enzymes hardly showed any methanol oxidation 
activity with NADP+, both lysates containing the mutated Mdhs did (Table 9). With NADP+ as 
cofactor, MdhD38G showed 49 % and Mdh2D41G showed 80% of the activity observed with 
NAD+. These results are in accordance to those of Montella et al. (2005), who also observed 
a lower catalytic efficiency of FucO with NADP+ compared to NAD+. The NAD+-dependent 
activity of the mutated enzymes was comparable to those of the wild type enzymes or in case 
of Mdh even slightly higher (Table 9).  

In contrast to in vitro results, the ability to alternatively use NADP+ besides NAD+ as cofactor 
seemed not to be of advantage in vivo. Specific activity measurements in vivo indicated that 
MdhD38G (0.5 mU/mg) and Mdh2D41G (11 mU/mg) were not performing as well as the 
respective wild type enzymes Mdh (2 mU/mg) and Mdh2 (35 mU/mg) (Table 9). The results 
prove that in silico structure prediction can be a useful tool to choose target residues for 
mutational studies of enzymes as long as the template structures are similar enough. For Mdh 
modelling all used structures have at least 47 % sequence identity compared to Mdh and 
Mdh2. Also in vitro results showed that both mutated enzymes are able to use NADP+. 
However, this has no positive effect on their in vivo performance and an advantage in using 
the mutated versions to establish methylotrophy is questionable. 

Table 9: In vitro and in vivo activities of NADP -sensitive methanol dehydrogenase mutants.  

 
Enzyme 

Specific activity [mU/mg] 
In vitro (37 °C, pH 7.4) In vivo (37 °C) 
NAD+ NADP+ 

Mdh 3.1 0.3 2 
Mdh D38G 6.5 3.2 0.5 
Mdh2 5.1 0.6 35 
Mdh2 D41G 5.7 4.7 11 
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5.2.5 Conclusions 

Of all tested enzymes Mdh2 of B. methanolicus MGA3 seems to be the best candidate to 
establish methylotrophy in E. coli. Direct comparison of lysate containing Mdh2 and Act with 
lysate of B. methanolicus confirms that the absolute methanol oxidation potential of both 
lysates is the same. Since B. methanolicus rapidly uses formaldehyde, in vivo activities could 
not be compared with our assay. In E. coli Mdh2 shows high in vivo activity compared to the 
other enzymes used in this study. Interestingly the beneficial effect of Act was only observed 
in the in vitro measurements while in vivo no or even a negative effect was found. Throughout 
this study, it became apparent that the absolute measured activities especially of the in vitro 
assays showed some variation but the ranking of the enzymes relative to each other always 
stayed the same. The observed low activities of the homologous Adhs from organisms other 
than B. methanolicus were at least partially caused by weak expression in E. coli. Successful 
introduction of the "S97G" mutation into Mdhs enabled us to confirm the reported Act mimicking 
effect in Mdh, but even the activated Mdh mutant was less active compared to wild type Mdh2. 
Similar mutations in Mdh2 and Mdh3 caused an insensitivity towards Act in vitro but without 
the activating effect observed for Mdh. In vivo the negative effect of the mutation was even 
more pronounced and activity was massively decreased. 

In silico modelling of Mdh and Mdh2 confirmed the potential role of the serine in binding of the 
NAD+ cofactor. Additionally an aspartate residue was identified which is responsible for the 
strict usage of NAD+ as cofactor probably by sterically blocking the binding of NADP+. Mutation 
of this residue allowed both enzymes to use NADP+ without losing the ability to use NAD+. 
However, neither in vitro nor in vivo activities of these mutants showed higher activities 
compared to of Mdh2 of the MGA3.  

5.2.6 Biochemical properties of purified Mdhs from B. methanolicus strains MGA3 and 
PB1 

The results of this part are published in (Krog et al. 2013b): 

Krog, A., Heggeset, T.M., Muller, J.E.N., Kupper, C.E., Schneider, O., Vorholt, J.A., Ellingsen, 
T.E. and Brautaset, T. (2013) Methylotrophic Bacillus methanolicus encodes two chromosomal 
and one plasmid born NAD+-dependent methanol dehydrogenase paralogs with different 
catalytic and biochemical properties. PLoS One 8(3):e59188. 

To investigate the methanol dehydrogenases of B. methanolicus further, the enzymes of the 
strains MGA3 and PB1 were biochemically characterized. Since activities in lysates are 
convenient for screening approaches but too inconsistent for in detail characterization, the 
enzymes were purified after expression in E. coli. To differentiate between genes and enzymes 
originating from strain MGA3 or PB1 they are marked with a M or a P, respectively. 

The mdhM, mdh2M, mdh3M, actM, mdhP, mdh1P, mdh2Pand actP coding sequences were PCR 
amplified and cloned into the E. coli vector pET21a, in-frame with a 3'-His6-tag encoding 
sequence to simplify purification. All constructed expression vectors were transferred into 
E. coli ER2566, and the resulting recombinant strains were cultivated in shake flasks for 
production of the respective recombinant proteins. The proteins were purified by affinity 
chromatography to more than 95% purity as judged from SDS-PAGE. 
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Temperature sensitivity of different methanol dehydrogenases 

The heat stability of the six Mdhs was tested by pre-incubation of the proteins at 45 °C and 
60 °C, and samples were taken at different time points for enzyme assays. As expected, all 
enzymes retained essentially all catalytic activity upon preincubation at 45 °C (Figure 23). The 
catalytic activities of MdhM, Mdh2M, MdhP and Mdh1P were however strongly reduced (up to 
80 %) upon preincubation at 60 °C for 6 minutes, while this treatment had only moderately 
negative effects on the Mdh3M and Mdh2P catalytic activities (Figure 23). A selection of the 

experiments was repeated in the presence of equal amounts of purified Act; however it had no 
effect on temperature stability for any of the Mdhs (data not shown). One might speculate 
whether the presumably higher instability of Mdh could be an important way of regulating the 
Mdh levels in the cells to avoid formaldehyde accumulation in response to varying methanol 
concentrations in the surroundings. However, it could not be ruled out that the stabilities of the 
Mdhs in vivo are quite different from those measured in vitro. 

In vitro activity of purified enzymes towards different alcohols 

The purified Mdh proteins were tested for catalytic activities using several alternative alcohol 
substrates, and all enzymes displayed activities on ethanol, propanol, butanol, isopropanol, 
1,2-propanediol and 1,3-propanediol (Figure 24), when assayed with 500 mM. In addition, due 
to the low solubility of larger primary alcohols, the enzymes were assayed with 50 mM alcohol 

Figure 23: Temperature stability of the MGA3 and PB1 Mdhs . Enzymatic activities of MdhM/MdhP (white 
diamond), Mdh1P (light grey diamond), Mdh2M/Mdh2P (dark grey triangle) and Mdh3M (black triangle) were 
measured upon preincubation at 45 °C or 60 °C. Activity without preincubation was for each enzyme arbitrarily set 
to 1. 
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concentrations and found to also be active on pentanol and hexanol. The relative catalytic 
activities for the recently discovered subgroup of Mdh-like enzymes were all shown to be 
substantially higher on all alcohols tested than with methanol, similarly to the originally 
described Mdh of B. methanolicus (Arfman et al. 1989). This may imply that the catalytic site 
of the Mdhs is easily accessible for larger substrates, and that the substrate binding of medium 
sized primary alcohols could be more efficient than binding of the smaller methanol. The 
relative catalytic activities on the different alcohols tested varied substantially between the six 
Mdhs, indicating different substrate preferences among the proteins. For example, the 
activities of the Mdh3M and the Mdh2P enzymes with propanol were about 35 to 70-fold higher 
than their activities with methanol. Notably, the Mdhs belonging to the Mdh2/3 type from both 
strains displayed higher catalytic activity than the enzymes belonging to the Mdh/Mdh1 type 
with most of the substrates, under the conditions tested. All six enzymes also displayed 

Figure 24: In vitro  substrate specificity of B. methanolicus  Mdhs . MGA3 enzymes are shown in the upper 
panel, while PB1 enzymes in the lower panel. Catalytic activities of purified MdhM/MdhP (white), Mdh1P (light grey), 
Mdh2M/Mdh2P (dark grey) and Mdh3M (black) on various alcohols (500 mM) is shown. The data were calculated 
from the mean value from two experiments, performed in triplicate. Error bars indicate standard deviation. 
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formaldehyde and acetaldehyde reductase activities, which is further described below. Based 
on these data, these proteins could be classified as Adhs rather than Mdhs; however, we prefer 
to keep the designation of Mdhs for these enzymes, in line with the original Mdh from B. 
methanolicus C1 and MGA3 (Brautaset et al. 2004b, Hektor et al. 2002, Kloosterman et al. 
2002). 

In vitro effect of Act on purified enzymes with different substrates 

Both the MGA3 and the PB1 genome sequences had only one act gene positioned on the 
chromosome, similar to the one found in the B. methanolicus C1 genome (Arfman et al. 1991, 
Kloosterman et al. 2002). It was thus of interest to investigate if the respective Act proteins 
could stimulate catalytic activity of all Mdh proteins in vitro. To establish reliable conditions, 
MdhM was first tested together with ActM at different relative concentrations of the proteins 
(CMDH:CACT of 20:1 to 1:2), using methanol as substrate. Full activation was reached at a 
relative concentration of between 5:1 and 1:1, and no inhibition due to higher activator 
concentrations was observed. For further testing, equal concentrations of Mdh and ACT (1:1) 
were used. Next, similar assays were performed with all six Mdhs using methanol as substrate 
and the data showed that the Mdh activities were increased 2 to 13-fold for the MGA3 Mdhs in 
the presence of ActM, and 3 to 10-fold for the PB1 Mdhs, in the presence of ActP (Figure 25). 

Figure 25: Activa tion of Mdh by the activator protein A ct . The catalytic activities of MdhM, Mdh2M and Mdh3M 
from MGA3 (upper panel) and of MdhP, Mdh1P and Mdh2P from PB1 (lower panel) in the absence and presence of 
Act. The catalytic activity of the enzymes with methanol (white), methanol + Act (light grey), ethanol (dark grey), 
and ethanol + Act (black) as substrates are shown. The experiments were performed in triplicates with 500 mM 
alcohols. Error bars indicate standard deviation. 
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We then conducted similar analyses using ethanol as the substrate, and the results showed 
that the catalytic activities were increased 3 to 15-fold for the MGA3 Mdhs and 2 to 5-fold for 
the PB1 Mdhs (Figure 25), in the presence of Act. When using formaldehyde or acetaldehyde 
as substrates the presence of Act caused no significant stimulation of catalytic activities for 
any of the Mdhs. Thus, Act increases the dehydrogenase versus the reductase activity ratio 
for all six Mdh proteins in vitro. 

Kinetic characterization of purified methanol dehydrogenases 

The purified Mdhs were subjected to in vitro kinetic characterizations to determine Vmax and Km 
values on selected substrates. The Mdhs are catalytically active on a variety of alcohols 
(Figure 24), but of these B. methanolicus MGA3 can only grow on methanol (Table 2). To 
obtain biologically relevant data, kinetic experiments were therefore conducted by using 
methanol as substrate. The six Mdh proteins were assayed for initial reaction rates under 
optimized assay conditions, as described above, and with varying methanol concentrations, 
and the data showed that they displayed similar kinetics. The Km,MeOH values were similar and 
between 170 mM and 360 mM for the MGA3 Mdhs and between 170 mM and 330 mM for the 
PB1 Mdhs. The corresponding Vmax,MeOH values were between 0.06 U/mg and 0.09 U/mg for 
the MGA3 Mdhs, and between 0.015 and 0.08 U/mg for the PB1 Mdhs (Table 10). 

The Km,NAD values were only determined for the MGA3 Mdhs, and these were found to be 
between 0.01 mM and 0.02 mM, ensuring the use of sufficient NAD+ when performing the Mdh 
assay. Together these data indicate that the kinetic constants for all the six Mdhs are relatively 
similar at the conditions tested. 

Table 10: In vitro  kinetic constants of Mdhs in the presence and absence of ACT.   

The Km,MeOH was significantly reduced (7-fold) to 26 mM for MdhM when ActM was added to the 
reaction, while the corresponding Km,MeOH value for Mdh2M was reduced slightly (2-fold) and 
the Km,MeOH value for Mdh3M remained essentially the same as when tested without ActM. For 
the PB1 enzymes MdhP and Mdh1P the Km,MeOH values were substantially reduced (22-fold and 
34-fold, respectively) in the presence of ActP, while the Km,MeOH value for Mdh2P was only 
moderately (3-fold) reduced by ActP (Table 10). The MdhM, MdhP and Mdh1P proteins were 
listed into one Mdh subtype based on sequence alignments (Figure 17), and the biological 
impact of these findings is discussed (see below). In experiments using the B. methanolicus 
strain C1, Act has been shown to have higher influence on the Vmax values when Mdh is 
assayed under physiological methanol concentrations (0.1-1 mM), and the methanol turnover 
rate was reported to be enhanced up to 40-fold by the addition of Act (Arfman et al. 1991). The 
Km,NAD values for MdhM, Mdh2M and Mdh3M were also determined in the presence of ActM and 
observed to be increased 2 to 4-fold compared to when assayed without added Act (Table 10). 
Although the biological function of this remains to be elucidated, one could speculate if the 
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combination of increased affinity for MeOH and decreased affinity for NAD+ in the presence of 
Act, might help the cells to keep the NAD+/NADH ratio inside the cells stable even at very high 
methanol concentrations. Based on this, it is plausible to assume that Mdh, together with Act, 
may have a particular role for methylotrophy under conditions of low external methanol 
concentrations. 

The biological significance of Mdh for methanol oxidation during methylotrophic growth is 
unambiguous, while the biological role of these enzymes as part of a formaldehyde 
detoxification system in the methanol consuming cells is less studied. It was here 
demonstrated that all enzymes displayed both formaldehyde- and acetaldehyde reductase 
activities (see above), and we chose to characterize the reductase properties kinetically. By 
using formaldehyde as the substrate the Km,FA values were determined to be 1.1 mM, 4.5 mM 
and 7.1 mM respectively and the corresponding Vmax,FA values were 0.6 U/mg, 1.8 U/mg and 
4.6 U/mg for the MGA3 proteins MdhM, Mdh2M and Mdh3M respectively (Table 10). For the 
PB1 proteins MdhP, Mdh1P, and Mdh2P the Km,FA values were 3 mM, 7 mM and 1 mM, 
respectively, and the corresponding Vmax,FA values were 0.5 U/mg, 0.6 U/mg and 1.1 U/mg, 
respectively. Together, these results show that all six Mdhs generally have higher affinity and 
higher Vmax values when formaldehyde is the substrate, compared to when methanol is the 
substrate. Due to the lack of any response to Act on the formaldehyde reductase activities of 
the Mdhs (see above), it was chosen not to perform kinetic measurements in the presence of 
Act. The biological relevance of the reduction of formaldehyde by the Mdhs is not known. This 
could however, be part of additional formaldehyde detoxification system under critically high 
formaldehyde levels in the cell. From a BLAST search, a protein named EutG, with similarity 
to the Mdhs was found. EutG is a novel Fe-alcohol dehydrogenase, and its main function is 
suggested to be the protection of cells from aldehydes by converting them into alcohols 
(Stojiljkovic et al. 1995). Like EutG, all six Mdhs have the ability to catalyze the reduction of 
formaldehyde and acetaldehyde into their respective alcohols, indicating that they may play a 
part in detoxification systems. 

5.2.7 Conclusions 

The presence of paralogous Mdhs was recently discovered when genome sequencing the two 
B. methanolicus strains MGA3 and PB1 (Heggeset et al. 2012). Each of the sequenced strains 
harbored three Mdh-like genes that fall into two distinct subtypes. Biochemical characterization 
of all six enzymes revealed that they were able to oxidize a wide range of primary alcohols; 
however, they showed different biochemical and physical properties. These results imply that 
methanol oxidation in this methylotrophic bacterium is a complex process involving multiple 
enzymes, and is presumably regulated at several different levels. Possibly, this complexity 
could be beneficial for a carefully adjusted response to growth in challenging environments 
where the temperature and methanol concentrations vary. 
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5.3 The RuMP cycle enzymes Hps and Phi 

To establish the RuMP cycle for formaldehyde assimilation into biomass hexulose-6-
phosphate synthase (Hps) and phospho-hexulo-isomerase (Phi) are necessary. In 
B. methanolicus MGA3 and PB1 Hps and Phi genes show 98 % sequence identity (Heggeset 
et al. 2012). In both strains the genes are encoded in an operon structure and expression is 
slightly increased during growth on methanol (4.1.2). Enzymes from several organisms were 
screened for activity in E. coli similar as for methanol dehydrogenase described above. Hps 
and Phi of B. methanolicus MGA3 served as templates to identify candidates in other 
organisms. As additional donor organisms Methylobacillus flagellatus KT and Methylococcus 
capsulatus (Bath) were chosen. Both are gram-negative methylotrophs and use the RuMP 
cycle for biomass accumulation (Chistoserdova et al. 2007, Ward et al. 2004). Genome 
sequencing of M. flagellatus identified two gene copies of hps (Mfla250 and Mfla1654) 
(Chistoserdova et al. 2007). The encoded proteins are 35 % and 36 % identical to Hps 
(Figure  S2) from MGA3. Only Mfla1654 is located in an operon with a potential Phi encoding 
gene, Mfla1653, which encodes for a protein 32 % identical to Phi of MGA3 (Figure  S2). 
M. capsulatus harbors potential Hps coding genes (MCA3043, MCA3049 and MCA2738) of 
which the first two are identical copies encoding for a protein with a similarity of 34 % to Hps 
of MGA3 (Figure  S2) (Ward et al. 2004). The third gene encodes for a 389 amino acid long 
protein which corresponds roughly to the size of Hps (211 amino acids) and Phi (184 amino 
acids) of MGA3 together. The first part of the potential Hps Phi fusion protein is 35 % identical 
to Hps and the last 182 amino acids are 40 % identical to Phi. Interestingly, bifunctional Hps 
Phi enzymes have already been described for archaea (Orita et al. 2005) and artificial fusion 
of Hps and Phi can enhance the overall activity as shown for the Hps Phi pair of Mycobacterium 
gastri MB19 (Orita et al. 2007). We therefore decided to artificially fuse Hps and Phi enzymes 
of B. methanolicus MGA3 and M. flagellatus KT by overlap PCR to analyze if fusion increases 
activity in this case. For initial experiments all enzymes were cloned into pSEVA424 plasmids 
with the option to transfer the best performing enzymes into pSEVA131 later to be able to 
express Mdh2, Hps and Phi together. The ribosomal binding site of all constructs was changed 
to AGGAGA followed by a 7 base pair spacer region. Constructs were transformed into wild 
type and �ûfrmA cells and expression of all constructs was confirmed by SDS-PAGE. Reference 
values for in vitro activities of both B. methanolicus enzymes was determined in 
B. methanolicus crude lysates. Hps activity was 15 U/mg and Phi activity was 1 U/mg at 37 °C 
and pH 7.4 (see 4.1.2). 

5.3.1 Hexulose-6-phosphate synthase activities in crude lysate 

Hps condenses formaldehyde to ribulose 5-phosphate thereby producing hexulose 
6-phosphate. To test this activity both in vivo and in vitro formaldehyde degradation was 
measured in discontinuous assays. To test activity in vitro, lysate was incubated in a solution 
containing ribose 5-phosphate and phosphoribo isomerase to produce ribulose 5-phosphate 
the acceptor molecule for formaldehyde. In contrast to methanol dehydrogenases the Hps 
enzymes displayed high activities between 0.95 and 10 U/mg (Figure 26A) except for the 
artificially fused Hps Phi version of B. methanolicus and the M. capsulatus enzyme which 
showed no activity. The fusion of the M. flagellatus enzymes led to a four time decrease in 
activity (0.95 mU/mg) compared to Hps alone (3.3 U/mg). B. methanolicus Hps was the most 
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active enzyme in this assay (10 U/mg). This level of activity is in line with previous kinetic 
characterizations of this enzyme (Arfman et al. 1990, Arfman et al. 1989). A Hps activity of 
10 U/mg at 37 °C and pH 7.4 in E. coli corresponds to two thirds of the activity measured in 
B. methanolicus lysate (15 U/mg), which might be sufficient to enable efficient assimilation of 
formaldehyde. 

5.3.2 Phospho-hexulo-isomerase activities in crude lysate 

Phi converts the Hps product hexulose 6-phosphate into fructose 6-phosphate which then can 
serve as a substrate in the RuMP cycle (Figure 3). Due to the instability of hexulose 6-
phosphate, Phi activity was measured in a reaction reverse to the biological direction. Fructose 
6-phosphate was used as a substrate and the production of formaldehyde (Hps reverse 
direction) was measured. Thus a prerequisite for this assay is robust Hps activity. Therefore, 
only lysates with confirmed Hps activity were tested. In all lysates with Hps activity, Phi activity 
was detected but overall activities measured were much smaller (Figure 26B). The highest 
activity was observed in lysate containing the B. methanolicus Phi enzyme. With 800 mU/mg 
the observed Phi activity in E. coli lysate equals roughly 80% of that measured in 
B. methanolicus lysate (1 U/mg). Phi enzymes were always 10 times less active, with activities 
ranging from 150 to 800 mU/mg, than the respective Hps enzymes. The same Hps/Phi activity 
ratios were observed in B. methanolicus lysate (see above). Hence, the difference in activity 
was likely caused by measuring Phi activity in the reverse direction. 

5.3.3 In vivo activities of Hps based on formaldehyde assimilation 

After in vitro activity of three Hps constructs (Hps Phi operon of B. methanolicus MGA3 and 
M. flagellatus KT and Hps Phi fusion of M. flagellatus KT) was confirmed, in vivo activity of the 
constructs was measured. Since the assay is based on formaldehyde degradation only Hps 
activity can be measured directly in vivo. Furthermore, �ûfrmA cells must be used to avoid Hps 
Phi independent formaldehyde degradation, which is observed in wild type E. coli. (Figure 
27B). First, formaldehyde degradation was analyzed in resting cells (cells out of log phase) in 

Figure 26: In vitro  activities of Hps and Phi . In vitro activities for Hps (A) and Phi (B) enzymes from different 
organisms at 37 °C and pH 7.4. Either consumption (Hps) or production (Phi) of formaldehyde was measured. Phi 
activities were only measured in lysates with detected Hps activity. MG3, B. methanolicus MGA3; KT, M. flagellatus 
KT; BATH, M. capsulatus Bath. Error bars indicate standard deviation 
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M9 medium without any carbon source. Activities between 12 and 18.1 mU/mg were detected 
in this assay (Figure 27). This was surprisingly low considering that Hps in vitro activities up 
to 10 U/mg were measured which is almost three orders of magnitude higher. In addition to 
formaldehyde ribulose 5-phosphate is needed as a substrate during Hps catalyzed reaction. 
We speculated that the availability of C-5 compounds in glucose grown cells might be too low 
to allow fast assimilation of formaldehyde, especially since the actual experiment was 
performed in the absence of a carbon source. To test this hypothesis cells expressing Hps of 
B. methanolicus were transferred into M9 medium containing ribose and preincubated 15 
minutes before measuring activity. The preincubation and the presence of ribose during the 
experiment led to a more than 200 % increase in activity from 18.1 mU/ mg to 69 mU/mg 
(Figure 27A). To increase in vivo activity further, the experiment was performed with cells 
solely grown on ribose. All constructs were tested with this approach. It turned out that growing 
cells on ribose as a carbon source further increased the activity of all enzymes. In all cases 
app. 10 times higher activity compared to conditions without any carbon source was observed. 
B. methanolicus Hps again showed the highest activity (152 mU/mg) (Figure 27A). To verify 
that the observed effect is caused by supplying C-5 precursor molecules and not simply by the 

availability of a carbon source, the experiment was repeated for Hps of B. methanolicus with 
glucose instead of ribose. Measured activity under these conditions was higher than without 
any carbon source, 51 mU/mg vs 20 mU/mg, but three times less compared to the ribose 
experiment. This confirmed that the availability of C-5 precursors is crucial for rapid 
assimilation of formaldehyde. Inspection of the primary data of the experiments revealed that 
degradation of formaldehyde without any carbon source present was only slightly faster than 
unspecific degradation of formaldehyde in �ûfrmA cells without any construct (Figure 27B). 
Formaldehyde degradation was massively increased in the presence of ribose and was 
comparable to degradation via the glutathione dependent pathway in wild type cells not 
expressing Hps and Phi. As already observed in previous experiments (5.2.1) formaldehyde 
degradation in wild type cells by the endogenous glutathione dependent pathway started with 
a delay. In contrast, formaldehyde degradation �E�\���+�S�V���L�Q���ûfrmA cells started right after addition 
of formaldehyde (Figure 27B). 

Figure 27: In vivo activity of different Hps enzymes expressed in E. coli . In vivo activity of different Hps 
enzymes based on formaldehyde degradation in the presence or absence of additional carbon sources is shown in 
A. The primary data for the measurements in presence or absence of ribose is shown in B. Formaldehyde 
degradation in wild type (red squares) and �ûfrmA (red circles) E. coli cells not expressing any enzymes are shown 
as control. Error bars indicate standard deviation. 
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5.3.4 Conclusions  

The wild type Hps enzymes of B. methanolicus and M. flagellatus showed high in vitro activities 
while the naturally fused protein of M. capsulatus did not show any activity. Artificial fusion of 
Hps and Phi led to complete inactivation of Hps and Phi from B. methanolicus and reduced 
activity of Hps and Phi from M. flagellatus. This is in contrast to previous reports stating that 
fusion of the two enzymes increases reaction speed (Orita et al. 2007). A possible explanation 
for the observed discrepancy might be the direct fusion of both enzymes in our constructs 
without a spacer in between. Nonetheless, E. coli lysate with Hps of B. methanolicus displayed 
activities comparable to those detected in B. methanolicus lysate. Thus, a potential enzyme 
for the engineering approach was identified. Phi in vitro activities were much lower compared 
to Hps activities potentially caused by the used assay method (reverse reaction direction). The 
observation that the same difference in Hps and Phi activities was observed with 
B. methanolicus lysate supports this assumption. First in vivo experiments were performed in 
medium without any carbon source to avoid cell growth throughout the experiment but obtained 
Hps activities were app. 1000 fold lower compared to in vitro activities. By supplying ribose as 
a C-5 precursor molecule, we were able to increase measured in vivo activities by app. 10 fold 
confirming the importance of C-5 availability for efficient assimilation of formaldehyde. Due to 
the nature of the in vivo assay, it could not be performed with B. methanolicus since 
formaldehyde was degraded too fast. Consequently, an in vivo reference value for Hps activity 
is missing. However, it could be shown that Hps and Phi are functionally expressed in E. coli. 
Thus, the core set of enzymes to establish methylotrophy (see 1.2.1) is now available. 
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6 Integration of enzymes and pathway combinations in 
E. coli  to establish methanol conversion  

Detailed characterization and screening of potential enzyme candidates outlined in chapter 5 
indicated that Mdh2, Hps and Phi from B. methanolicus MGA3 seem to be the most suitable 
enzymes to achieve methylotrophy in E. coli. So far, this assumption is based on testing single 
enzymes alone and in simplified systems. The next logical step towards engineering synthetic 
methylotrophy was the expression of all three enzymes in the chosen host organism E. coli 
and characterization of methanol utilization and growth.  

6.1 Combination of the modules 

As outlined above (0 and 5.3) Mdh2, Hps and Phi of B. methanolicus MGA3 turned out to be 
suitable candidates for implementing methylotrophy in E. coli. In vitro measurements confirmed 
that all three enzymes, when expressed in E. coli displayed activities similar to those detected 
in B. methanolicus lysate indicating that functional expression up to a level needed for 
methylotrophy is possible. The hps phi operon was cloned into pSEVA131 to allow 
simultaneous expression of Mdh2 encoded on pSEVA424. In silico simulations of E. coli cells 
able to grow on methanol, suggested that a linear oxidation pathway is not necessary to 
establish methylotrophy in E. coli. Nevertheless, it was decided to use wild type as well as 
�ûfrmA cells for the subsequent experiments. First, in vivo functionality of all three enzymes 
was analyzed by measuring formaldehyde production after addition of methanol. Cells were 
cultivated in M9 medium supplemented with glucose and subsequently transferred into M9 
medium with methanol as sole carbon source. In accordance with previous observations of in 
vivo experiments, E. coli wild type cells expressing Mdh2 produced formaldehyde up to a 
concentration of app. 0.06 mM before the detoxification pathway started degradation (Figure 
28A). In �ûfrmA cells, formaldehyde accumulated to app. 0.12 mM under the same conditions 
(Figure 28AB). If Hps and Phi are co-expressed, the maximal level of formaldehyde observed, 
is lowered to 0.018 mM in wild type cells and 0.05 mM in �ûfrmA cells. These data suggest that 
at least Mdh2 and Hps are functionally produced in the same cells and that formaldehyde is 
metabolized by Hps. 

Figure 28: In vivo activity of Mdh2 Hps and Phi.  Mdh2, Hps and Phi activity in wild type (A) or �ûfrmA (B) E. coli 
cells. Formaldehyde production after addition of methanol is shown. Cells not expressing any enzyme (containing 
empty plasmids (EV), circles) only Hps and Phi (upside down triangles) or only Mdh2 (triangles) served as controls. 
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6.2 Growth experiments with E. coli cells expressing methylotrophic modules 

6.2.1 Co-metabolization of methanol 

The finding that all three core enzymes can be functionally produced in E. coli raised the 
question if cells expressing the respective genes can grow on methanol as the sole carbon 
source. Initial experiments testing for growth on methanol only revealed that the methanol 
metabolization was insufficient to support growth solely on methanol. Subsequent experiments 
with methanol in addition to another carbon source were performed to unravel whether the 
expression of the core enzymes shows growth promoting effects either by increasing the 
growth rate and/or biomass production.  

E. coli wild type or �ûfrmA cells expressing Mdh2, Hps and Phi only or in combination were 
grown in M9 medium supplemented with ribose as carbon source. For growth experiments, it 
is of importance to note that the standard M9 medium contained a mixture of amino acids, 
which may serve as a potential carbon source. For the co-consumption experiment, this was 
considered an advantage by decreasing the need for amino acid biosynthesis for heterologous 
protein expression. Ribose was chosen as M9 medium supplement, because the activated 
form of ribose, ribose-5-phosphate, is the precursor of ribulose-5-phosphate needed for 
formaldehyde fixation in the assimilatory RuMP cycle. Ribose was used in low concentrations 
(0.5 mM) which together with the amino acids allowed growth up to an OD600 of app. 1.5.  

Two cultures of each strain were tested in parallel while only one was cultivated in the presence 
of 1M methanol. By using an excess of methanol over ribose a potential difference in growth 
should be pronounced. Two pre-experiments with 20 mM of ribose showed no significant 
difference in growth behavior although there was a tendency for slightly faster growth of cells 
expressing Mdh2 Hps and Phi in methanol supplemented medium. Similarly, with a limited 
amount of ribose, as used in this experiments, there was no clear difference in growth 
detectable between strains cultivated in medium with or without methanol (Figure 29A). In 
general wild type cells showed a slightly higher growth rate compared to �ûfrmA cells and for 
almost all strains the growth rate in the presence of methanol was slightly increased (Figure 
29B).  

Nevertheless this slight increase was not limited to cells expressing all three enzymes needed 
for biomass formation but was also observed in cells either expressing Mdh2 or Hps and Phi 
only. In both cases, conversion of methanol into biomass should not occur. Therefore, the 
observed difference in growth is not directly linked to biomass formation from methanol. In 
case of cells expressing only Mdh2 conversion of methanol into formaldehyde should result in 
additional energy conservation in form of NADH, which might explain the difference. If so, this 
effect is expected to be even more pronounced in wild type cells due to further oxidation of 
formaldehyde to CO2 via the endogenous oxidation pathway and lower formaldehyde levels in 
general (Figure 29C) but this was not observed. Some formaldehyde might be created through 
spontaneous oxidation of methanol and its metabolization in strains only expressing Hps and 
Phi could explain the detected growth advantage. However, without further investigation the 
findings might as well indicate that the observed growth difference in the presence of methanol 
is independent of the heterologous production of methylotrophic enzymes.  

Measurements of formaldehyde concentrations in cultures after app. 28 hours generally 
confirmed results from previous experiments (6.1). Highest formaldehyde concentrations were 
observed in �ûfrmA cells only expressing Mdh2 and the concentration is lowered if Hps and Phi 
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are produced additionally (Figure 29C). Almost no formaldehyde was detectable in wild type 
cells independently of the genes expressed. The presence of ribose had no influence on the 

absolute level of formaldehyde produced in cells expressing all three methylotrophic genes as 
shown by comparison of cells grown in medium supplemented with or without ribose. (Figure 
29C). Interestingly the biggest difference in growth behavior was observed in �ûfrmA cells 
expressing all three enzymes growing in methanol containing medium with only amino acids 
available as a carbon source (�ûfrmA Mdh2 Hps Phi - ribose). Generally it seems like there is 
a slight tendency that cells expressing the methylotrophic modules benefit from availability of 
methanol but the effect is less pronounced and needs to be confirmed.  

6.2.2 Evolution experiments 

Experimental evolution with supplementary carbon sources 

The experiments on co-metabolization of methanol in the presence of additional carbon 
sources did not show a clear beneficial effect on growth (6.2.1). Nevertheless, a tendency of 
accelerated growth was observed in the presence of methylotrophic modules even if not all 
three enzymes seemed to be required. To select for cells capable of using methanol more 
efficiently and therefore showing enhanced growth, experimental evolution experiments were 
performed.  

Figure 29: Co-metaboliz ation of methanol in different strains . Wild type or �ûfrmA cells expressing Mdh2, Hps 
and Phi or all three enzymes were tested for growth in medium containing only ribose (dashed line) or ribose and 
methanol (solid line) (A). Specific growth rates µ (h-1) were calculated from exponential growth phase for strains 
with and without methanol and compared (B). Formaldehyde concentrations in the medium was determined after 
1700 minutes in all cultures (C). Figures B and C show values of single point measurements. 
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Wild type and �ûfrmA cells expressing Mdh2, Hps and Phi were used as well as respective 
negative controls. Since growth on methanol only was insufficient, the experiment was 
performed with ribose or galactose as additional substrate to support initial growth. Galactose 
is utilized by E. coli much slower than glucose and should therefore give the cells more time 
to adapt (personal communication Uwe Sauer, ETH Zurich).  

The experiment was performed in modified M9 medium at 37 °C without additional amino acids 
in the medium but trace elements were provided to prevent limitation. Ribose was added to a 
final concentration of 5 mM and galactose to a concentration of 4.2 mM to supply the same 
amount of carbon, independently of the carbon source used. In both cases cells were able to 
grow up to an OD600 of 1 in app. 12 hours as determined in preliminary experiments 
(Figure  S3). In addition to ribose and galactose the media was supplemented with 1 M of 
methanol to guarantee for an excess of methanol over the aiding substrate. Six replicates of 
each strain were tested in ribose or galactose containing medium. The cultures were diluted 
with fresh medium every 24 hours resulting in a 12 hour starvation period with methanol as the 
only substrate. Cells with the ability to use methanol should outcompete cells without this ability 
during this time. Before every dilution OD600 measurements were used to monitor progress of 
the evolution. To further characterize potentially occurring changes in the cultures, every 4 to 
7 days SDS-PAGE analysis was performed to check protein levels and cells were plated on 
M9 agar plates with only methanol as carbon source to re-check for growth ability.  

Independently of the growth conditions or the strain no obvious growth effect was detectable 
(Figure 30A). In the beginning, some strains like e.g. �ûfrmA strain no. 2 showed a continuously 
increasing OD600 on ribose up to day 25 but this development ceased or even inverted later. In 
addition, similar phenomena were observed for strains carrying empty plasmids as negative 
controls (Figure 30B). Interestingly the final OD600 reached by strains expressing the 
methylotrophic enzymes seemed to be slightly higher compared to the respective negative 
controls.  

In addition to inconclusive OD600 measurements no growth on M9 agar plates containing 
methanol was observed, showing that no cells have evolved with the ability to grow on 
methanol alone. A possible explanation for the negative result was given by analysis of the 
SDS-PAGE, because already four days after start of the experiment some cultures had 
stopped the production of Mdh2 and/or Hps and Phi. At day nine, half of the cultures had 
stopped expression, at day 20 only two cultures were still showing expression (Figure 32) 
while after 25 days no culture still expressing the heterologous genes remained. With every 
batch of fresh medium, cells were facing fresh antibiotics so cells must have kept the resistance 
genes against ampicillin and streptomycin.  

To check if the genes needed were integrated into the chromosome or if the cells still carried 
the respective plasmids, plasmids were extracted and presence of the Mdh2, Hps and Phi 
genes was verified by PCR using the same primers used for construction. Surprisingly for 
almost all strains PCR analysis showed bands at the size of the constructs (Figure  S4), 
proofing not only that the cells carried a plasmid but also that the plasmids still contained the 
genes for the enzymes. Thus, cells apparently turned off the IPTG-inducible promotor driving 
expression of the methylotrophy genes but left the resistance genes untouched. In summary, 
this experiment showed that the burden of expressing proteins needed for methylotrophy 
exceeded the potential gain. Under the conditions used, the selective pressure was not high 
enough to force cells to use methanol. 
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Experimental evolution with extended starvation periods on methanol 

The results of the first evolution experiment showed that the selective pressure needs to be 
increased to force the cells to use the heterologous enzymes to benefit from the presence of 
methanol. The most obvious solution for this seemed to be an extended period of starvation in 
medium containing only methanol. If ribose or galactose were available frequently, like in the 
first experiment, cells seemed to use the sugar carbon source efficient enough to survive the 
following phase of starvation without any additional substrate.  

The second experiment was designed accordingly and cells had to face methanol only 
conditions for extended periods. Hence, to avoid methanol-induced stress, its concentration 
was lowered to 0.5 M. Evolutionary cultures were started in M9 media without amino acids 
containing 5 mM ribose in addition to methanol. Initially, cells were diluted every 2.5 days into 
fresh medium containing a constant amount of methanol but a decreasing amount of ribose. 
After four rounds of dilution, the amount of ribose was 0.31 mM. From this point on cells 

Figure 30: Growth of cells during the first evolution experiment.  Six replicates of wild type and �ûfrmA cells 
expressing methylotrophic enzymes (A) or carrying empty plasmids (B) were rediluted every 24 hours into medium 
containing ribose or galactose. Roughly every four days OD600 was measured before dilution and the results are 
represented by individual bars for each culture. 
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continued to starve for app. 20 days in medium with methanol only before they were diluted in 
medium containing 5 mM ribose and methanol again to check for survival of cells and to allow 
production of biomass.  

Subsequently, cells were starved again for app. 20 days on methanol only, before they were 
diluted in medium containing only methanol. The rational of this strategy was to adopt cells to 
very low ribose and high methanol concentrations without allowing for enough time to stop 
production of methylotrophic enzymes. During the starvation phase cells were supposed to 
improve methanol consumption and start to outcompete less adopted cells. The pulse of fresh 
ribose served two purposes. First, it supplied easy to use resources thereby hopefully speeding 
up the evolution process especially in cells that survived the starvation period best and second 
it allowed an increase of biomass needed to monitor the experiment.  

Like in the first evolutionary approach, progress of the process was monitored by OD600 

measurements, plating on M9 agar plates containing methanol only as well as SDS-PAGE. 
For further analysis glycerol stocks of all cultures were prepared on a regular basis. In addition 
to the changed experimental conditions, more E. coli strains were included in the evolution 
experiments such as cells expressing the activator protein Act, due to its potential in increasing 
Mdh activity significantly. Also, strains expressing Mdh, as the main enzyme of B. methanolicus 
MGA3, were generated as well as cells expressing Mdh and Mdh2 (Table 11).  

Table 11: Table E. coli strains used in the second evolution experiment  

To allow these combinations, new expression plasmids based on the pCM80 plasmid 
backbone were cloned. pCM80 is compatible with the pSEVA424 and pSEVA131 plasmids in 
respect to its origin of replication and antibiotic resistance marker. The resulting constructs 
contained either Mdh or Mdh2 together with Act in an operon like structure or the activator 
protein alone. Again, wild type and �ûfrmA E. coli cells were used as a genetic background. In 
total 10 different strains were tested in three biological replicates for the �ûfrmA strains and four 
biological replicates of the wild type strains. In the fourth wild type replicate the pH of the 
medium was lowered to 6.5 to induce expression of formate dehydrogenase to allow complete 
oxidation of formaldehyde to CO2 via the endogenous formaldehyde oxidation pathway.  

As expected OD600 of all strains in all cultures decreased during the ribose gradient phase to 
an OD600 around 0.1 at the end of the gradient (Figure 31). In strains 1.1-1.3, 2.1-2.3, 6.1-6.3 
and 7.1-7.3 OD600 dropped to zero even before the end of the ribose dilution phase was 
reached. This was caused by an experimental error, which led to the addition of wrong 
antibiotics to the cultures causing death of the cells. Anyhow, these cultures were kept and 
OD600 was further measured to check if absorption of the medium itself changes overtime. 
During the methanol starvation period, OD600 of the remaining cultures dropped further to 0.05 
on day 20 and stayed at this level until day 30. At this point, the remaining cells were pelleted 

Genetic background  Plasmid constructs  Number  

Wild type pCM80 Mdh Act pSEVA131 Hps Phi 1 
Wild type pCM80 Mdh2 Act pSEVA131 Hps Phi 2 
Wild type pSEVA424 Mdh2 pCM80 Act pSEVA131 Hps Phi 3 
Wild type pSEVA424 Mdh pCM80 Act pSEVA131 Hps Phi 4 
Wild type pSEVA424 Mdh2 pCM80 Mdh Act pSEVA131 Hps Phi 5 
�ûfrmA pCM80 Mdh Act pSEVA131 Hps Phi 6 
�ûfrmA pCM80 Mdh2 Act pSEVA131 Hps Phi 7 
�ûfrmA pSEVA424 Mdh2 pCM80 Act pSEVA131 Hps Phi 8 
�ûfrmA pSEVA424 Mdh pCM80 Act pSEVA131 Hps Phi 9 
�ûfrmA pSEVA424 Mdh2 pCM80 Mdh Act pSEVA131 Hps Phi 10 
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and resuspended in fresh medium containing ribose and methanol. Eight days after ribose 
addition, OD600 increased to 0.35-0.65 and continued increasing in some of the cultures until 
day 47 up to a maximum of 0.77 in strain 3.4 (wild type pSEVA424 Mdh2 pCM80 Act 
pSEVA131 Hps Phi, pH 6.5).  

Due to OD600 measurements, preparation of glycerol stocks and SDS-PAGE samples the total 
volume of the cultures at day 48 was reduced about 50% compared to the starting volume of 
the experiment. Subsequently equal volumes of fresh medium containing only methanol as 
carbon source were added what caused the OD600 of all cultures to drop, but OD600 

measurements following the growth for the next 28 days showed a slight increase for all 
cultures.  

Unfortunately, the observed growth on methanol was not reproducible on agar plates or in 
liquid medium containing only methanol. SDS-PAGE analysis of the cultures showed that in 
contrast to the first experiment cells did not downregulated expression of methylotrophic genes 
in the second experiment. During the first evolution experiment (see above) cells stopped 
expression in all but three cultures at day 20 (Figure 32). In the second experiment, expression 
off at least three proteins was still visible in all but two strains even after 37 days. Since Act 
and Phi have almost the same size they cannot be distinguished based on SDS-PAGE 
analysis. Although the second evolution experiment did not result in strains able to grow on 
methanol, the increased selective pressure forced the cells to continue production of the 
enzymes at a constant level. 

Figure 31: OD600 measurements of different cultures during the second evolution experiment . Every line 
represents one culture. Numbering of strains can be found in Table 11. Points mark OD600 measurement events. 
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6.2.3 Conclusions 

Both evolution experiments did not lead to an obvious improvement of methanol utilization 
abilities in any of the tested strains. Nevertheless, the experiments were informative regarding 
design of future evolution experiments. The major drawback regarding the developed strains 
seemed to be a very low efficiency in methanol consumption. If carbon sources other than 
methanol were available constantly or like in the case of the first experiment in short time 
intervals, the effort of producing the methylotrophy proteins exceeded the benefit of the ability 
to use methanol. If selective pressure is increased by longer starvation periods, the cells kept 
the ability to express the heterologous genes. The second experiment was performed in culture 
tubes with a defined volume of 5 mL and the observed slight increase in OD600 might be partially 
caused by evaporation of medium during the long starvation periods. Constant change in 
culture volume caused by OD600 measurements, glycerol stock preparation and SDS-PAGE 
sampling made it impossible to monitor this parameter. Prior future evolution experiments, it 
would be helpful to increase efficiency of methanol utilization capacity of the original strains by 
optimizing the used modules, the genetic E. coli background or both. Additionally usage of a 
chemostat might be helpful as well. Cells could be starved for long periods on methanol with a 
very low efflux and from time to time be fed with ribose or another carbon source to allow fast 
production of biomass again.  

6.3 In vivo screening using LC-MS metabolomics 

Evolution experiments showed that the efficiency of methanol metabolization was not high 
enough to enable cells to benefit from the presence of methanol. Although in vitro and in vivo 
experiments indicated, that the modules themselves were functionally produced and capable 
of methanol metabolization, the integration into the metabolic system of E. coli seems to be 
more challenging. To improve our understanding on how the metabolism of E. coli is changed 
by expression of methylotrophic modules metabolome studies were performed with cells 

Figure 32: SDS PAGE analysis of protein 
expression during  evolution experiments.  Protein 
expression for all 24 enzyme expressing cultures of the 
first evolution experiment after 20 days is shown on the 
left. For the second experiment protein expression after 
37 days is shown on the right. Size of Mdh, Hps, Phi 
and Act is indicated by red arrows. Culture numbers in 
red mark missing or incomplete protein expression. 
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producing different combinations of methylotrophic enzymes. Applying this approach enables 
testing of in vivo activities of all modules and at the same time the examination of the impact 
of their introduction on E. coli metabolism. Throughout this study, several methanol/alcohol 
dehydrogenases were tested for their activities as described (0) and in vivo and in vitro 
experiments did not always show consistent results especially on the effect of the activator 
protein Act. To produce more conclusive results, all enzymes with methanol-oxidizing activity 
were tested using dynamic isotope labeling experiments. Since our collaboration partners 
found that in vitro activity of Mdh of B. methanolicus MGA3 is also stimulated by a 
NUDIX-hydrolase of B. subtilis (Krog et al. 2013b), we speculated that this might also be true 
for Act and other Adhs. In consequence, all methanol-oxidizing enzymes were tested with or 
without Act. For Hps and Phi both in vivo and in vitro results showed that the Hps and Phi of 
B. methanolicus MGA3 encoded in their natural operon structure are the most efficient 
enzymes for handling formaldehyde (5.3) so they were used for formaldehyde assimilation in 
the following experiments. For sample analysis, a targeted approach with focus on the 
metabolites used for characterization of B. methanolicus MGA3 (4.2) was used. Up to nine 9 
different metabolites of the potentially established RuMP cycle, the cyclic formaldehyde 
dissimilation pathway (dissimilatory RuMP cycle) and early glycolysis were detected and used 
to evaluate incorporation efficiency.   

6.3.1 Testing of formaldehyde assimilation via Hps and Phi 

Prior to evaluating the efficiency of the different methanol oxidizing enzymes, formaldehyde 
assimilation ability of Hps and Phi in vivo was validated. The in vivo assay based on 
formaldehyde assimilation used so far only allowed to test for Hps activity (5.3.3) and in vivo 
activity of Phi has not been analyzed. For the screening of methanol oxidizing enzymes in total 
three plasmids are needed, the first encoding for the Mdh/Adh, the second encoding for Hps 
and Phi and the third encoding for Act. To ensure the same antibiotic and plasmid burden 
existed for the pre-testing of Hps and Phi, the respective empty plasmids dedicated for 
subsequent insertion of Mdh and Act were present in the cells used. As a genetic background, 
�ûfrmA cells were chosen to prevent loss of formaldehyde. In a first approach, cells grown in 
medium containing ribose expressing Hps and Phi were transferred into M9 medium without 
any carbon source and treated with 0.5 mM 13C labeled formaldehyde. After addition of 
formaldehyde fast incorporation of labeled carbon into central metabolites was detected for all 
metabolites (Figure 33A). Labeling in fructose-1,6-bisphosphate and hexose 6-phosphates, 
which both represent central metabolites during the metabolization of formaldehyde, went up 

Figure 33: In corporation of 13C labeled carbon from formaldehyde by E. coli  expressing Hps and Phi.  Label 
incorporation into core metabolites by �ûfrmA cells expressing Hps and Phi (A) or into 3-phosphoglycerate by �ûfrmA 
cells expressing Hps, Phi with or without Act (B). 
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to app. 10 % and stayed at this level in case of the hexose 6-phosphates. Labeling of fructose-
1,6-bisphophate disappeared after the maximum was reached, showing further metabolization 
of this metabolite. The same pattern was observed for 6-phosphogluconate. Label 
incorporation into this metabolite showed that by introduction of Hps and Phi the dissimilatory 
RuMP cycle was established in E. coli. Disappearance of labeling in metabolites was probably 
caused by the low amount of formaldehyde added to the cells in order to prevent toxification. 
As soon as the labeled substrate was utilized, metabolism continued without labeled carbon 
left and thus average labeling was decreasing. As observed for the metabolites 3-phospho-
glycerate and phosphoenol-pyruvate, both further downstream in metabolism, the labeling 
stayed constant over time since all the labeled carbon assimilated in the first place must pass 
through these metabolites.  

A second experiment was performed to rule out the possibility that the co-expression of Act 
negatively influences the activity of Hps and Phi. Again, metabolization of formaldehyde was 
analyzed by comparison of incorporation of labeled carbon in strains only expressing Hps and 
Phi or additionally producing Act. The results for 3-phosphoglycerate are shown in Figure 33B. 
Independently of the used plasmids the total labeling reached roughly 10 % for both strains. 
However, it seemed that co-expression of Act had a slightly negative influence on the 
incorporation speed of labeled carbon. If this is caused by a direct negative effect of Act on the 
activity of Hps and/or Phi or a secondary effect caused by the burden of additional protein 
expression could not be specified. 

6.3.2 Screening for the most active methanol oxidizing enzyme in vivo 

After Hps and Phi activity in vivo was confirmed, the methanol oxidizing enzymes were tested 
using �ûfrmA as the heterologous host. The goal was to find the enzyme with the highest in 
vivo activity in E. coli. In addition to the methanol/alcohol dehydrogenases encoded on the 
pSEVA424 plasmid, cells contained Hps and Phi encoded on the pSEVA131 plasmid to allow 
assimilation of formaldehyde. All Mdh/Adh enzymes were tested with or without Act encoded 
on a pACYC plasmid to verify if Act can enhance methanol oxidation in vivo. During the first 
experiments, a huge variation in labeling efficiency was observed even when comparing the 
same strain. It was noticed that incorporation of labeled carbon was more efficient the faster 
the cells were processed before the actual experiment was started by addition of methanol 
(Figure 34 ). Performing the washing steps before the actual experiment (see 2.7.4) faster 
resulted in higher maximal labeling in the strain encoding Mdh2 of MGA3, Act, Hps and Phi 
where an increase from 5 % in the first experiment to 20 % in the later ones (e.g. with faster 
washing) was observed (Figure 34 ). Considering these findings this strain was included into 
each of the following experiments and used as a reference. To simplify comparisons, of rather 
complex labeling patterns, the labeling of hexose 6-phosphates after 10 minutes was used for 
validation and all results are shown relative to the reference strain in the following. 
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Point mutants of B. methanolicus methanol dehydrogenases 

First, the point mutants of Mdh and Mdh2 of B. methanolicus MGA3 (see 5.2.4) were tested 
for their in vivo activity. The "S97G" activation mutants should be in an activated state even 
without Act being present (Hektor et al. 2002) but as shown before Mdh S98G of 
B. methanolicus MGA3 could still be activated by Act in vitro (5.2.4). Based on this information, 
additional strains producing Act were included in the labeling experiments as well. It was also 
of special interest to test the NADP-sensitive mutants again because their ability to use both 
NAD+ and NADP+ (5.2.4) might be advantageous in a living cell. Analysis of hexose 
6-phosphates labeling of these strains after 10 minutes pointed out that no strain showed 
increased labeling when compared to the reference strain (Figure 35). For the activation 
mutant of Mdh2 this was expected since earlier in vitro and in vivo experiments already showed 

Figure 34: Incorporation of 13C labeled carbon into �ûfrmA cells expressing Mdh2, Hps, Phi and Act. Results 
for label incorporation with 13C labeled methanol as substrate of six different experiments are shown. Each time the 
same strain (�¨frmA pSEVA424 Mdh2, pSEVA131 Hps Phi, pACYC Act) was used. 
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that the mutation has a negative effect on enzyme activity (5.2.4). For all other mutants 
especially the activation mutant of Mdh, findings are unexpected since the mutation increased 
the in vitro activity of Mdh to a level close to that of Mdh2. 

Potential enzymes from other organisms 

Testing of Mdh and Mdh2 of B. methanolicus PB1 and the Adhs of other organisms found by 
homology search (see 5.2.2) revealed that cells expressing Mdh2 of B. methanolicus PB1 
showed app. 25 % higher incorporation of labeled carbon into hexose 6-phospahte compared 
to cells producing Mdh2 of B. methanolicus MGA3. When Act was co-expressed labeling was 
almost four times higher when compared to the reference strain. All other enzymes tested 
showed incorporation of labeling with much lower efficiencies (Figure 36A). Subsequent 
validation experiments supported the observation that Mdh2 of PB1 leads to app. 25 % more 
labeling of hexose 6-phosphates after 10 minutes but the strain co-expressing Act showed with 
25 % more labeling almost the same results as without co-production of Act (Figure 36B). The 
positive effect of Act in vivo was still questionable but since it had no negative effect, it was 
decided to further include the enzyme in all subsequent experiments. The finding that Mdh2 of 
B. methanolicus PB1 shows higher activities compared to Mdh2 of B. methanolicus MGA3 was 
unexpected because even though this enzyme performed well during in vitro tests it never 
showed elevated activities during in vivo experiments (5.2.2). 

Figure 35: Labeling results for diffe rent point mutants of Methanol dehydrogenases from B. methanolicus 
MGA3. Results for labeling with 13C labeled methanol as substrate of hexose 6-phosphates after 10 minutes is 
shown relative to the labeling of the reference strain (�¨frmA pSEVA424 Mdh2, pSEVA131 Hps Phi, pACYC Act). 
100 % (black line) corresponds to labeling equal to the reference strain. 
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6.3.3 Reducing the plasmid burden by optimization of expression constructs 

After identification of Mdh2 from B. methanolicus PB1 as the most efficient methanol-oxidizing 
enzyme in vivo a simplified expression of methylotrophic modules was envisaged by reducing 
the amount of plasmids needed for heterologous production of all required proteins. Since the 
relevance of Act for in vivo functionality was still unclear the act gene was cloned either on the 
pSEVA424 plasmid together with the gene for Mdh2 PB1 or together with the genes for Hps 
and Phi on the pSEVA131 plasmid. In both cases the act gene was encoded without an own 
promotor and behind the already encoded genes. Following this strategy, the amount of 
plasmids needed for expression of the core modules was reduced from three to two, thereby 
reducing plasmid burden of the cell. To analyze if incorporation of labeled carbon was as 
efficient as before using the newly generated plasmids, labeling was again compared to the 
reference strain carrying Mdh2 MGA3, Hps Phi and Act all encoded on single plasmids. To 
avoid false results due to the presence of a third plasmid, all strains with the new constructs 
contained the empty pACYC plasmid, which was used to express Act. The strain carrying a 
plasmid encoding for Mdh2 of PB1 and Act showed, however, a lower labeling than the 
reference and the strain carrying three plasmids (Figure 37A). When Act was encoded 
together with Hps and Phi on the pSEVA131 plasmid labeling of hexose 6-phosphates was 
similar to the control strain proving similar efficiency of the new construct. 

Figure 36: Labeling results for potential methanol oxidizing enzymes from organisms other than 
B. methanolicus MGA3. Labeling of hexose 6-phosphates after 10 minutes with 13C labeled methanol as a 
substrate is shown relative to the labeling of the reference strain (�¨frmA pSEVA424 Mdh2, pSEVA131 Hps Phi, 
pACYC Act). Labeling results of all enzymes (A) or only of the Mdhs from B. methanolicus PB1 (B) with or without 
Act are shown. The later enzymes were tested in duplicates indicated by (1) or (2). 100 % (black line) corresponds 
to a labeling equal to the reference strain.  
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6.3.4 Testing of different genetic E. coli backgrounds 

Throughout the labeling experiments, all strains showed depletion of metabolite pools over 
time. This observation was exemplified for the pool sizes of hexose 6-phosphates measured 
in �ûfrmA cells carrying pSEVA424 Mdh2 PB1, pSEVA131 Hps Phi Act and empty pACYC 
(Figure 37C). Due to a missing internal standard, pool sizes were not determined directly but 

estimated relatively. To do so, peak areas of all mass isotopes at each time point were summed 
up and normalized against the peak area of mass standards originally present in the sample 
to allow automated mass calibration offered by eMZed (Kiefer et al. 2013) (2.2.5.1). During the 
first 10 minutes, the pool of hexose 6-phosphates was reduced by app. 50 % every three 
minutes while during the last 50 minutes of the experiment the pool size remained constant at 
a level more than eight times lower than in the beginning. These findings indicated that 

Figure 37: Labeling results for  different expression constructs (A) different genetic backgrounds (B)  and 
observed  pool size depletion (C).  Label incorporation into hexose 6-phosphates of �ûfrmA strains expressing 
methylotrophy genes from different genetic constructs is shown in A. Label incorporation into hexose 6-phosphates 
by wild type E.coli cells or double mutant strains missing the linear oxidation pathway and either the Entner-
Doudoro�I�I�� �S�D�W�K�Z�D�\�� ���ûfrmA�ûedd���� �R�U�� �W�K�H�� �G�L�V�V�L�P�L�O�D�W�R�U�\�� �5�X�0�3�� �F�\�F�O�H�� ���ûfrmA�ûedd) is shown in B. All cells encode 
Mdh2 on the pSEVA424 plasmid and Hps, Phi and Act on the pSEVA131 plasmid. Labeling results are always 
depicted relative to the reference strain. Depletion of the hexose 6-�S�K�R�V�S�K�D�W�H�V�� �S�R�R�O�� �L�Q�� �ûfrmA cells expressing 
Mdh2, Hps, Phi and Act is shown in C. Pool sizes are depicted as relative values based on comparison of the sum 
of the peak areas of all mass isotopes at one time point to the summed up area of three different mass standards 
at the same time point. 
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although methanol was assimilated, cells were not able to keep the pools of metabolites at a 
constant level, which subsequently led to a loss of acceptor molecules in the RuMP cycle. To 
increase methanol assimilation and thereby labeling in metabolites, strategies were developed 
to keep the efflux of potential RuMP cycle metabolites as low as possible. As in silico modelling 
already suggested the Entner-Doudoroff pathway is not needed for potential growth on 
methanol (see chapter 3) and is therefore only a potential way for 6-phosphogluconate to be 
directly converted to pyruvate. If increasing the activity of assimilatory RuMP cycle is one goal, 
an unregulated dissimilatory RuMP cycle might cause problems by directly competing with the 
assimilatory RuMP cycle for fructose 6-phosphate. Since it cannot be assumed that regulation 
of both pathways in in E. coli is comparable to the mechanisms found in B. methanolicus, 
knock out mutants of the Entner-Doudoroff pathway alone or the dissimilatory RuMP cycle 
using a �ûzwf mutant were tested. The gene deletions were generated in the �ûfrmA strains 
leading to double mutant strains missing either formaldehyde dehydrogenase and 
phosphogluconate dehydratase (�ûfrmA�ûedd) or formaldehyde dehydrogenase and glucose-
6-phosphate dehydrogenase (�ûfrmA�ûzwf). After transformation with pSEVA424 Mdh2 PB1, 
pSEVA131 Hps Phi Act and empty pACYC labeling efficiency in comparison to the �ûfrmA strain 
was analyzed. In addition a wild type E. coli strain expressing the enzymes was included in the 
experiment to investigate labeling efficiency in unmodified E. coli background. Surprisingly, of 
the three strains tested the wild type strain showed best labeling results with an increase in 
observed labeling of almost 50 % compared to the �ûfrmA strain (reference strain) (Figure 
37B). Both double mutant strains showed a slight increase in label incorporation efficiency 
compared to the reference but not to the wild type.  

6.3.5 Conclusions 

By using LC-MS based metabolomics to measure in vivo activities, Mdh2 of B. methanolicus 
PB1 was identified to be more efficient than Mdh2 of B. methanolicus MGA3 although both 
enzymes share 91 % sequence identity. In comparison to the mutant strains tested in this study 
surprisingly wild type cells showed the highest overall labeling efficiency. These findings are 
rather unexpected because obviously the presence of the linear detoxification pathway for 
formaldehyde has no negative influence on the assimilation. Based on its detected 
formaldehyde oxidation activity it was assumed that by lowering the intracellular formaldehyde 
concentration the conversion of formaldehyde into biomass would be negatively affected but 
this was not the case.  

If the more efficient methanol usage observed in wild type cells was caused directly by the 
presence of the endogenous pathway or if secondary effects are responsible remains to be 
investigated. Limiting the efflux of potential RuMP cycle metabolites by deletion of the Entner-
Doudoroff pathway or the oxidative part of the pentose phosphate pathway had no positive 
effect on the incorporation of labeled carbon at least not in combination with a knock out in the 
formaldehyde detoxification pathway. Although only hexose 6-phosphates were shown as a 
read out for the labeling experiments, the increasing labeling efficiency was observed for all 
other analyzed metabolites as well (Figure 38A).  

While the maximum labeling of metabolites �L�Q���ûfrmA cells expressing Mdh2 of MGA3 Hps, Phi 
and Act from three different plasmids did not exceed 20 %, several modifications and 
improvements like exchanging the used methanol dehydrogenase, generation of new plasmids 
and most importantly using wild type E. coli as host led to an increase in detected labeled 
carbon up to 60 %. Multiple labeled hexose 6-phosphates were already detectable in the first 
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strain tested (Figure 38B) proving that the metabolites actually pass through the RuMP cycle 
several times; notably also, the improved strains showed a fraction of completely labeled 
molecules. These data indicated that establishing a methylotrophic pathway using E. coli as 
heterologous host is possible; however, additional optimizing steps are required to establish 
growth on methanol.   

 

Figure 38: Labeling of different core metabolites in different strains (A) and the labeling pattern of the 
hexose  6-phosphates (B).  Labeling of core metabolites over time in the reference strain, the strain expressing 
Mdh2 of PB1 and Hps, Phi and Act encoded on one plasmid and the wild type strain with Mdh2 of PB1 and Hps, 
Phi and Act on one plasmid after addition of 13C labeled methanol is shown in A. For the strains the distribution of 
the mass isotopomeres for hexose 6-phosphates after 10 minutes is shown in B. 
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7 Discussio n & Outlook  

Emerging interest in methanol as a potential feedstock for biotechnological production 
(Schrader et al. 2009) has raised the question if methylotrophic bacteria can be used for such 
purposes. Although methylotrophy in general has been studied in great detail (Chistoserdova 
2011a) and most employed pathways are well described (Anthony 1982, Erb et al. 2007, 
Goodwin and Anthony 1998, Vorholt 2002, Vorholt et al. 1999) genetic manipulation so far has 
only been shown for M. extorquens (Marx and Lidstrom 2004, 2001) and to some extent for 
B. methanolicus (Brautaset et al. 2004a, Jakobsen et al. 2006). While with some recent 
exceptions most manipulations of M. extorquens had an academic, elucidating purpose, 
manipulations in B. methanolicus aimed at increasing it natural ability to produce amino acids 
from methanol (Brautaset et al. 2007, Brautaset et al. 2003). However, establishment of 
completely new production pathways has not been reported for neither organism.  

This dissertation aimed at combining the advantages of the well-studied model and production 
organism E. coli with the ability of using methanol as a carbon and energy source. During the 
strategy development it became apparent that establishment of methylotrophic pathways 
employed by B. methanolicus were the most promising to implement methylotrophy in E. coli. 
In consequence, metabolism of B. methanolicus was analyzed in detail to ensure 
understanding of methylotrophy in the organism used as a "blueprint". After identification of 
enzyme functions needed for methylotrophy in E. coli, enzymes originating from different 
organisms were characterized to ensure selection of the most effective ones. Finally, it was 
tested if combined expression of the required enzymes enabled E. coli to convert methanol 
into biomass. 

Systems-level investigation of the metabolism of B. methanolicus MGA3. 

The proteome and metabolome of B. methanolicus during methylotrophic growth or growth on 
mannitol was compared in this study to shed light on the pathways used under the different 
conditions. In combination with already existing transcriptome data (Heggeset et al. 2012) this 
work has made it possible to draw a detailed picture of the used pathways and the involved 
enzymes. In line with the transcriptome data, the proteome data confirmed the induction of 
almost all proteins of the assimilatory RuMP cycle (Figure 8). Notably, only the proteins 
encoded on the endogenous pBM19 plasmid were up-regulated, thus confirming the plasmid 
dependency of methylotrophic growth of B. methanolicus. Of special interest for this study was 
the finding that no upregulation was detected for any of the three methanol dehydrogenases, 
suggesting a constant high expression level. This hypothesis was corroborated by activity 
measurements in B. methanolicus lysate of cells grown on either methanol or mannitol. 
Although measured activities were different (210 mU/mg vs. 120 mU/mg) the detected 
difference was only modest. The constant high level of Mdh expression might also explain the 
observation that labeling of metabolites after a switch from mannitol to methanol never 
exceeded app. 40 % (Figure 11). As the proteome data showed, all enzymes needed to 
process formaldehyde were down-regulated on mannitol. A sudden production of 
formaldehyde upon cells facing high concentrations of methanol might thus cause cell death 
due to toxification. Further experiments with different methanol concentration are needed to 
confirm this hypothesis. Pool sizes of selected RuMP cycle metabolites did not differ during 
growth on the two tested growth substrates (Figure 9) but the fast labeling of pentose 
5-phosphates and hexose 6-phosphates during the dynamic metabolome labeling experiments
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(Figure 10) showed high usage of this pathway on methanol. All data showed that the RuMP 
cycle is employed for assimilation of formaldehyde but which pathway is used for dissimilation 
is still not completely clear. A linear H4F-based pathway has been proposed (Heggeset et al. 
2012, Pluschkell and Flickinger 2002) and all enzymes needed for the cyclic dissimilatory 
RuMP cycle exist. From all enzymes of both pathways, only the plasmid encoded version of 
Zwf was found to be up-regulated, favoring the usage of the dissimilatory RuMP cycle over the 
H4F-dependent one (Figure 8). Usage of this pathway was also indicated by the observation 
that 6-phosphogluconate was only detected during growth on methanol and that fast labeling 
of this metabolite could be detected during dynamic labeling experiments with methanol. 
However, detection of tetra-glutamyl-formyl-H4F proved the assumption that H4F is indeed 
used as a cofactor during linear formaldehyde oxidation (Figure 12). In addition to both 
suspected possibilities for oxidation of formaldehyde, dynamic labeling after a switch from 
mannitol to methanol led to the identification of formyl-bacillithiol. Although this metabolite was 
also identified in cells constantly growing on methanol, fast label incorporation could only be 
detected after a sudden substrate switch (Figure 14). Detection of the oxidized form revealed 
that B. methanolicus like other Bacilli-species uses bacillithiol instead of glutathione for redox 
homeostasis (Helmann 2011). Upon sudden changes in methanol concentration formaldehyde 
was oxidized bound to bacillithiol analogous to the glutathione pathway of other methylotrophic 
bacteria (Figure 2). Further investigation is needed to clarify if the bound formaldehyde is 
oxidized to the level of CO2 or if formyl-bacillithiol is a dead end product produced as a result 
of methanol shock. Which, if any, of the described formaldehyde detoxification pathways is 
essential for growth on methanol remains unclear at this point. Since all of them result in the 
production of CO2 distinguishing between them will be difficult. The most obvious solution 
would be the investigation of knockout mutants deficient in the respective pathways but so far, 
no method to generate mutants in B. methanolicus exists. The ability of B. methanolicus to 
also grow at 37 °C degrees might allow usage of established genetic tools for successful 
development of genetic manipulation techniques. However, as proteome data indicated, 
induced sporulation at lowered temperatures (Table 6) might be a hindrance for such trials. 
Apart from this limitation, methylotrophic growth does not change except for the expected 
decrease in speed based on dynamic labeling experiments and growth rate. The finding that 
methylotrophic growth in B. methanolicus is still possible even at 37 °C is promising for the 
engineering approach in E. coli since enzymes of B. methanolicus turned out to be the most 
promising candidates in E. coli (see below). 

Characterization of enzymes from natural methylotrophs and functional expression in E. coli. 

When growing on methanol as a carbon source all natural methylotrophs described so far 
oxidize the one-carbon substrate in a first step to formaldehyde, which is subsequently used 
to produce energy and biomass. While for the latter step several pathways were described, 
the former is always catalyzed by a methanol dehydrogenase (Chistoserdova 2011a). For 
establishing methylotrophy in E. coli, it is therefore essential to express a functional methanol 
dehydrogenase. Comparison of the two known enzyme classes with respect to their application 
in E. coli showed that only expression of a NAD+-dependent enzyme is feasible due to the 
complex nature of PQQ-dependent enzymes (1.1.1). Analysis of the genome sequence of 
B. methanolicus MGA3 and PB1 revealed that both strains encode for a total of three potential 
methanol dehydrogenases (Heggeset et al. 2012) of which the one encoded on the 
endogenous plasmid is thought to be the main enzyme driving methylotrophic growth 
(Brautaset et al. 2004a). Based on the proteome data only two enzymes were detected, Mdh 
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and Mdh3. Mdh was not regulated and Mdh3 was even slightly down-regulated during growth 
on methanol. To better understand the different functions of the enzyme and to find the best 
candidate for expression in E. coli all three methanol dehydrogenases of B. methanolicus were 
extensively tested for in vitro and in vivo activity. In vitro testing of the enzymes at 37 °C and 
45 °C degrees showed that not Mdh but Mdh2 was the most active enzyme in E. coli lysate 
under the conditions tested. Interestingly, co-expression of the activator protein Act had not 
only a positive effect on activity of Mdh as described before for the Mdh of B. methanolicus C1 
(Arfman et al. 1991), but was also able to enhance activity of Mdh2 and Mdh3 (Figure 18A). 
Comparison of B. methanolicus lysate with E. coli lysate containing Mdh2 under similar 
conditions showed that the methanol oxidation capacity established in E. coli was similar to 
that detected in B. methanolicus. Surprisingly, when testing in vivo activities based on the 
production of formaldehyde, Act had no or even a negative effect (Figure 18B). It remains to 
be elucidated, why the positive effect of Act is only observed during in vitro assays. It might be 
that the substrate concentration, buffer or dilution effects are responsible for the observed 
activation ability in vitro. During development of the formaldehyde in vivo assay, the ability of 
wild type E. coli cells to efficiently degrade formaldehyde was confirmed. In cells expressing a 
methanol dehydrogenase formaldehyde accumulated for app. 10 minutes up to a level of 
0.05 mM before the pathway was activated (Figure 18C). Later experiments performed with 
high concentrations of formaldehyde directly showed that the delayed induction of the pathway 
is concentration independent and is presumably caused by the time needed for expression of 
the respective enzymes (Figure 27B).  

To possibly identify enzymes with higher methanol oxidation potential in E. coli a number of 
potential enzymes from different organisms were selected based on sequence similarity to 
Mdh and Mdh2 of B. methanolicus MGA3. Of all tested enzymes only few showed in vitro 
activities similar to Mdh2 of B. methanolicus MGA3 and none showed better in vivo activities. 
The most feasible explanation for the low observed activities is the fact that with the exception 
of the methanol dehydrogenases of B. methanolicus PB1, no overexpression of the other 
enzymes could be established. For absolute comparison of the methanol oxidation capacities 
of the enzymes, improvement of expression levels and retesting of purified enzymes would be 
needed. 

To overcome the missing activation effect of Act in vivo a mutation was introduced into all three 
methanol dehydrogenases of B. methanolicus MGA3 which was reported to mimic the effect 
of Act (Hektor et al. 2002). The introduced serine to glycine mutation is located in a motive 
conserved in all class III alcohol dehydrogenases. In Mdh introduction of the mutation led to 
an "Act-like" activation as reported, while activity in Mdh2 and Mdh3 was heavily decreased 
(Figure 21). Biochemical characterization of purified enzymes of B. methanolicus strains 
MGA3 and PB1 showed that the effect of Act is the same for all enzymes. In the presence of 
Act Vmax was increased while the Km towards methanol was decreased (Table 10). Although 
the effect was slightly stronger for "Mdh-like" enzymes, the opposite effect of a similar mutation 
remains remarkable. One might speculate that like Act the mutation affects not only Vmax but 
also the Km towards the substrates. Since all measurements were performed with the same 
substrate concentrations one might speculate that the mutation in Mdh2 and Mdh3 increased 
the Km towards one of the substrates to such extent that at given concentrations no activity 
could be observed. Further kinetic characterization, preferably with purified enzymes is needed 
to fully understand the observed differences of the generated mutants. Introduction of another 
mutation based on findings from in silico structure prediction experiments, enabled Mdh and 
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Mdh2 of B. methanolicus MGA3 to use NADP+ in addition to NAD+ as a cofactor. Other than 
expected broadening the cofactor usage had no positive effect in vivo. Identification of the 
respective amino acid based on in silico predicted models proved that the predicted structures 
must be accurate to a certain degree. All structures used for prediction showed an almost 
identical 3D structure suggesting that all NAD+-dependent Adhs adopt a similar structure. All 
of them were crystallized as dimers raising the question if proper dimer formation in E. coli is 
possible and maybe needed for complete function of the enzyme. Analysis of the native 
conformation of the enzyme in E. coli using chromatography techniques or even crystallization 
might be required to answer this question. 

Purification and detailed characterization of the methanol dehydrogenases of the 
B. methanolicus strains MGA3 and PB1 showed that all enzymes have broad substrate 
specificity with highest activities for ethanol, propanol and butanol (Figure 24) and that the 
beneficial effect of Act is also detectable with ethanol as a substrate (Figure 25). "Mdh2-like" 
enzymes of both organisms generally showed higher activities compared to "Mdh-like" 
enzymes, making it likely that they are used for conversion of these substrates rather than 
methanol. However, "Mdh-like" enzymes also showed higher activities with other alcohols 
making real specificity of the enzymes unlikely. Transcriptome and proteome analysis in the 
presence of different alcohols would be needed to investigate if expression of different 
enzymes is regulated differently. 

For assimilation of formaldehyde into biomass, the assimilatory RuMP cycle was chosen to be 
established in E. coli. In contrast to other possible pathways, functional expression of only two 
proteins, hexulose-6-phosphate synthase and phospho-hexulo-isomerase is needed to 
principally enable operation of the pathway. Proteins other than those mentioned are naturally 
found in the E. coli pentose-phosphate pathway. Still the question remained whether the 
essential proteins are expressed in sufficient amounts and possess adequate biochemical 
properties. The same strategy used to find the best methanol dehydrogenase was used to 
select a functional Hps and Phi enzyme pair. Based on the sequences of the enzymes from 
B. methanolicus MGA3, Hps and Phi enzymes from two other organisms were identified. 
Because previous reports claimed that fusion of both enzymes can improve enzyme activity 
(Orita et al. 2007), artificially fused versions of two out of three enzyme pairs were produced 
since the third pair was already fused naturally. Of all enzymes tested Hps and Phi of B. 
methanolicus MGA3 expressed in E. coli in their natural operon structure displayed highest 
activities. The naturally fused Hps Phi protein of M. capsulatus and the artificially fused 
B. methanolicus enzymes displayed no activity (Figure 26). Since no clear expression on SDS-
PAGE was detected, misfolding of the enzymes might have caused their degradation. The 
fused version of the M. flagellatus proteins showed activity but it was less compared to the 
single proteins. The proteins were directly fused "head to tail" and introduction of a spacer 
region might restore or improve activity. In vitro activity of the enzymes from B. methanolicus 
expressed in E. coli was app. two thirds of that detected in B. methanolicus, which might suffice 
to allow assimilation of methanol. In vivo formaldehyde assimilation activity could be stimulated 
if E. coli cells were grown on ribose (Figure 27). It can be assumed that on one hand 
expression of enzymes of the pentose-phosphate pathway is increased during growth on a C-
5 substrate, while on the other hand ribose itself serves as a precursor for ribulose 5-phosphate 
which is used for formaldehyde assimilation. Without externally supplied C-5 precursor, E. coli 
is less effective in assimilation of formaldehyde, which highlights the importance of a working 
RuMP- and therefore C-5 regeneration cycle. 
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Integration of enzymes and pathway combinations in E. coli to establish methanol conversion 

After identification of Mdh2, Hps and Phi, all originating from B. methanolicus MGA3, to be 
suitable enzymes for implementation into E. coli, their coordinated function was tested. In silico 
simulations have predicted that exogenous introduction of these three enzymes should in 
theory allow E. coli to metabolize methanol (Figure 6 ). First in vivo assays with cells expressing 
all three enzymes confirmed that formaldehyde produced by Mdh from methanol was used by 
Hps (Figure 28). Dynamic labeling experiments showed that by introduction of the three 
enzymes the RuMP cycle could be established in E. coli and allowed integration of carbon 
originating from methanol to be assimilated. However, E. coli cells were unable to grow on 
methanol only. It was therefore tested if the presence of methanol has a beneficial effect on 
growth, if present in addition to another carbon source. Ribose was chosen as a carbon source, 
since preliminary experiments showed that the activity of Hps is increased in its presence in 
vivo. Because the necessity of a linear oxidation pathway for formaldehyde was unclear, 
experiments were performed in wild type E.coli cells and cells missing the respective pathway 
(�ûfrmA). In all strains tested, a slight tendency towards better growth in the presence of 
methanol was detected, which included also cells expressing only Mdh2 or Hps and Phi serving 
as controls (Figure 29). These strains should not possess the ability to assimilate methanol 
into biomass. For this reason no advantage in growth was expected making the growth 
difference observed in the other cells questionable. Interestingly, the biggest difference in 
growth was observed for strains growing in medium containing only amino acids or amino acids 
and methanol as a carbon source. In both cases, the lag phase of the cells was prolonged and 
the growth rate was slightly impaired compared to cultures growing in medium containing 
additional ribose. Further investigation would be needed to see if co metabolization of methanol 
can be increased by usage of alternate carbon sources, which allow only very slow growth. 

To potentially use the detected small growth advantage in the presence of methanol two 
different evolution experiments were performed. In the first wild type and �ûfrmA cells 
expressing Mdh2, Hps and Phi were rediluted every 24 hours in medium containing ribose and 
an excess amount of methanol. As a result, it turned out that the burden of expressing 
methylotrophic enzymes was bigger than the potential gain and cells stopped expression of 
the enzymes presumably by shutting off the promotor (Figure 30). To increase the selective 
pressure towards maintaining expression of the three enzymes a second experiment was 
designed to prolong the time of starvation in methanol-only medium and to force the cells to 
use this carbon source. To account for the fact that Mdh is presumably the main enzyme used 
in B. methanolicus (Brautaset et al. 2004a) and the potential of Act to increase methanol 
dehydrogenase activity, additional strains were created expressing these enzymes as well. 
Using longer starvation periods cells kept expressing the proteins (Figure 32) but no strain 
with the ability to grow on methanol emerged.  

Both experiments show that efficiency of methanol utilization in the used strains was not high 
enough to allow successful evolution. Only by starvation on methanol, cells could be forced to 
keep expression of the enzymes but since no growth under these conditions is possible 
evolutionary adaption is, if happening at all, very slow. For successful evolution experiments 
in the future, it seems necessary to improve the efficiency of methanol utilization to a level at 
which a clear benefit in its presence is observed. For future evolution experiments, it might be 
useful to use a chemostat to allow constant adaptation of the experimental setup to the status 
of the cells. Because the strains used in this study cannot grow on methanol only but stop 
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expression of methylotrophic enzymes in the presence of an aiding carbon source usage of a 
"two-stage" chemostat might be promising. In the first stage, cells could be evolved in the 
presence of an aiding carbon source and then subsequently be transferred into a second 
chemostat containing only methanol allowing only cells able to efficiently use methanol to 
survive. Such an approach would combine the advantages of both experiments performed in 
this study by efficiently selecting cells with the ability to use methanol while giving them time 
for adaption/mutation in the presence of another carbon source. 

To gain a better understanding about the consequences of introduction of the methylotrophic 
enzymes on E. colis metabolism and to eventually identify the reason for the inability to grow 
on methanol in vivo activity was analyzed on the metabolome level. In contrast to the earlier 
described in vivo assays or the analysis of effects on growth, these experiments allow insight 
into the actual pathways used. To resemble the conditions used in the growth experiments the 
initial dynamic labeling experiments were performed with labeled methanol in the presence of 
ribose but no incorporation of labeling was detected. Incorporation of labeling could only be 
detected when methanol as the only carbon source was used. In several tested strains multiple 
labeled hexose phosphates, pentose phosphates and triose phosphates could be detected. 
These findings did not only demonstrate that methanol is used but also that regeneration of 
the acceptor molecule ribulose 5-phosphate is possible via the RuMP cycle. However, if only 
methanol is present cells face starvation conditions during the experiment caused by the low 
efficiency of methanol utilization. In line with this assumption the labeling efficiency observed 
was strongly depended on the experimental procedure. The faster cells were prepared before 
testing (see 2.7.4 for details) the better detected labeling was. This led to the finding that 
labeling efficiency in metabolites of the same strain could be improve from 5 % to 20 %. To 
take this phenomenon into account, �ûfrmA cells expressing Mdh2, Hps and Phi of B. 
methanolicus MGA3 were included in every experiment and used as a reference strain. 
Retesting of all methanol dehydrogenases used in this study using dynamic labeling 
incorporation experiments revealed that not Mdh2 of B. methanolicus MGA3 but the closely 
related Mdh2 of B. methanolicus PB1 led to the best labeling results (Figure 36). Although the 
difference was not huge, the finding was unexpected since in all previous preformed in vivo 
experiments this enzyme did never stand out. In vivo experiments performed before, based on 
measuring formaldehyde production or consumption, always focused on testing only one 
enzyme, which might explain the difference. A beneficial effect of Act was observed once for 
Mdh2 of B. methanolicus PB1 but could not be reproduced (Figure 36B) so an in vivo effect 
of Act in E. coli is still questionable, raising the question about its role in B. methanolicus. 
Again, a knock out of the act gene in B. methanolicus could answer this questions underlining 
the need for tools to preform genetic modifications in this organism.  

During the dynamic labeling experiments a decrease of pools especially of hexose and pentose 
phosphates was observed (Figure 37C) potentially explaining the inability of the tested strains 
to grow on methanol. This finding indicates that despite the fact that the RuMP cycle could be 
established, it is not adjusted to allow assimilation of methanol over longer periods of time. To 
increase the availability of RuMP cycle metabolites two E. coli mutant strains were created 
based on the already existing �ûfrmA strain. In the �ûfrmA strain, assimilation of formaldehyde 
should be increased due to the cell's inability to oxidize it to CO2. The deletion of 
phosphogluconate dehydrogenase (�ûedd���ûfrmA) should prevent potential loss of metabolites 
via the Entner-Doudoroff pathway while the deletion of glucose-6-phosphate dehydrogenase 
(�ûzwf���ûfrmA) additionally destroys the established dissimilatory RuMP cycle. In both cases, 
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more fructose 6-phosphate should be available to be used in the assimilatory RuMP cycle 
(Figure 6). Testing of different genetic backgrounds showed that wild type cells expressing the 
methylotrophic enzymes were most effective in using methanol and introduction of the 
additional mutations had almost no effect (Figure 37). It remains to be investigated if the 
observed results are directly caused by the presence of the linear detoxification pathway or 
simply by the better overall fitness of wild type cells. 

Outlook  

This study shows that it is possible to engineer E. coli to covert methanol into biomass by 
introduction of three enzymes via exogenous plasmids. After screening of several potential 
candidates and subsequent optimization of the system a wild type E. coli strain expressing 
Mdh2 of B. methanolicus PB1 and Hps, Phi and Act of B. methanolicus MGA3 was able to 
efficiently incorporate methanol into core metabolites up to a total labeling of 60 %. Despite 
the strain's inability to grow on methanol alone so far, it presents a good starting point for 
further improvement. The final aim of the optimization process is the creation of a strain that 
grows on methanol as sole source of carbon and energy; a goal that might only be reached if 
a marked growth advantage in the presence of methanol over wild type cells can be obtained 
first, followed by experimental evolution experiments to allow E. coli to adopt its metabolism 
further to growth on methanol.  

As characterization of B. methanolicus performed in this study showed, the RuMP cycle is 
crucial during growth on methanol. Although the endogenous pentose phosphate pathway 
genes allow establishment of the RuMP cycle in E. coli additional expression of RuMP cycle 
genes of B. methanolicus might increase its efficiency even further by ensuring the presence 
of RuMP cycle enzymes specifically evolved to allow methylotrophic growth. If such an 
approach results in further improvement, it might be beneficial to combine all heterologous 
genes on one single plasmid, thus reducing the plasmid burden for the cells. Instead of plasmid 
based expression integration of the essential genes into the chromosome of E. coli represents 
a promising option. 

In this study only double mutants missing the linear detoxification pathway have been analyzed 
and all showed less labeling efficiency compared to wild type cells. Testing of single �ûzwf or 
�ûedd mutants would rule out that the deletion of the linear detoxification pathway itself has a 
negative influence on labeling efficiency. Metabolism of E. coli has evolved to fast metabolize 
sugar phosphates via glycolysis and the TCA-cycle. In contrast, utilization of methanol based 
on the RuMP cycle requires sugar phosphates to be available for assimilation of formaldehyde. 
The difference in metabolite usage was theoretically shown in this study using in silico 
modeling approaches but the central metabolism of E. coli was not changed accordingly. One 
option to slow down metabolization of sugar phosphates via glycolysis would be a modification 
of the gatekeeper enzyme glycerinaldehyde 3-phosphate dehydrogenase. This could be 
achieved by lowering expression or even exchanging it with an enzyme originating form 
B. methanolicus or from other RuMP cycle using bacteria.  

Further optimization of the three core enzymes themselves might also be useful. With Mdh2 
of B. methanolicus PB1 being the most efficient enzyme utilization of Hps and Phi from the 
same organism might improve assimilation efficiency and also screening of enzymes not 
tested so far could possibly result in identification of new efficient candidates.  
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Glucose, galactose and ribose have been used as additive substrates throughout this study 
but no explicit growth advantage with methanol in addition was observed. Possibly utilization 
of a different carbon source like glycerol or acetate might lead to a detectable difference in 
growth. Both carbon sources should induce gluconeogenesis and therefore cause production 
of sugar phosphates needed for formaldehyde assimilation.



References 

110 
 

References   

Afolabi, P.R., Mohammed, F., Amaratunga, K., Majekodunmi, O., Dales, S.L., Gill, R., 
Thompson,  D., Cooper, J.B., Wood, S.P., Goodwin, P.M. and Anthony, C. (2001)  Site-
directed mutagenesis and X-ray crystallography of the PQQ-containing quinoprotein methanol 
dehydrogenase and its electron acceptor, cytochrome c(L). Biochemistry 40(33), 9799-9809. 
Ahmed, I., Yokota, A., Yamazoe, A. and Fujiwara, T. (2007)  Proposal of Lysinibacillus 
boronitolerans gen. nov. sp. nov., and transfer of Bacillus fusiformis to Lysinibacillus fusiformis 
comb. nov. and Bacillus sphaericus to Lysinibacillus sphaericus comb. nov. Int J Syst Evol 
Microbiol 57(Pt 5), 1117-1125. 
Alawadhi, N., Egli, T., Hamer, G. and Wehrli, E. (1989)  Thermotolerant and Thermophilic 
Solvent-Utilizing Methylotrophic, Aerobic-Bacteria. Systematic and Applied Microbiology 11(2), 
207-216. 
Anthony, C. (1 982) The biochemistry of methylotrophs, Academic Press, London ; New York. 
Anthony, C. (2004)  The quinoprotein dehydrogenases for methanol and glucose. Arch 
Biochem Biophys 428(1), 2-9. 
Arfman, N., Bystrykh, L., Govorukhina, N.I. and Dijkhuizen, L. (1990)  3-Hexulose-6-
phosphate synthase from thermotolerant methylotroph Bacillus C1. Methods Enzymol 188, 
391-397. 
Arfman, N., de Vries, K.J., Moezelaar, H.R., Attwood, M.M., Robinson, G.K., van Geel, M. 
and Dijkhuizen, L. (1992a)  Environmental regulation of alcohol metabolism in thermotolerant 
methylotrophic Bacillus strains. Arch Microbiol 157(3), 272-278. 
Arfman, N., Dijkhuizen, L., Kirchhof, G., Ludwig, W., Schleifer, K.H., Bulygina, E.S., 
Chumakov, K.M., Govorukhina, N.I., Trotsenko, Y.A., White, D. and et al . (1992b) Bacillus 
methanolicus sp. nov., a new species of thermotolerant, methanol-utilizing, endospore-forming 
bacteria. Int J Syst Bacteriol 42(3), 439-445. 
Arfman, N., Hektor, H.J., Bystrykh, L.V., Govorukhina, N.I., Dijkhuizen, L. and Frank, J. 
(1997) Properties of an NAD(H)-containing methanol dehydrogenase and its activator protein 
from Bacillus methanolicus. Eur J Biochem 244(2), 426-433. 
Arfman, N., Van Beeumen, J., De Vries, G.E., Harder, W. and Dijkhuizen, L. (1991)  
Purification and characterization of an activator protein for methanol dehydrogenase from 
thermotolerant Bacillus spp. J Biol Chem 266(6), 3955-3960. 
Arfman, N., Watling, E.M., Clement, W., van Oosterwijk, R.J., de Vries, G.E., Harder, W., 
Attwood, M.M. and Dijkhuizen, L. (1989)  Methanol metabolism in thermotolerant 
methylotrophic Bacillus strains involving a novel catabolic NAD-dependent methanol 
dehydrogenase as a key enzyme. Arch Microbiol 152(3), 280-288. 
Baba, T., Ara, T., Hasegawa, M., Takai, Y., Okumura, Y., Baba, M., Datsenko, K .A., Tomita, 
M., Wanner, B.L. and Mori, H. (2006)  Construction of Escherichia coli K-12 in-frame, single-
gene knockout mutants: the Keio collection. Mol Syst Biol 2, 2006 0008. 
Beall, B., Driks, A., Losick, R. and Moran, C.P., Jr. (1993)  Cloning and characterization of a 
gene required for assembly of the Bacillus subtilis spore coat. J Bacteriol 175(6), 1705-1716. 
Bennett, B.D., Kimball, E.H., Gao, M., Osterhout, R., Van Dien, S.J. and Rabinowitz, J.D. 
(2009) Absolute metabolite concentrations and implied enzyme active site occupancy in 
Escherichia coli. Nat Chem Biol 5(8), 593-599. 
Bertani, G. (1951)  Studies on lysogenesis. I. The mode of phage liberation by lysogenic 
Escherichia coli. J Bacteriol 62(3), 293-300. 
Blattner, F.R., Plunkett, G., 3rd, Bloch, C. A., Perna, N.T., Burland, V., Riley, M., Collado -
Vides, J., Glasner, J.D., Rode, C.K., Mayhew, G.F., Gregor, J., Davis, N.W., Kirkpatrick, 
H.A., Goeden, M.A., Rose, D.J., Mau, B. and Shao, Y. (1997)  The complete genome 
sequence of Escherichia coli K-12. Science 277(5331), 1453-1462. 
Blount, Z.D., Borland, C.Z. and Lenski, R.E. (2008)  Historical contingency and the evolution 
of a key innovation in an experimental population of Escherichia coli. Proc Natl Acad Sci U S 
A 105(23), 7899-7906. 



  References 

111 
 

Brautaset, T., Jako bsen, M.O., Flickinger, M.C., Valla, S. and Ellingsen, T.E. (2004a)  
Plasmid-dependent methylotrophy in thermotolerant Bacillus methanolicus. J Bacteriol 186(5), 
1229-1238. 
Brautaset, T., Jakobsen, O.M., Degnes, K.F., Netzer, R., Naerdal, I., Krog, A., Dill ingham, 
R., Flickinger, M.C. and Ellingsen, T.E. (2010)  Bacillus methanolicus pyruvate carboxylase 
and homoserine dehydrogenase I and II and their roles for L-lysine production from methanol 
at 50 degrees C. Appl Microbiol Biotechnol 87(3), 951-964. 
Brauta set, T., Jakobsen, Ø.M., Flickinger, M.C., Valla, S. and Ellingsen, T.E. (2004b)  
Plasmid-dependent methylotrophy in thermotolerant Bacillus methanolicus. J Bacteriol 186(5), 
1229-1238. 
Brautaset, T., Jakobsen, O.M., Josefsen, K.D., Flickinger, M.C. and Ell ingsen, T.E. (2007)  
Bacillus methanolicus: a candidate for industrial production of amino acids from methanol at 
50 degrees C. Appl Microbiol Biotechnol 74(1), 22-34. 
Brautaset, T., Williams, M.D., Dillingham, R.D., Kaufmann, C., Bennaars, A., Crabbe, E. 
and Flickinger, M.C. (2003)  Role of the Bacillus methanolicus citrate synthase II gene, citY, 
in regulating the secretion of glutamate in L-lysine-secreting mutants. Appl Environ Microbiol 
69(7), 3986-3995. 
Brown, P.J., Kysela, D.T., Buechlein, A., Hemmeric h, C. and Brun, Y.V. (2011)  Genome 
sequences of eight morphologically diverse Alphaproteobacteria. J Bacteriol 193(17), 4567-
4568. 
Butland, G., Peregrin -Alvarez, J.M., Li, J., Yang, W., Yang, X., Canadien, V., Starostine, 
A., Richards, D., Beattie, B., Kro gan, N., Davey, M., Parkinson, J., Greenblatt, J. and 
Emili, A. (2005)  Interaction network containing conserved and essential protein complexes in 
Escherichia coli. Nature 433(7025), 531-537. 
Bystrykh, L.V., Govorukhina, N.I., Dijkhuizen, L. and Duine, J.A . (1997) Tetrazolium-dye-
linked alcohol dehydrogenase of the methylotrophic actinomycete Amycolatopsis methanolica 
is a three-component complex. Eur J Biochem 247(1), 280-287. 
Bystrykh, L.V., Vonck, J., van Bruggen, E.F., van Beeumen, J., Samyn, B., Govoru khina, 
N.I., Arfman, N., Duine, J.A. and Dijkhuizen, L. (1993)  Electron microscopic analysis and 
structural characterization of novel NADP(H)-containing methanol: N,N'-dimethyl-4-
nitrosoaniline oxidoreductases from the gram-positive methylotrophic bacteria Amycolatopsis 
methanolica and Mycobacterium gastri MB19. J Bacteriol 175(6), 1814-1822. 
Chistoserdova, L. (2011a)  Modularity of methylotrophy, revisited. Environ Microbiol 13(10), 
2603-2622. 
Chistoserdova, L. (2011b)  Modularity of methylotrophy, revisited. Environ Microbiol. 
Chistoserdova, L., Chen, S.W., Lapidus, A. and Lidstrom, M.E. (2003)  Methylotrophy in 
Methylobacterium extorquens AM1 from a genomic point of view. J Bacteriol 185(10), 2980-
2987. 
Chistoserdova, L., Gomelsky, L., Vorholt, J.A., Gomelsk y, M., Tsygankov, Y.D. and 
Lidstrom, M.E. (2000)  Analysis of two formaldehyde oxidation pathways in Methylobacillus 
flagellatus KT, a ribulose monophosphate cycle methylotroph. Microbiology 146 ( Pt 1), 233-
238. 
Chistoserdova, L., Kalyuzhnaya, M.G. and Lid strom, M.E. (2009)  The expanding world of 
methylotrophic metabolism. Annu Rev Microbiol 63, 477-499. 
Chistoserdova, L., Lapidus, A., Han, C., Goodwin, L., Saunders, L., Brettin, T., Tapia, R., 
Gilna, P., Lucas, S., Richardson, P.M. and Lidstrom, M.E. (2007 ) Genome of 
Methylobacillus flagellatus, molecular basis for obligate methylotrophy, and polyphyletic origin 
of methylotrophy. J Bacteriol 189(11), 4020-4027. 
Chistoserdova, L., Vorholt, J.A., Thauer, R.K. and Lidstrom, M.E. (1998)  C1 transfer 
enzymes and coenzymes linking methylotrophic bacteria and methanogenic Archaea. Science 
281(5373), 99-102. 
Chistoserdova, L.V., Chistoserdov, A.Y., Schklyar, N.L., Baev, M.V. and Tsygankov, Y.D. 
(1991) Oxidative and assimilative enzyme activities in continuous cultures of the obligate 
methylotroph Methylobacillus flagellatum. Antonie Van Leeuwenhoek 60(2), 101-107. 



References 

112 
 

Chistoserdova, L.V. and Lidstrom, M.E. (1994)  Genetics of the serine cycle in 
Methylobacterium extorquens AM1: identification of sgaA and mtdA and sequences of sgaA, 
hprA, and mtdA. J Bacteriol 176(7), 1957-1968. 
Colby, J. and Zatman, L.J. (1975)  Enzymological Aspects of Pathways for Trimethylamine 
Oxidation and C1 Assimilation in Obligate Methylotrophs and Restricted Facultative 
Methylotrophs. Biochemical Journal 148(3), 513-520. 
Cormack, B. and Castano, I. (2002)  Introduction of point mutations into cloned genes. 
Methods Enzymol 350, 199-218. 
Crowther, G.J., Kosaly, G. and Lidstrom, M.E. (2008)  Formate as the main branch point for 
methylotrophic metabolism in Methylobacterium extorquens AM1. J Bacteriol 190(14), 5057-
5062. 
Dammel, C.S. and Noller, H.F. (1995)  Suppression of a cold-sensitive mutation in 16S rRNA 
by overexpression of a novel ribosome-binding factor, RbfA. Genes Dev 9(5), 626-637. 
Datsenko, K.A.  and Wanner, B.L. (2000)  One-step inactivation of chromosomal genes in 
Escherichia coli K-12 using PCR products. Proc Natl Acad Sci U S A 97(12), 6640-6645. 
de Vries, G.E., Arfman, N., Terpstra, P. and Dijkhuizen, L. (1992)  Cloning, expression, and 
sequence analysis of the Bacillus methanolicus C1 methanol dehydrogenase gene. J Bacteriol 
174(16), 5346-5353. 
Dijkhuizen, L., Arfman, N., Attwood, M.M., Brooke, A.G., Harder, W. and Watling, E.M. 
(1988) Isolation and Initial Characterization of Thermotolerant Methylotrophic Bacillus Strains. 
Fems Microbiology Letters 52(3), 209-214. 
Duine, J.A. (1999)  Thiols in formaldehyde dissimilation and detoxification. Biofactors 10(2-3), 
201-206. 
Duncan, L., Alper, S. and Losick, R. (1996)  SpoIIAA governs the release of the cell-type 
specific transcription factor sigma F from its anti-sigma factor SpoIIAB. J Mol Biol 260(2), 147-
164. 
Erb, T.J., Berg, I.A., Brecht, V., Muller, M., Fuchs, G. and Alber, B.E. (2007)  Synthesis of 
C5-dicarboxylic acids from C2-units involving crotonyl-CoA carboxylase/reductase: the 
ethylmalonyl-CoA pathway. Proc Natl Acad Sci U S A 104(25), 10631-10636. 
Feist, A.M., Henry, C.S., Reed, J.L., Krummenacker, M., Joyce, A.R., Karp, P.D., 
Broadbelt, L.J., Hatzimanikatis, V. and Palsson, B.O. (2007)  A genome-scale metabolic 
reconstruction for Escherichia coli K-12 MG1655 that accounts for 1260 ORFs and 
thermodynamic information. Mol Syst Biol 3, 121. 
Fischer, E., Zamboni, N. and Sauer, U. (2004)  High-throughput metabolic flux analysis based 
on gas chromatography-mass spectrometry derived 13C constraints. Anal Biochem 325(2), 
308-316. 
Fotadar, U., Zaveloff, P. and Terracio, L. (2005)  Growth of Escherichia coli at elevated 
temperatures. J Basic Microbiol 45(5), 403-404. 
Gaballa, A., Newton, G.L., Antelmann, H ., Parsonage, D., Upton, H., Rawat, M., Claiborne, 
A., Fahey, R.C. and Helmann, J.D. (2010)  Biosynthesis and functions of bacillithiol, a major 
low-molecular-weight thiol in Bacilli. Proc Natl Acad Sci U S A 107(14), 6482-6486. 
Goenrich, M., Bursy, J., Hub ner, E., Linder, D., Schwartz, A.C. and Vorholt, J.A. (2002)  
Purification and characterization of the methylene tetrahydromethanopterin dehydrogenase 
MtdB and the methylene tetrahydrofolate dehydrogenase FolD from Hyphomicrobium 
zavarzinii ZV580. Arch Microbiol 177(4), 299-303. 
Gonzalez, C.F., Proudfoot, M., Brown, G., Korniyenko, Y., Mori, H., Savchenko, A.V. and 
Yakunin, A.F. (2006)  Molecular basis of formaldehyde detoxification. Characterization of two 
S-formylglutathione hydrolases from Escherichia coli, FrmB and YeiG. J Biol Chem 281(20), 
14514-14522. 
Goodwin, M.G. and Anthony, C. (1996)  Characterization of a novel methanol dehydrogenase 
containing a Ba2+ ion at the active site. Biochem J 318 ( Pt 2), 673-679. 
Goodwin, P.M. and Anthony, C. (1998)  The biochemistry, physiology and genetics of PQQ 
and PQQ-containing enzymes. Adv Microb Physiol 40, 1-80. 
Green, M.R., Sambrook, J. and Sambrook, J. (2012)  Molecular cloning: a laboratory manual, 
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y. 



  References 

113 
 

Greenberg, D.E., Porcella, S.F., Zelazny, A.M., Virtaneva, K., Sturdevant, D.E., Kupko, 
J.J., 3rd, Barbian, K.D., Babar, A., Dorward, D.W. and Holland, S.M. (2007)  Genome 
sequence analysis of the emerging human pathogenic acetic acid bacterium Granulibacter 
bethesdensis. J Bacteriol 189(23), 8727-8736. 
Gutheil, W.G., Holmquist, B. and Vallee, B.L. (1992)  Purification, characterization, and 
partial sequence of the glutathione-dependent formaldehyde dehydrogenase from Escherichia 
coli: a class III alcohol dehydrogenase. Biochemistry 31(2), 475-481. 
Hagemeier, C.H., Chistoserdova, L., Lidstrom, M.E., Thauer, R.K. and Vorholt, J.A. (2000)  
Characterization of a second methylene tetrahydromethanopterin dehydrogenase from 
Methylobacterium extorquens AM1. Eur J Biochem 267(12), 3762-3769. 
Han, G.H., Kim, W., Chun, J. and Kim, S.W. (2011)  Draft genome sequence of Methylophaga 
aminisulfidivorans MP T. J Bacteriol 193(16), 4265. 
Han, M.J. and Lee, S.Y. (2006)  The Escherichia coli proteome: past, present, and future 
prospects. Microbiol Mol Biol Rev 70(2), 362-439. 
Hanson, R.S., Flickinger, M.C., Schendel, F.J. and Guettler, M.V. (1991)  Production Of 
Amino Acids Using Auxotrophic Mutants Of Methylotrophic Bacillus. Minnesota, U.o. (ed), p. 
17. 
Harms, N., Ras, J., Reijnders, W .N., van Spanning, R.J. and Stouthamer, A.H. (1996)  S-
formylglutathione hydrolase of Paracoccus denitrificans is homologous to human esterase D: 
a universal pathway for formaldehyde detoxification? J Bacteriol 178(21), 6296-6299. 
Heggeset, T.M., Krog, A., Balzer, S., Wentzel, A., Ellingsen, T.E. and Brautaset, T. (2012)  
Genome sequence of thermotolerant Bacillus methanolicus: features and regulation related to 
methylotrophy and production of L-lysine and L-glutamate from methanol. Appl Environ 
Microbiol 78(15), 5170-5181. 
Hektor, H.J., Kloosterman, H. and Dijkhuizen, L. (2002)  Identification of a magnesium-
dependent NAD(P)(H)-binding domain in the nicotinoprotein methanol dehydrogenase from 
Bacillus methanolicus. J Biol Chem 277(49), 46966-46973. 
Helmann, J. D. (2011) Bacillithiol, a new player in bacterial redox homeostasis. Antioxid Redox 
Signal 15(1), 123-133. 
Hirt, W., Papoutsakis, E., Krug, E., Lim, H.C. and Tsao, G.T. (1978)  Formaldehyde 
incorporation by a new methylotroph (L3). Appl Environ Microbiol 36(1), 56-62. 
Jakobsen, O.M., Benichou, A., Flickinger, M.C., Valla, S., Ellingsen, T.E. and Brautaset, 
T. (2006) Upregulated transcription of plasmid and chromosomal ribulose monophosphate 
pathway genes is critical for methanol assimilation rate and methanol tolerance in the 
methylotrophic bacterium Bacillus methanolicus. J Bacteriol 188(8), 3063-3072. 
Jarboe, L.R., Zhang, X., Wang, X., Moore, J.C., Shanmugam, K.T. and Ingram, L.O. (2010)  
Metabolic engineering for production of biorenewable fuels and chemicals: contributions of 
synthetic biology. J Biomed Biotechnol 2010, 761042. 
Jones, P.G. and Inouye, M. (1996)  RbfA, a 30S ribosomal binding factor, is a cold-shock 
protein whose absence triggers the cold-shock response. Mol Microbiol 21(6), 1207-1218. 
Kane, S.R., Chakicherla, A.Y., Chain, P.S., Schmidt, R., Shin, M.W., Legler, T.C., Scow, 
K.M., Larimer, F.W., Lucas, S.M., Richardson, P.M. and Hristova, K.R. (2007)  Whole-
genome analysis of the methyl tert-butyl ether-degrading beta-proteobacterium Methylibium 
petroleiphilum PM1. J Bacteriol 189(5), 1931-1945. 
Kato, N., Yurimoto, H. and Thauer, R.K. (2006)  The physiological role of the ribulose 
monophosphate pathway in bacteria and archaea. Biosci Biotechnol Biochem 70(1), 10-21. 
Kiefer, P., Delmotte, N. and Vor holt, J.A. (2011)  Nanoscale ion-pair reversed-phase HPLC-
MS for sensitive metabolome analysis. Anal Chem 83(3), 850-855. 
Kiefer, P., Schmitt, U. and Vorholt, J.A. (2013)  eMZed: an open source framework in Python 
for rapid and interactive development of LC/MS data analysis workflows. Bioinformatics. 
King, G.M. (1992)  Ecological Aspects of Methane Oxidation, a Key Determinant of Global 
Methane Dynamics. Advances in Microbial Ecology 12, 431-468. 
Kitagawa, M., Ara, T., Arifuzzaman, M., Ioka -Nakamichi, T., Inam oto, E., Toyonaga, H. 
and Mori, H. (2005)  Complete set of ORF clones of Escherichia coli ASKA library (a complete 
set of E. coli K-12 ORF archive): unique resources for biological research. DNA Res 12(5), 
291-299. 



References 

114 
 

Kittichotirat, W., Good, N.M., Hall, R., B ringel, F., Lajus, A., Medigue, C., Smalley, N.E., 
Beck, D., Bumgarner, R., Vuilleumier, S. and Kalyuzhnaya, M.G. (2011)  Genome sequence 
of Methyloversatilis universalis FAM5T, a methylotrophic representative of the order 
Rhodocyclales. J Bacteriol 193(17), 4541-4542. 
Kloosterman, H., Vrijbloed, J.W. and Dijkhuizen, L. (2002)  Molecular, biochemical, and 
functional characterization of a Nudix hydrolase protein that stimulates the activity of a 
nicotinoprotein alcohol dehydrogenase. J Biol Chem 277(38), 34785-34792. 
Kolb, S. (2009)  Aerobic methanol-oxidizing bacteria in soil. FEMS Microbiol Lett 300(1), 1-10. 
Komives, C.F., Cheung, L.Y., Pluschkell, S.B. and Flickinger, M.C. (2005)  Growth of 
Bacillus methanolicus in seawater-based media. J Ind Microbiol Biotechnol 32(2), 61-66. 
Krog, A., Heggeset, T.M., Ellingsen, T.E. and Brautaset, T. (2013a)  Functional 
characterization of key enzymes involved in L-glutamate synthesis and degradation in the 
thermotolerant and methylotrophic bacterium Bacillus methanolicus. Appl Environ Microbiol 
79(17), 5321-5328. 
Krog, A., Heggeset, T.M., Muller, J.E., Kupper, C.E., Schneider, O., Vorholt, J.A., 
Ellingsen, T.E. and Brautaset, T. (2013b)  Methylotrophic Bacillus methanolicus Encodes 
Two Chromosomal and One Plasmid Born NAD(+) Dependent Methanol Dehydrogenase 
Paralogs with Different Catalytic and Biochemical Properties. PLoS One 8(3), e59188. 
Laemmli, U.K. (1970)  Cleavage of structural proteins during the assembly of the head of 
bacteriophage T4. Nature 227(5259), 680-685. 
Lapidu s, A., Clum, A., Labutti, K., Kaluzhnaya, M.G., Lim, S., Beck, D.A., Glavina Del Rio, 
T., Nolan, M., Mavromatis, K., Huntemann, M., Lucas, S., Lidstrom, M.E., Ivanova, N. and 
Chistoserdova, L. (2011)  Genomes of three methylotrophs from a single niche reveal the 
genetic and metabolic divergence of the methylophilaceae. J Bacteriol 193(15), 3757-3764. 
Lee, D.H. and Palsson, B.O. (2010)  Adaptive evolution of Escherichia coli K-12 MG1655 
during growth on a Nonnative carbon source, L-1,2-propanediol. Appl Environ Microbiol 
76(13), 4158-4168. 
Lee, G.H., Hur, W., Bremmon, C.E. and Flickinger, M.C. (1996)  Lysine production from 
methanol at 50 degrees C using Bacillus methanolicus: Modeling volume control, lysine 
concentration, and productivity using a three-phase continuous simulation. Biotechnol Bioeng 
49(6), 639-653. 
Lee, J.W., Kim, T.Y., Jang, Y.S., Choi, S. and Lee, S.Y. (2011)  Systems metabolic 
engineering for chemicals and materials. Trends Biotechnol 29(8), 370-378. 
Lee, K.H., Park, J.H., Kim, T.Y., Kim, H.U. and Lee, S.Y. (2007)  Systems metabolic 
engineering of Escherichia coli for L-threonine production. Mol Syst Biol 3, 149. 
Levering, P.R., van Dijken, J.P., Veenhius, M. and Harder, W. (1981)  Arthrobacter P1, a 
fast growing versatile methylotroph with amine oxidase as a key enzyme in the metabolism of 
methylated amines. Arch Microbiol 129(1), 72-80. 
Li, K., Wang, S., Shi, Y., Qu, J., Zhai, Y., Xu, L., Xu, Y., Song, J., Liu, L., Rahman, M.A. 
and Yan, Y. (2011)  Genome sequence of Paracoccus sp. Strain TRP, a Chlorpyrifos 
Biodegrader. J Bacteriol 193(7), 1786-1787. 
Li, R. and Townsend, C.A. (2006)  Rational strain improvement for enhanced clavulanic acid 
production by genetic engineering of the glycolytic pathway in Streptomyces clavuligerus. 
Metab Eng 8(3), 240-252. 
Lockhart, D.J. and Winzeler, E.A. (2000)  Genomics, gene expression and DNA arrays. 
Nature 405(6788), 827-836. 
Lutke -Eversloh, T., Santos, C.N. and Stephanopoulos, G. (2007)  Perspectives of 
biotechnological production of L-tyrosine and its applications. Appl Microbiol Biotechnol 77(4), 
751-762. 
Marcal, D., Rego, A.T., Carrondo, M.A. and Enguita, F.J. (2009)  1,3-Propanediol 
dehydrogenase from Klebsiella pneumoniae: decameric quaternary structure and possible 
subunit cooperativity. J Bacteriol 191(4), 1143-1151. 
Martin, V.J., Pitera, D.J., Withers, S.T., Newman, J.D. and Keasling, J.D. (2003)  
Engineering a mevalonate pathway in Escherichia coli for production of terpenoids. Nat 
Biotechnol 21(7), 796-802. 



  References 

115 
 

Marx, C.J., Chistoserdova, L. and Lidstrom, M.E. (200 3) Formaldehyde-detoxifying role of 
the tetrahydromethanopterin-linked pathway in Methylobacterium extorquens AM1. J Bacteriol 
185(24), 7160-7168. 
Marx, C.J. and Lidstrom, M.E. (2004)  Development of an insertional expression vector 
system for Methylobacterium extorquens AM1 and generation of null mutants lacking mtdA 
and/or fch. Microbiology 150(Pt 1), 9-19. 
Marx, C.J. and Lidstrom, M.E. (2001)  Development of improved versatile broad-host-range 
vectors for use in methylotrophs and other Gram-negative bacteria. Microbiology 147(Pt 8), 
2065-2075. 
McCloskey, D., Gangoiti, J.A., King, Z.A., Naviaux, R.K., Barshop, B.A., Palsson, B.O. 
and Feist, A.M. (2014)  A model-driven quantitative metabolomics analysis of aerobic and 
anaerobic metabolism in E. coli K-12 MG1655 that is biochemically and thermodynamically 
consistent. Biotechnol Bioeng 111(4), 803-815. 
Monk, J.M., Charusanti, P., Aziz, R.K., Lerman, J.A., Premyodhin, N., Orth, J.D., Feist, 
A.M. and Palsson, B.O. (2013)  Genome-scale metabolic reconstructions of multiple 
Escherichia coli strains highlight strain-specific adaptations to nutritional environments. Proc 
Natl Acad Sci U S A 110(50), 20338-20343. 
Montella, C., Bellsolell, L., Perez -Luque, R., Badia, J., Baldoma, L., Coll, M. and Aguilar, 
J. (2005) Crystal structure of an iron-dependent group III dehydrogenase that interconverts L-
lactaldehyde and L-1,2-propanediol in Escherichia coli. J Bacteriol 187(14), 4957-4966. 
Moon, J.H., Lee, H.J., Park, S.Y., Song, J.M., Park, M.Y., Park, H.M., Sun, J., Park, J.H.,  
Kim, B.Y. and Kim, J.S. (2011)  Structures of iron-dependent alcohol dehydrogenase 2 from 
Zymomonas mobilis ZM4 with and without NAD+ cofactor. J Mol Biol 407(3), 413-424. 
Mori, H. (2004)  From the sequence to cell modeling: comprehensive functional genomics in 
Escherichia coli. J Biochem Mol Biol 37(1), 83-92. 
Muller, J.E., Litsanov, B., Bortfeld -Miller, M., Trachsel, C., Grossmann, J., Brautaset, T. 
and Vorholt, J.A. (2014)  Proteomic analysis of the thermophilic methylotroph Bacillus 
methanolicus MGA3. Proteomics 14(6), 725-737. 
Naerdal, I., Netzer, R., Ellingsen, T.E. and Brautaset, T. (2011)  Analysis and manipulation 
of aspartate pathway genes for L-lysine overproduction from methanol by Bacillus 
methanolicus. Appl Environ Microbiol 77(17), 6020-6026. 
Nakahigashi, K., Toya, Y., Ishii, N., Soga, T., Hasegawa, M., Watanabe, H., Takai, Y., 
Honma, M., Mori, H. and Tomita, M. (2009)  Systematic phenome analysis of Escherichia coli 
multiple-knockout mutants reveals hidden reactions in central carbon metabolism. Mol Syst 
Biol 5, 306. 
Nash, T. (1953)  The colorimetric estimation of formaldehyde by means of the Hantzsch 
reaction. Biochem J 55(3), 416-421. 
Newton, G.L., Rawat, M., La Clair, J.J., Jothivasan, V.K., Budiarto, T., Hamilton, C.J., 
Claiborne, A., Helmann, J .D. and Fahey, R.C. (2009)  Bacillithiol is an antioxidant thiol 
produced in Bacilli. Nat Chem Biol 5(9), 625-627. 
Nicolas, C., Kiefer, P., Letisse, F., Kromer, J., Massou, S., Soucaille, P., Wittmann, C., 
Lindley, N.D. and Portais, J.C. (2007)  Response of the central metabolism of Escherichia 
coli to modified expression of the gene encoding the glucose-6-phosphate dehydrogenase. 
FEBS Lett 581(20), 3771-3776. 
Nishihara, T. and Freese, E. (1975)  Motility of Bacillus subtilis during growth and sporulation. 
J Bacteriol 123(1), 366-371. 
Olah, G.A. (2005)  Beyond oil and gas: the methanol economy. Angew Chem Int Ed Engl 
44(18), 2636-2639. 
Orita, I., Sakamoto, N., Kato, N., Yurimoto, H. and Sakai, Y. (2007)  Bifunctional enzyme 
fusion of 3-hexulose-6-phosphate synthase and 6-phospho-3-hexuloisomerase. Appl Microbiol 
Biotechnol 76(2), 439-445. 
Orita, I., Yurimoto, H., Hirai, R., Kawarabayasi, Y., Sakai, Y. and Kato, N. (2005)  The 
archaeon Pyrococcus horikoshii possesses a bifunctional enzyme for formaldehyde fixation 
via the ribulose monophosphate pathway. J Bacteriol 187(11), 3636-3642. 
Peekhaus, N. and Conway, T. (1998)  What's for dinner?: Entner-Doudoroff metabolism in 
Escherichia coli. J Bacteriol 180(14), 3495-3502. 



References 

116 
 

Peyraud, R., Kiefer, P., Christen, P., Massou, S. , Portais, J.C. and Vorholt, J.A. (2009)  
Demonstration of the ethylmalonyl-CoA pathway by using C-13 metabolomics. Proceedings of 
the National Academy of Sciences of the United States of America 106(12), 4846-4851. 
Peyraud, R., Schneider, K., Kiefer, P., M assou, S., Vorholt, J.A. and Portais, J.C. (2011)  
Genome-scale reconstruction and system level investigation of the metabolic network of 
Methylobacterium extorquens AM1. BMC Syst Biol 5, 189. 
Phillips, Z.E. and Strauch, M.A. (2002)  Bacillus subtilis sporulation and stationary phase 
gene expression. Cell Mol Life Sci 59(3), 392-402. 
Pluschkell, S.B. and Flickinger, M.C. (2002)  Dissimilation of [(13)C]methanol by continuous 
cultures of Bacillus methanolicus MGA3 at 50 degrees C studied by (13)C NMR and isotope-
ratio mass spectrometry. Microbiology 148(Pt 10), 3223-3233. 
Pomper, B.K. and Vorholt, J.A. (2001)  Characterization of the formyltransferase from 
Methylobacterium extorquens AM1. Eur J Biochem 268(17), 4769-4775. 
Pomper, B.K., Vorholt, J.A., Chistoserdov a, L., Lidstrom, M.E. and Thauer, R.K. (1999)  A 
methenyl tetrahydromethanopterin cyclohydrolase and a methenyl tetrahydrofolate 
cyclohydrolase in Methylobacterium extorquens AM1. Eur J Biochem 261(2), 475-480. 
Prather, K.L. and Martin, C.H. (2008)  De novo biosynthetic pathways: rational design of 
microbial chemical factories. Curr Opin Biotechnol 19(5), 468-474. 
Quayle, J.R. (1982)  3-Hexulose-6-phosphate synthase from Methylomonas (Methylococcus) 
capsulatus. Methods Enzymol 90 Pt E, 314-319. 
Quayle, J.R. an d Ferenci, T. (1978)  Evolutionary aspects of autotrophy. Microbiol Rev 42(2), 
251-273. 
Ras, J., Van Ophem, P.W., Reijnders, W.N., Van Spanning, R.J., Duine, J.A., Stouthamer, 
A.H. and Harms, N. (1995)  Isolation, sequencing, and mutagenesis of the gene encoding 
NAD- and glutathione-dependent formaldehyde dehydrogenase (GD-FALDH) from 
Paracoccus denitrificans, in which GD-FALDH is essential for methylotrophic growth. J 
Bacteriol 177(1), 247-251. 
Rhee, M.S., Moritz, B.E., Xie, G., Glavina Del Rio, T., Dalin, E ., Tice, H., Bruce, D., 
Goodwin, L., Chertkov, O., Brettin, T., Han, C., Detter, C., Pitluck, S., Land, M.L., Patel, 
M., Ou, M., Harbrucker, R., Ingram, L.O. and Shanmugam, K.T. (2011)  Complete Genome 
Sequence of a thermotolerant sporogenic lactic acid bacterium, Bacillus coagulans strain 
36D1. Stand Genomic Sci 5(3), 331-340. 
Rocha, I., Maia, P., Evangelista, P., Vilaca, P., Soares, S., Pinto, J.P., Nielsen, J., Patil, 
K.R., Ferreira, E.C. and Rocha, M. (2010)  OptFlux: an open-source software platform for in 
silico metabolic engineering. BMC Syst Biol 4, 45. 
Roels, S., Driks, A. and Losick, R. (1992)  Characterization of spoIVA, a sporulation gene 
involved in coat morphogenesis in Bacillus subtilis. J Bacteriol 174(2), 575-585. 
Rokem, J.S., Lantz, A.E. and N ielsen, J. (2007)  Systems biology of antibiotic production by 
microorganisms. Nat Prod Rep 24(6), 1262-1287. 
Rosenberg, E. (2013)  The prokaryotes -prokaryotic physiology and biochemistry : prokaryotic 
physiology and biochemistry, Springer, New York. 
Sauer,  U. (2006) Metabolic networks in motion: 13C-based flux analysis. Mol Syst Biol 2, 62. 
Schagger, H., Borchart, U., Aquila, H., Link, T.A. and von Jagow, G. (1985)  Isolation and 
amino acid sequence of the smallest subunit of beef heart bc1 complex. FEBS Lett 190(1), 89-
94. 
Schendel, F.J., Bremmon, C.E., Flickinger, M.C., Guettler, M. and Hanson, R.S. (1990)  L-
lysine production at 50 degrees C by mutants of a newly isolated and characterized 
methylotrophic Bacillus sp. Appl Environ Microbiol 56(4), 963-970. 
Schendel, F.J. and Flickinger, M.C. (1992)  Cloning and nucleotide sequence of the gene 
coding for aspartokinase II from a thermophilic methylotrophic Bacillus sp. Appl Environ 
Microbiol 58(9), 2806-2814. 
Schirch, V. and Strong, W.B. (1989)  Interaction of folylpolyglutamates with enzymes in one-
carbon metabolism. Arch Biochem Biophys 269(2), 371-380. 
Schrader, J., Schilling, M., Holtmann, D., Sell, D., Filho, M.V., Marx, A. and Vorholt, J.A. 
(2009) Methanol-based industrial biotechnology: current status and future perspectives of 
methylotrophic bacteria. Trends Biotechnol 27(2), 107-115. 



  References 

117 
 

Schurmann, M. and Sprenger, G.A. (2001)  Fructose-6-phosphate aldolase is a novel class I 
aldolase from Escherichia coli and is related to a novel group of bacterial transaldolases. J Biol 
Chem 276(14), 11055-11061. 
Silva -Rocha, R., Martinez -Garcia, E., Calles, B., Chavarria, M., Arce -Rodriguez, A., de 
Las Heras, A., Paez -Espino, A.D., Durante -Rodriguez, G., Kim, J., Nikel, P.I., Platero, R. 
and de Lorenzo, V. (2013)  The Standard European Vector Architecture (SEVA): a coherent 
platform for the analysis and deployment of complex prokaryotic phenotypes. Nucleic Acids 
Res 41(Database issue), D666-675. 
Snedecor, B. and Cooney, C.L. (1974)  Thermophilic Mixed Culture of Bacteria Utilizing 
Methanol for Growth. Applied Microbiology 27(6), 1112-1117. 
Solomon, E. and Lin, E.C. (1972)  Mutations affecting the dissimilation of mannitol by 
Escherichia coli K-12. J Bacteriol 111(2), 566-574. 
Solomons, G.L. (1983)  Single Cell Protein. Crc Critical Reviews in Biotechnology 1(1), 21-58. 
Sprenger, G.A. (2007)  From scratch to value: engineering Escherichia coli wild type cells to 
the production of L-phenylalanine and other fine chemicals derived from chorismate. Appl 
Microbiol Biotechnol 75(4), 739-749. 
Stevens, C.M., Daniel, R., Illing, N. and Errington, J. (1992)  Characterization of a sporulation 
gene, spoIVA, involved in spore coat morphogenesis in Bacillus subtilis. J Bacteriol 174(2), 
586-594. 
Stojiljkovic, I., Baümler, A.J. and Heffron, F. (1995)  Ethanolamine utilization in Salmonella 
typhimurium: nucleotide sequence, protein expression, and mutational analysis of the cchA 
cchB eutE eutJ eutG eutH gene cluster. J Bacteriol 177(5), 1357-1366. 
Stolzenberger, J., Lindner, S.N., Persicke, M., Brautase t, T. and Wendisch, V.F. (2013a)  
Characterization of fructose 1,6-bisphosphatase and sedoheptulose 1,7-bisphosphatase from 
the facultative ribulose monophosphate cycle methylotroph Bacillus methanolicus. J Bacteriol. 
Stolzenberger, J., Lindner, S.N. and We ndisch, V.F. (2013b)  The methylotrophic Bacillus 
methanolicus MGA3 possesses two distinct fructose 1,6-bisphosphate aldolases. 
Microbiology. 
Strom, T., Ferenci, T. and Quayle, J.R. (1974)  The carbon assimilation pathways of 
Methylococcus capsulatus, Pseudomonas methanica and Methylosinus trichosporium (OB3B) 
during growth on methane. Biochem J 144(3), 465-476. 
Studer, A., McAnulla, C., Buchele, R., Leisinger, T. and Vuilleumier, S. (2002)  
Chloromethane-induced genes define a third C1 utilization pathway in Methylobacterium 
chloromethanicum CM4. J Bacteriol 184(13), 3476-3484. 
Studt, F., Sharafutdinov, I., Abild -Pedersen, F., Elkjaer, C.F., Hummelshoj, J.S., Dahl, S., 
Chorkendorff, I. and Norskov, J.K. (2014)  Discovery of a Ni-Ga catalyst for carbon dioxide 
reduction to methanol. Nat Chem 6(4), 320-324. 
Suyama, A., Iwakiri, R., Kai, K., Tokunaga, T., Sera, N. and Furukawa, K. (2001)  Isolation 
and characterization of Desulfitobacterium sp. strain Y51 capable of efficient dehalogenation 
of tetrachloroethene and polychloroethanes. Biosci Biotechnol Biochem 65(7), 1474-1481. 
Taylor, S.C., Dalton, H. and Dow, C.S. (1981)  Ribulose-1,5-Bisphosphate Carboxylase-
Oxygenase and Carbon Assimilation in Methylococcus-Capsulatus (Bath). Journal of General 
Microbiology 122(Jan), 89-94. 
Taymaz-Nikerel, H., de Mey, M., Ras, C., ten Pierick, A., Seifar, R.M., van Dam, J.C., 
Heijnen, J.J. and van Gulik, W.M. (2009)  Development and application of a differential 
method for reliable metabolome analysis in Escherichia coli. Anal Biochem 386(1), 9-19. 
Trotsenko, Y.A. and Murrell, J.C. (2008)  Metabolic aspects of aerobic obligate 
methanotrophy. Adv Appl Microbiol 63, 183-229. 
Visser, M., Worm, P., Muyzer, G., Pereira, I.A., Schaap, P.J., Plugge, C.M., Kuever, J., 
Parshina, S.N., Nazina, T .N., Ivanova, A.E., Bernier -Latmani, R., Goodwin, L.A., Kyrpides, 
N.C., Woyke, T., Chain, P., Davenport, K.W., Spring, S., Klenk, H.P. and Stams, A.J. 
(2013) Genome analysis of Desulfotomaculum kuznetsovii strain 17(T) reveals a physiological 
similarity with Pelotomaculum thermopropionicum strain SI(T). Stand Genomic Sci 8(1), 69-
87. 
Vizcaino, J.A., Cote, R.G., Csordas, A., Dianes, J.A., Fabregat, A., Foster, J.M., Griss, J., 
Alpi, E., Birim, M., Contell, J., O'Kelly, G., Schoenegger, A., Ovelleiro, D., Per ez-Riverol, 



References 

118 
 

Y., Reisinger, F., Rios, D., Wang, R. and Hermjakob, H. (2013)  The PRoteomics 
IDEntifications (PRIDE) database and associated tools: status in 2013. Nucleic Acids Res 
41(Database issue), D1063-1069. 
Vonck, J., Arfman, N., De Vries, G.E., Van Be eumen, J., Van Bruggen, E.F. and 
Dijkhuizen, L. (1991)  Electron microscopic analysis and biochemical characterization of a 
novel methanol dehydrogenase from the thermotolerant Bacillus sp. C1. J Biol Chem 266(6), 
3949-3954. 
Vorholt, J.A. (2002)  Cofactor-dependent pathways of formaldehyde oxidation in 
methylotrophic bacteria. Arch Microbiol 178(4), 239-249. 
Vorholt, J.A., Chistoserdova, L., Lidstrom, M.E. and Thauer, R.K. (1998)  The NADP-
dependent methylene tetrahydromethanopterin dehydrogenase in Methylobacterium 
extorquens AM1. J Bacteriol 180(20), 5351-5356. 
Vorholt, J.A., Chistoserdova, L., Stolyar, S.M., Thauer, R.K. and Lidstrom, M.E. (1999)  
Distribution of tetrahydromethanopterin-dependent enzymes in methylotrophic bacteria and 
phylogeny of methenyl tetrahydromethanopterin cyclohydrolases. J Bacteriol 181(18), 5750-
5757. 
Vorholt, J.A., Marx, C.J., Lidstrom, M.E. and Thauer, R.K. (2000)  Novel formaldehyde-
activating enzyme in Methylobacterium extorquens AM1 required for growth on methanol. J 
Bacteriol 182(23), 6645-6650. 
Vuilleumier, S., Chistoserdova, L., Lee, M.C., Bringel, F., Lajus, A., Zhou, Y., Gourion, B., 
Barbe, V., Chang, J., Cruveiller, S., Dossat, C., Gillett, W., Gruffaz, C., Haugen, E., 
Hourcade, E., Levy, R., Mangenot, S., Muller, E., Nadali g, T., Pagni, M., Penny, C., 
Peyraud, R., Robinson, D.G., Roche, D., Rouy, Z., Saenampechek, C., Salvignol, G., 
Vallenet, D., Wu, Z., Marx, C.J., Vorholt, J.A., Olson, M.V., Kaul, R., Weissenbach, J., 
Medigue, C. and Lidstrom, M.E. (2009)  Methylobacterium genome sequences: a reference 
blueprint to investigate microbial metabolism of C1 compounds from natural and industrial 
sources. PLoS One 4(5), e5584. 
Wagh, J., Shah, S., Bhandari, P., Archana, G. and Kumar, G.N. (2014)  Heterologous 
expression of pyrroloquinoline quinone (pqq) gene cluster confers mineral phosphate 
solubilization ability to Herbaspirillum seropedicae Z67. Appl Microbiol Biotechnol. 
Ward, N., Larsen, O., Sakwa, J., Bruseth, L., Khouri, H., Durkin, A.S., Dimitrov, G., Jiang, 
L., Scanlan, D., Kang, K.H., Lewis, M., Nelson, K.E., Methe, B., Wu, M., Heidelberg, J.F., 
Paulsen, I.T., Fouts, D., Ravel, J., Tettelin, H., Ren, Q., Read, T., DeBoy, R.T., Seshadri, 
R., Salzberg, S.L., Jensen, H.B., Birkeland, N.K., Nelson, W.C., Dodson, R.J., Grindhaug,  
S.H., Holt, I., Eidhammer, I., Jonasen, I., Vanaken, S., Utterback, T., Feldblyum, T.V., 
Fraser, C.M., Lillehaug, J.R. and Eisen, J.A. (2004)  Genomic insights into methanotrophy: 
the complete genome sequence of Methylococcus capsulatus (Bath). PLoS Biol 2(10), e303. 
Weisser, H., Nahnsen, S., Grossmann, J., Nilse, L., Quandt, A., Brauer, H., Sturm, M., 
Kenar, E., Kohlbacher, O., Aebersold, R. and Malmstrom, L. (2013)  An Automated Pipeline 
for High-Throughput Label-Free Quantitative Proteomics. J Proteome Res. 
Westlake, R. (1986)  Large-Scale Continuous Production of Single Cell Protein. Chemie 
Ingenieur Technik 58(12), 934-937. 
Windass, J.D., Worsey, M.J., Pioli, E.M., Pioli, D., Barth, P.T., Atherton, K.T., Dart, E.C., 
Byrom, D., Powell, K. and Senior, P.J. (1980) Improved conversion of methanol to single-
cell protein by Methylophilus methylotrophus. Nature 287(5781), 396-401. 
Xia, B., Ke, H., Shinde, U. and Inouye, M. (2003)  The role of RbfA in 16S rRNA processing 
and cell growth at low temperature in Escherichia coli. J Mol Biol 332(3), 575-584. 
Yang, X.P., Zhong, G.F., Lin, J.P., Mao, D.B. and Wei, D.Z. (2010)  Pyrroloquinoline quinone 
biosynthesis in Escherichia coli through expression of the Gluconobacter oxydans pqqABCDE 
gene cluster. J Ind Microbiol Biotechnol 37(6), 575-580. 
Yim, H., Haselbeck, R., Niu, W., Pujol -Baxley, C., Burgard, A., Boldt, J., Khandurina, J., 
Trawick, J.D., Osterhout, R.E., Stephen, R., Estadilla, J., Teisan, S., Schreyer, H.B., 
Andrae, S., Yang, T.H., Lee, S.Y., Burk, M.J. and Van Dien, S. (2011)  Metabolic engineering 
of Escherichia coli for direct production of 1,4-butanediol. Nat Chem Biol. 



  Supplement 

119 
 

Supplement  

Table  S1: Primers used in this study. Restriction sites are underlined. 

OLIGO NO.  NAME 5'�Æ3' SEQUENCE 
JM001 Fwd_Mdh_Bm_MGA3 GGGGAATTCAGGAGATATACATATGACA 
JM002 Rev_Mdh_Bm_MGA3 GGGAAGCTTTTACATAGCGTTTTTGATGA 
JM003 Fwd_Mdh2_Bm_MGA3 GGGGAATTCAGGAGATATACATATGACA 
JM004 Rev_Mdh2_Bm_MGA3 GGGCTGCAGTTACATCGCATTTTTAATAATTT 
JM005 Fwd_Mdh3_Bm_MGA3 GGGGAATTCAGGAGATATACATATGAAAAAC 
JM006 Rev_Mdh3_Bm_MGA3 GGGCTGCAGTTACATAGCATTTTTAATAATTTG 
JM007 Fwd_Act_Bm_MGA3 GGGGAATTCAGGAGATATACATATGGG 
JM008 Rev_Act_Bm_MGA3 GGGAAGCTTTTATTTATTTTTGAGAGCCTC 
JM009 pSEVA_sequencing_Fwd CATCCGGCTCGTATAATGTG 
JM010 pSEVA_sequencing_Rev GAGTTCTGAGGTCATTACTG 
JM011 Fwd_Hps+Phi_Bm_MGA3 GGGGAATTCAGGAGAATAATTTATGGAACTTCAA 
JM012 Rev_Hps+Phi_Bm_MGA3 GGGAAGCTTCTACTCGAGATTGGCAT 
JM013 Fwd_Hps+Phi_Mf GGGGAATTCAGGAGAAAGTATCGTGGCATTGAC 
JM014 Rev_Hps+Phi_Mf GGGAAGCTTTTATTCAAGATTGGCGTGAA 
JM015 Fwd_Hps-Phi_Mc GGGGAATTCAGGAGATCGCTCAATGGCAAGA 
JM016 Rev_Hps-Phi_Mc GGGAAGCTTGCCTATTCCAGATTGGCG 
JM017 Rev_Hps fusion_Bm_MGA3 TTCAGTTGTCAGCATTAACCCTTGTTTAACTAATT 
JM018 Fwd_Phi_fusion_Bm_MGA3 GTTAAACAAGGGTTAATGCTGACAACTGAATT 
JM019 Rev_Hps_fusion_Mf GATATTTATTCATCTTAGCCAGAGCAGTGAT 
JM020 Fwd_Phi_fusion_Mf TGCTCTGGCTAAGATGAATAAATATCAAGAGCTCG 
JM021 Fwd_Mdh_S98G_Bm_MGA3 CGGTGGAGGTGGCTCTCACG 
JM022 Rev_Mdh_S98G_Bm_MGA3 CGTGAGAGCCACCTCCACCG 
JM023 Fwd_Mdh2+3_S101_Bm_MGA3 GGCGGCGGAGGTTCACATGA 
JM024 Rev_Mdh2+3_S101_Bm_MGA3 TCATGTGAACCTCCGCCGCC 
JM027 Fwd_Mdh_Bm_PB1 GGGGAATTCAGGAGATATACATATGACGCAAAGAAA 
JM028 Rev_Mdh+Mdh1_Bm_PB1 GGGAAGCTTGTTACTCGAGCAGAGCGTT 
JM029 Fwd_Mdh1_Bm_PB1 GGGGAATTCAGGAGATATACATATGACTAAAACAAAAT 
JM030 Fwd_Mdh2_Bm_PB1 GGGGAATTCAGGAGATATACATATGACAAACACTC 
JM031 Rev_Mdh2_Bm_PB1 GGGCTGCAGTTACTCGAGCATAGCATTTTTAATAAT 
JM032 Fwd_Adh_Bc_36D1 GGGGAATTCAGGAGAGGGGAAAGATGTTAACAGG 
JM033 Rev_Adh_Bc_36D1 GGGAAGCTTTTACATCGCTGCTTTTATAATCGC 
JM034 Fwd_Mdh_Ls_C3-41 GGGGAATTCAGGAGATGGAAGTATGTCAGACGTTCT 
JM035 Rev_Mdh_Ls_C3-41 GGGAAGCTTTTATGAAAGAGCAGCAACTGCT 
JM036 Fwd_Adh_Dh_Y51 GGGGAATTCAGGAGGATACACTATGTCTGTCG 
JM037 Rev_Adh_Dh_Y51 GGGAAGCTTTGCTGAGCTAGGATTTATAAAGAGTTC 
JM038 Fwd_Mdh_Lf_ZC1 GGGGAATTCAGGAGATGGAAATATGTCAGACGTTCT 
JM039 Rev_Mdh_Lf_ZC1 GGGAAGCTTTTAAGAGAGGGCAACTGCCT 
JM040 Fwd_131_Act_Bm_MGA3 CCCGGATCCCCGCGCGAATTCAGGAGATATAC 
JM041 Rev_131_Act_Bm_MGA3 AAAGAGCTCGTCGCCAGGGTTTTCCCAGTC 
JM042 Fwd_424_Mdh_Bm_MGA3 CCCGCATGCCCGCGCGAATTCAGGAGATATAC 
JM043 Rev_424_Mdh_Bm_MGA3 AAATCTAGACGCCAGGGTTTTCCCAGTCAC 
JM044 Fwd_424_Mdh2_Bm_MGA3 GGGTCTAGAGCGCGAATTCAGGAGATATAC 
JM045 Rev_424_Mdh2_Bm_MGA3 CCCGAGCTCCTTGCATGCCTGCAGTTAC 
JM055 Fwd_424_Mdh_D38G_Bm_MGA3 CGCTTATCGTTACAGGCGCATTCCTTCACAG 
JM056 Rev_424_Mdh_D38G_Bm_MGA3 CTGTGAAGGAATGCGCCTGTAACGATAAGCG 
JM057 Fwd_424_Mdh2_D41G_Bm_MGA3 CTTTATTAGTTACAGGCGCTGGTCTTCACGG 
JM058 Rev_424_Mdh2_D41G_Bm_MGA3 CCGTGAAGACCAGCGCCTGTAACTAATAAAG 
JM121 Fwd_Act_Bm_Mga3_HindIII TTTAAGCTTAGGAGATATACATATGGGAAA 
JM122 Rev_Act_Bm_Mga3_XhoI TTTCTCGAGTTATTTATTTTTGAGAGCCTC 
JM141 Fwd_Adh_Dk ATTGAATTCAGGAGAGGTTTTAATGGCATTGGGTGAACA 
JM142 Rev_Adh_Dk ATAAAGCTTCTACATTGCCTGCCGGTAGATGTCAATTAT 
JM143 Fwd_Act_for Hps Phi AAAAAGCTTAGGAGATATACATATGGGAAAATTATTTG 
JM144 Rev_Act_for_Hps Phi AAAACTAGTTTATTTATTTTTGAGAGCCTCTTGAAG 
JM145 Fwd_Act_for_Mdh2 AAACTGCAGAGGAGATATACATATGGGAAAATTATTTG 
JM146 Rev_Act_for_Mdh2 AAAGCATGCTTATTTATTTTTGAGAGCCTCTTGAAG 
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Figure S 1: Sequence alignment of methanol oxidizing enzymes. Sequences 
were aligned using the ClustalW2 multiple sequence alignment tool with the 
GONNET protein weight matrix. 
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Figure S 2: Sequence alignment of hexulose -6-phosphate synthases. 
Sequences were aligned using the ClustalW2 multiple sequence alignment tool 
with the GONNET protein weight matrix. 
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Figure S 3: Sequence alignment of phospho -hexulo -isomerases. Sequences 
were aligned using the ClustalW2 multiple sequence alignment tool with the 
GONNET protein weight matrix. 

Figure S 4: Determination of final OD 600 reach ed with different concentrations of ribose or galactose.  Growth 
of �ûfrmA (A+B) or wild type (C+D) E. coli cells expressing Mdh2, Hps and Phi of B. methanolicus MGA3. M9 medium 
was supplemented with different concentrations of ribose (A+C) or galactose (B+D) as only carbon source. 
Concentrations are given in mM. 
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Figure  S5: PCR products obtained from plasmids isolated from evolution cultures . 
Plasmids were isolated from cultures of the first evolution experiments at the indicated days. 
Presence of mdh2, hps and phi gene was verified by PCR amplification with respective primer 
pairs (JM003 + JM004 for mdh2 and JM011 + JM012 for hps and phi). As controls pSEVA424 
Mdh2 plasmid was isolated from DH5�. cells (A), pSEVA424 Mdh2 and pSEVA131 Hps Phi 
were isolated from �ûfrmA (B) and wt (C) E. coli cells or pSEVA424 Mdh2 (D left) or pSEVA131 
Hps Phi (D right) plasmids were directly used as templates. 
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