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ABSTRACT OF THE DISSERTATION 

 

Carbon Efficient Conversion of Methanol to Higher Alcohols 

 

by 

 

Chang-Ting Chen 

Doctor of Philosophy in Chemical Engineering 

University of California, Los Angeles, 2018 

Professor James C. Liao 

 

Methanol, a common derivative of natural gas, is increasingly attractive as a chemical 

feedstock due to its low cost and abundance. Among the technologies that converts methanol to 

value added chemicals, biological conversion has the advantage of mild reaction conditions low 

capital cost. Several methanol assimilation pathways can be found in nature. However, carbon 

yield for production of acetyl-CoA derived products using these pathways has intrinsic limits due 

to CO2 lost in pyruvate decarboxylation or ATP requirement. To address the carbon yield 

problem, as our first Aim, a synthetic pathway termed methanol condensation cycle (MCC) was 

designed and demonstrated. MCC is an ATP-independent pathway that is capable of 

stoichiometric conversion of methanol to acetyl-CoA, a precursor to many longer chain products. 

With a cell-free system, a catalytic cycle of MCC was confirmed using 13C labeled methanol. 

The in vitro production was further optimized by adjusting the key enzymes to avoid “kinetic 
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trap”, where excess amount of certain enzymes would reduce the robustness of the cycle. As a 

result, the Aim was accomplished by demonstrating conversion of methanol to ethanol and 1-

butanol with high carbon yield (80% and 50%, respectively).  

During our work in realizing MCC, poor catalytic efficiency of NAD-dependent 

methanol dehydrogenase (Mdh) had been a major hurdle. The enzyme catalyzes a 

thermodynamically unfavorable methanol oxidation reaction and has higher activity towards 

ethanol and 1-butanol instead of methanol. Therefore, our second Aim was to bioprospect and 

engineer Mdhs for improved methanol oxidation activity. We first identified and characterized 

Mdh2 from Cupriavidus necator N-1 with significant activity towards methanol. We then 

employed directed evolution with high-throughput screening to further enhance methanol 

activity and specificity. As a result, the engineered Mdh2 variant CT4-1 showed 6-fold higher 

Kcat/Km for methanol and 10-fold lower Kcat/Km for 1-butanol.  

With the experience in in vitro methanol conversion to chemical products and Mdh 

engineering, our third Aim was to engineer E. coli for methanol dependent growth and 

production. We constructed an E. coli strain that couples methanol assimilation to growth. By 

disrupting ribulose-phosphate 3-epimerase or ribose-5-phosphate isomerase in the pentose 

phosphate pathway, the strain was unable to utilize xylose or ribose as sole carbon source. 

Expression of methanol assimilation enzymes from the ribulose monophosphate pathway 

allowed the strain to co-utilize methanol with either one of the pentoses. This strain was termed 

as “synthetic methanol auxotrophy” since it cannot grow without methanol. This strain allowed 

us to optimize methanol assimilation by evolving for faster methanol-dependent growth. Our 

best strains were able to utilize methanol for growth to an OD600 of 4.0 in 30 hrs with methanol 
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and xylose co-assimilation at a molar ratio of about 1:1. Genome sequencing and reversion of 

mutations indicates that mutations on genes encoding for adenylate cyclase (cyaA) and the 

fromaldehyde detoxification operon (frmABR) are necessary for the growth phenotype. The 

methanol auxotrophy strain was further engineered to produce ethanol or 1-butanol to final titers 

of 4.6 g/L and 2.0 g/L, respectively. We also demonstrated the utility of this strain as a selection 

platform to significantly decrease residual methanol amount in growth medium. The synthetic 

methanol auxotrophy strain represents a useful platform for engineering methanol conversion. 
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1. Introduction 

C1 substrates such as methanol derived from biogas or natural gas may become an 

attractive raw material for production of chemicals. Biological conversion of methanol to value-

added products has advantages such as higher capital efficiency due to its inherent low scale and 

therefore allows to access resources in smaller scale (James M. Clomburg et al., 2017; Haynes 

and Gonzalez, 2014). Bioconversion of methanol to products such as amino acids (Hagishita et 

al., 1996; Motoyama et al., 2001, 1994, 1993), polyamine monomers (Naerdal et al., 2015), 

vitamins (Ivanova et al., 2006), and terpenoids (Sonntag et al., 2015) has been demonstrated 

using methylotrophic bacteria, a group of microorganisms that can use single carbon compounds 

such as methanol as their sole carbon source for growth. Despite these previous successes, many 

obstacles remained to be overcome for industrial application. In particular, improvement of 

genetic tools and study of cell physiology are required for further strain engineering (Bennett et 

al., 2018; Schrader et al., 2009). A promising alternative is to engineer industrial friendly 

organisms such as Escherichia coli. Theoretically, “synthetic methylotrophy” can be achieved by 

expressing three key enzymes from ribulose monophosphate (RuMP) pathway that assimilates 

methanol to form central metabolites: methanol dehydrogenase (Mdh) that oxidize methanol to 

formaldehyde, 3-hexulose-6-phosphate synthase (Hps) that condenses formaldehyde with 

ribulose 5-phosphate to produce arabino-3-hexulose 6-phosphate (H6P), and 6-phospho-3-

hexuloisomerase (Phi) that isomerize H6P to fructose 6-phosphate. However, using RuMP 

pathway for production of chemicals derived from acetyl-coA suffers from intrinsic carbon yield 

limitation due to CO2 lost. Furthermore, although methanol incorporation to central metabolites 

has been demonstrated in model organisms such as E. coli (Bennett et al., 2017; Gonzalez et al., 
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2017; Jonas E N Müller et al., 2015; Whitaker et al., 2017), Saccharomyces cerevisiae (Dai et al., 

2017), and Corynebacterium glutamicum (Leßmeier et al., 2015; Witthoff et al., 2015), none of 

these strains can grow solely on methanol or utilize methanol as main carbon source for 

production. Therefore, the overall goal of my Ph.D. thesis has been to improve the current 

scheme of methanol bioconversion using Escherichia coli, in the aspect of pathway carbon 

efficiency, key enzyme kinetics, and in vivo biochemical production.  

Chapter 2 will address the intrinsic carbon yield limit for production of acetyl-CoA 

derived products. As one of the key metabolites, acetyl-CoA plays a pivotal role in biosynthesis 

of many industrially interesting products. Current methanol assimilation pathways found in 

nature has limited carbon yield due to CO2 lost or ATP requirement. Our first goal was to 

address this problem with a design of synthetic pathway. As such, a novel pathway termed 

Methanol Condensation Cycle (MCC) was designed with 100% theoretical carbon yield. After 

pathway optimization, our in vitro production was able to produce ethanol and 1-butanol with 

carbon yield of 80% and 50%, respectively.  

Chapter 3 discusses the bottleneck enzyme methanol dehydrogenase (Mdh) and related 

engineering results. Mdh catalyzed the thermodynamically unfavorable methanol oxidation 

reaction and is a hurdle of engineering methanol bioconversion. Here we identified the Mdh2 

from Cupriavidus necator N-1 that showed significant activity towards methanol. We have 

developed a high-throughput screening method to further improve the enzyme with directed 

enzyme evolution. The resulting Mdh2 variant CT4-1 demonstrated 6-fold higher Kcat/Km for 

methanol and 10-fold lower Kcat/Km for 1-butanol. 
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Chapter 4 describes our effort in engineering E. coli for in vivo methanol conversion to 

ethanol and 1-butanol. Here we designed and constructed an E. coli strain that assimilates 

methanol as essential carbon source for growth when ribose or xylose is provided. The so-

defined “methanol auxotrophy” strain allowed us to optimize methanol-utilization based on 

growth. By adaptive evolution, we were able to improve the cell to grow on methanol and xylose 

to OD600 of 4 in 30 hours. Deleterious mutation on adenylate cyclase (cyaA) and truncation of the 

fromaldehyde detoxification operon (frmABR) are identified as key genome modifications that 

contributed to the improved growth phenotype. The strain was further engineered to demonstrate 

ethanol and 1-butanol production from methanol to final titers of 4.6 g/L and 2.0 g/L, 

respectively.  
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2. Building carbon-carbon bonds using a biocatalytic methanol condensation cycle 

Disclaimer: This chapter was originally published with the same title in PNAS 111 (2014) 

15928-15933. 

This publication had equal 1st co-authorship between myself, Dr. Igor W. Bogorad, Dr. Matthew 

K. Theisen, Dr. Tung-Yun Wu. Chang-Ting demonstrated methanol conversion to ethanol and 1-

butanol with GC-FID. Dr. Theisen performed the EMRA analysis and carried out the 13C 

labeling experiment of formaldehyde to acetate. Dr. Wu conducted large scale protein 

purifications and enzyme characterization. Dr. Bogorad invented the pathway and performed the 

13C tracing experiment of formaldehyde conversion to ethanol. All 1st-coauthors participated in 

the manuscript writing. Alicia R. Schlenz and Albert T. Lam were laboratory technicians who 

assisted with in vitro assays and protein purification.  

Author contributions: I.W.B., C.-T.C., M.K.T., T.-Y.W., and J.C.L. designed research; I.W.B., 

C.-T.C., M.K.T., T.-Y.W., A.R.S., and A.T.L. performed research; I.W.B., C.-T.C., M.K.T., T.- 

Y.W., and J.C.L. wrote the paper; and I.W.B. and J.C.L. invented the MCC pathway.  

 

2.1 Abstract 

Methanol is an important intermediate in the utilization of natural gas for synthesizing 

other feedstock chemicals. Typically, chemical approaches for building C–C bonds from 

methanol require high temperature and pressure. Biological conversion of methanol to longer 

carbon chain compounds is feasible; however, the natural biological pathways for methanol 

utilization involve carbon dioxide loss or ATP expenditure. Here we demonstrated a biocatalytic 
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pathway, termed the methanol condensation cycle (MCC), by combining the nonoxidative 

glycolysis with the ribulose monophosphate pathway to convert methanol to higher-chain 

alcohols or other acetyl-CoA derivatives using enzymatic reactions in a carbon-conserved and 

ATP-independent system. We investigated the robustness of MCC and identified operational 

regions. We confirmed that the pathway forms a catalytic cycle through 13C-carbon labeling. 

With a cell-free system, we demonstrated the conversion of methanol to ethanol or 1-butanol. 

The high carbon efficiency and low operating temperature are attractive for transforming natural 

gas-derived methanol to longer-chain liquid fuels and other chemical derivatives.  

 

2.2  Significance statement 

With the recent discoveries of large reserves of natural gas, the efficient utilization of 

one-carbon compounds for chemical synthesis would reduce the raw material cost for the 

petroleum- based chemical industry. Methanol is produced industrially from methane and is a 

feedstock chemical for the synthesis of higher carbon compounds. However, current chemical 

synthesis of higher carbon compounds from methanol requires high temperature and pressure. 

Natural biological pathways for methanol utilization are carbon and ATP inefficient. Here we 

constructed a synthetic biocatalytic pathway that allows the efficient con- version of methanol to 

higher-chain alcohols or other higher carbon compounds without carbon loss or ATP expenditure. 

The high carbon efficiency and favorable operating conditions are attractive for industrial 

applications.  
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2.3 Introduction 

Methanol is industrially produced from synthetic gas-derived olefins and alkanes 

(Bjørgen et al., 2008; Chang, 1983; Jones, 2000; McCann et al., 2008; Ott et al., 2012; Stöcker, 

1999; Summers et al., 1986). These reactions typically involve high temperatures and pressures 

that require large capital investment (Conrado and Gonzalez, 2014; Haynes and Gonzalez, 2014). 

The condensation of methanol to higher-chain alcohols such as ethanol or 1-butanol is 

thermodynamically favorable (∆G°′ = −68 and −182 kJ/mol, respectively), but the direct 

condensation of methanol to higher-chain alcohols has been quite challenging. Using the Guerbet 

reaction, methanol can upgrade short alcohols (such as n-propanol) to longer alcohols; however, 

methanol cannot self-couple (Kozlowski and Davis, 2013). Metal acetylides can convert 

methanol to isobutanol, although this process was demonstrated to be noncatalytic (Fox et al., 

1984).  

Nature has evolved several distinct ways to assimilate methanol to form metabolites 

necessary for growth. In principle, metabolites resulting from these methylotrophic pathways can 

be used to form higher-chain alcohols, although inherent pathway limitations prevent complete 

carbon conservation (Figure 2-5). In the ribulose monophosphate pathway (RuMP), three 

formaldehydes condense to pyruvate, which is decarboxylated to form acetyl-CoA and CO2, 

reducing the carbon efficiency to 67%. The serine pathway requires an external supply of ATP to 

drive otherwise unfavorable reactions. Similarly, oxidation of methanol to CO2 followed by CO2 

fixation using the Calvin–Benson–Bassham (CBB) cycle also requires additional ATP. To 

generate the required ATP input, extra carbon must be spent to drive oxidative phosphorylation. 

To our knowledge, natural methylotrophs are not capable of using the reductive acetyl-CoA 
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pathway, which can produce acetyl-CoA without carbon loss or ATP requirement through 

carbon reassimilation after complete oxidation of methanol. This route is extremely oxygen 

sensitive and difficult to engineer due to the complex cofactors involved, and achieving carbon 

conservation would require that CO2 produced in methanol oxidation is completely reassimilated. 

Thus, in all native pathways some carbon must be lost during the production of acetyl-CoA, the 

precursor for n-alcohols.  

Here we constructed an enzymatic cycle to achieve the catalytic condensation of 

methanol to higher alcohols with complete carbon conservation and ATP independence. This 

pathway is modified from the combination of RuMP coupled with a non-native pathway, 

nonoxidative glycolysis (NOG) (Bogorad et al., 2013) shown in Figure 2-1A. However, the 

combined pathway, which we call the methanol condensation cycle (MCC), can be simplified to 

become completely ATP independent. A thorough list of reactions is given in Table 2-1. The 

first step in MCC is the oxidation of methanol to formaldehyde. This reaction can be catalyzed 

by three classes of enzymes: alcohol oxidase (Roggenkamp et al., 1975), quinone-dependent 

methanol dehydrogenase (Anthony and Zatman, 1967), and NAD-dependent methanol 

dehydrogenase (Arfman et al., 1989). Only the last class of enzymes provides the correct 

reducing equivalents, which can be used to drive the reductive portion of MCC for ethanol or 1-

butanol formation (Figure 2-6).  

The core portion of MCC is the biochemical condensation of two formaldehydes with a 

CoA to form acetyl-CoA and water (Figure 2-1 B and C). Similar to the initial steps in the RuMP 

pathway, formaldehyde combines with ribulose-5 phosphate (Ru5P) to produce hexulose-6-

phosphate, which is isomerized to fructose- 6-phosphate (F6P). The formaldehyde assimilation is 
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catalyzed by hexulose-6-phosphate synthase (Hps) and phosphohexulose isomerase (Phi), 

respectively. A similar conversion could be achieved using dihydroxyacetone synthase (Bogorad 

et al., 2013) and fructose-6-phosphate aldolase (Schürmann and Sprenger, 2001) as shown in 

Figure 2-6. Once fructose-6-phosphate is formed, half of the molecules are saved for carbon 

rearrangement to regenerate Ru5P, whereas the rest are cleaved irreversibly by phosphoketolase 

(F/Xpk). This promiscuous enzyme can cleave either F6P (Fpk) or X5P (Xpk) to acetyl- 

phosphate and its corresponding sugar phosphate (Schramm et al., 1958). Although Xpk activity 

is higher, both Xpk and Fpk can be used to achieve the same net conversion. F/Xpk is able to 

conserve ATP by phosphorylating the two carbon keto group cleaved from F6P or X5P using 

inorganic phosphate. The produced acetyl-phosphate can be readily converted to acetyl-CoA by 

the phosphate acetyltransferase (Pta). By avoiding pyruvate decarboxylation to form acetyl-CoA, 

no carbon is lost. The E4P produced then reacts with F6P through a series of reactions involving 

transaldolase (Tal), transketolase (Tkt), ribose-5 phosphate isomerase (Rpi), and ribulose 5-

phosphate epimerase (Rpe), to regenerate two molecules of Ru5P to complete the cycle. MCC 

does not involve an essential RuMP enzyme (phosphofructokinase) and avoids three NOG 

enzymes: triose phosphate isomerase (Tpi), fructose-1,6-bisphosphate aldolase (Fba), and 

fructose-1, 6-bisphosphatase (Fbp).  

A unique feature of MCC is the conservation of phosphates in the cycle. The sum of all 

sugar phosphates remains constant throughout the catalytic cycle as long as no nonenzymatic 

degradation reactions occur to deplete the sum. No new sugar phosphate intermediates are 

generated or degraded by pathway reactions. Other pathways like CBB and RuMP do not 

conserve phosphate groups and instead lose these high energy bonds by the action of 
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phosphatases. The final phase in MCC involves the reduction of acetyl-CoA to alcohols Figure 

2-7. Ethanol can be directly produced from acetyl-CoA by an acylating aldehyde dehydrogenase 

and an alcohol dehydrogenase. The biosynthesis of 1-butanol can be accomplished by a pathway 

previously established (Shen et al., 2011) that involves reactions similar to the one use by 

Clostridia.  

 

2.4 Results 

To demonstrate the feasibility of MCC, we first focused on the core portion from 

formaldehyde to acetate using purified enzymes (primers listed in Table 2-2). Each enzyme was 

demonstrated to have activity in individual assays. Similar to other non-linear metabolic cycles 

(like TCA or CBB), an initial pool of intermediates was needed to prime the pathway. 13C-

labeled formaldehyde was used to detect the carbon flow. According to MCC, double-labeled 

acetic acid (MW = 62) was expected if 13C-formaldehyde was catalytically converted and the 

ribulose-5-phosphate was regenerated. Unfortunately, after buffer optimization even this core 

pathway could not be demonstrated. No difference in double labeled acetate was observed with 

or without carbon rearrangement enzymes.  

 

2.4.1 Robustness of MCC to Enzyme Variation 

The failure of these initial tests prompted us to examine the robustness of the pathway. 

Since the cycle enzymes involve bifurcating branches, unbalanced enzyme activities may have 

led to failure of the cycle. We used Ensemble Modeling for Robustness Analysis (EMRA) to 

determine if the cycle is robust against loss of steady-state due to non-linear effects (Lee et al., 
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2014). The analysis showed that the MCC cycle is most robust using intermediate levels of 

phosphoketolase (Figure 2-2A), and will produce less acetyl-phosphate as the enzyme amount 

increases or decreases. At excessive levels of phosphoketolase, a kinetic “trap” occurs that 

significantly diminishes the total acetyl-phosphate produced since an accumulation of G3P or 

E4P occurs. This phenomenon was only predicted for phosphoketolase, while other enzymes 

were immune to this trap at high amounts (Figure 2-8). To further investigate the kinetic trap, we 

simulated the effect of increasing phosphoketolase on conversion of 13C-formaldehyde and 

unlabeled R5P to acetic acid (Figure 2-2B). All enzymes were modeled using Michaelis-Menten 

kinetics and a batch simulation was solved using a set of ordinary differential equations in 

Matlab. Enzyme parameters were chosen at random except for Vmax of phosphoketolase which 

was varied systematically. The average of ten parameter sets was calculated and a maximum 

amount of acetic acid was predicted at intermediate levels F/Xpk.  

 

2.4.2 Cell-Free Verification of Kinetic Trap.  

To experimentally verify the kinetic trap, we varied the amount of phosphoketolase using 

13C-formaldehyde and R5P as substrates to produce acetylphosphate. By using glucose 

phosphorylation to recycle the ADP, acetyl-phosphate was converted to acetate to enable GC-

MS analysis (Kien et al., 1990). GC-MS allowed us to see the distribution of 60, 61, and 62 

acetate isotopes. The maximum amount of acetate was observed when F/Xpk was around 90 

mg/L (Figure 2-2C). Consistent with our previous simulations, increasing the amount of 

phosphoketolase above this observed maximum caused a twofold decrease in total acetic acid. 

Single and unlabeled acetic acid both increased at higher F/Xpk values since the initial R5P 



11 

 

could isomerize to X5P. The total acetic acid and isotope distribution from the cell-free 

experiment matched the trend shown in the simulation as the amount of phosphoketolase is 

varied.  

 

2.4.3 Demonstration of the Catalytic Cycle using 13C Tracing.  

Since sugar phosphates must be added to prime the cycle, it is important establish 

whether the carbon in the final product comes from formaldehyde or the initial sugar phosphate 

pool. Having optimized the amount of F/Xpk in the core portion of MCC, we then extended the 

pathway further to ethanol using an external source of reducing equivalents. Phosphate 

acetyltransferase (Pta from Bacillus subtilis) was used to convert acetyl-phosphate to acetyl-coA, 

which can be reduced by a bifunctional alcohol dehydrogenase (AdhE). Yet, this enzyme is 

known to be oxygen labile and forms long rod-like structures (Kessler et al., 1992; Nnyepi et al., 

2007), making in-vitro purification difficult. Instead, the oxygen-tolerant acylating acetaldehyde 

dehydrogenase (PduP) from Salmonella enterica (Lan et al., 2013) can be used in a two-step 

reduction process via an aldehyde intermediate. We used a homologue of PduP from Bacillus 

methanolicus for converting acetyl-CoA to acetaldehyde, and a commercial Adh 

(Saccharomyces cerevisiae) for producing ethanol. Instead of starting from methanol, here we 

used formic acid and formate dehydrogenase from Candida boidinii (Shaked and Whitesides, 

1980) to provide the NADH needed reduce acetyl-CoA to ethanol. This strategy allowed us to 

optimize the pathway from formaldehyde to ethanol independently without the complication of 

Mdh. To verify that the carbon rearrangement is essential, we compared the full pathway to a 

control without Tal. 13Carbon labeled formaldehyde was used to track the carbon flow (Figure 
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2-9). Since there is an initial pool of pentose phosphates, some unlabeled ethanol can form by 

cleavage of X5P. Additionally, a single pass of formaldehyde assimilation would produce a 

single labeled [2-13C]- ethanol. However, if the MCC is functional, fully labeled [1,2-13C]-

ethanol can be made. Using the complete cycle, the pentose phosphates can be regenerated and 

fully-labeled ethanol can be produced. The fragmentation pattern of ethanol leads to a [M-1]+ ion 

that is roughly three times more abundant compared to the molecular ion [M]+. This ratio of [M-

1]+ to [M]+ ions was consistently observed for all four ethanol isotopes (Figure 2-3A). The full 

pathway produced mostly double-labeled ethanol as determined by the ratio of 48 to 47 ions 

(Figure 2-3B). In this cell-free system, no 48 ion could be detected in the “No Tal” control 

(Figure 2-3C). Some unlabeled carbon was still present since the 46 ion, which is absent in the 

double-labeled ethanol standard, could be detected. The presence of the 48 ion demonstrates a 

catalytic MCC cycle.  

 

2.4.4 Continuous Production of Ethanol 

Next, we attempted to show that the production of ethanol can be continuous if there is 

constant supply of formaldehyde. The optimal productivity was achieved when formaldehyde 

was added at a rate of 6 mM CH2O/hour (Figure 2-4A). Though feeding R5P should not be 

necessary since it can theoretically be replenished, improved production was achieved also fed at 

low levels (0.5 mM/hour). Since MCC should have conserved metabolites, this suggested that 

the pool of intermediates was degraded during the course of the reaction. To identify the 

distribution of metabolites and possible bottlenecks, we used high-performance ion 

chromatography (HPIC) with pulsed amperometric detection (PAD) (Groussac et al., 2000; Park 
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et al., 2011) to quantify the sugar phosphates (Figure 2-4B). Within the first minute, the R5P 

quickly rearranges to other intermediates. Between the first and twentieth minutes, the overall 

pool decreases to a third of the initial point (through relative quantities remain about the same) 

indicating substrate degradation. G3P is known to be fairly unstable and was not detected in this 

system (Ye et al., 2012). The decrease in pool of intermediates explains why feeding low levels 

of R5P was required to maintaining continuous ethanol production from formaldehyde.  

 

2.4.5 Production of Ethanol and 1-Butanol from Methanol 

Finally, we aimed to demonstrate the conversion of methanol to ethanol and 1-butanol. 

Since a NAD-dependent methanol dehydrogenase (EC 1.1.1.244) is only found from B. 

methanolicus (Arfman et al., 1989; de Vries et al., 1992), our initial target was to use this unique 

enzyme. However its low specific activity (< 1 U/mg) and high Km (>100 mM) in the optimized 

buffer conditions, led to trace amounts of alcohols. We purified six methanol dehydrogenases 

from B. methanolicus and constructed activator-insensitive mutants for each homolog. A single 

point mutation has been shown to make Mdh forty times more active in the absence of the Nudix 

activator (Hektor et al., 2002). Additionally, we bioprospected a wide variety of predicted NAD 

dependent alcohol dehydrogenases from other organisms. Unfortunately, all purified enzymes 

demonstrated relatively poor activity towards methanol with higher specificity towards longer 

chain alcohols, consistent with previous results (Krog et al., 2013). We chose the commercial 

alcohol dehydrogenase from S. cerevisiae, which is the same enzyme used for ethanol production. 

Although it does not have the highest activity towards methanol, its availability made it a more 

reasonable option than purifying large amounts other enzymes. The optimal production was 
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identified by mapping a 2-dimensional parameter space (Figure 2-9), varying F/Xpk and Adh (S. 

cerevisiae). This condition was used for a 24 hour time course (Figure 2-4C).  We tested several 

methanol concentrations and 200 mM methanol was chosen since it produced the highest carbon 

yield. After five hours, the productivity decreases and this led to a final titer of 610 mg/L (13.3 

mM) ethanol from 6200 mg/L (200 mM) methanol. The carbon yield was 80% (33.5 mM 

methanol consumed), exceeding the theoretical yield (66%) from the native pathway RuMP 

followed by EMP.  

We then extended the pathway to 1-butanol by including the enzymes from acetyl-CoA 

to 1-butanol. These include thiolase (Escherichia. coli), 3-hydroxybutyryl-CoA dehydrogenase 

(Clostridia acetobutylicium), crotonase (C. acetobutylicum), trans-enoyl-CoA reductase 

(Treponema denticola), acylating aldehyde dehydrogenase (PduP from Salmonella enterica), and 

alcohol dehydrogenase (S. cerevisiae). Starting with 6200 mg/L (200 mM) of methanol, the final 

titer for 1-butanol was 170 mg/L (2.3 mM). Since only 21.1 mM of methanol was consumed, this 

represents a 50% carbon yield (Figure 2-4D). Remaining carbons were in ethanol (about 15%), 

acetate, and possibly some degradation products of sugar phosphates. Here we used the same 

alcohol dehydrogenase for methanol oxidation as well as ethanol and 1-butanol production. 

Interestingly, even though this enzyme is reversible and has higher activity towards 1-butanol 

and ethanol oxidation than methanol oxidation, the thermodynamic driving force (Figure 2-10) 

effectively drives the reaction towards the longer chain alcohol.  
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2.5 Discussion 

The above results demonstrate that MCC is indeed functional, although kinetics of the 

cycle needs to be tuned to avoid the kinetic trap. We expect that with some moderate protein 

engineering, the activities of Mdh, Fpk, and PduP could be improved to enable substantially 

higher fluxes (Table 2-3). Because MCC is completely redox balanced and independent of ATP, 

a cell-free system could be a viable application for larger-scale production after optimizing the 

conditions for enzyme and intermediates stability. Unlike microbial systems, cell-free conversion 

can achieve high theoretical yields, achieve high productivity, and are easier to control (Welch 

and Scopes, 1985; Zhang et al., 2010, 2007). Alternatively, MCC could be engineered into a 

variety of hosts because all of the enzymes are oxygen tolerant. Because of the abundance of 

natural gas, methanol is expected to become an abundant feedstock (Caballero and Pérez, 2013). 

The building of specific C-C bonds with high carbon and energy efficiency from methanol is of 

high interest.  
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2.6 Materials and methods 

For details and full list of abbreviations see page 23 (supplementary text). 

Chemicals and Reagents. All reagents were purchased from Sigma-Aldrich unless otherwise 

stated. The following enzymes were also purchased from Sigma-Aldrich: hexokinase (S. 

cerevisiae), phosphoglucose isomerase (S. cerevisiae), glucose-6-phosphate dehydrogenase (S. 

cerevisiae), and alcohol oxidase (Pichia pastoris). Alcohol dehydrogenase (S. cerevisiae) and 

formate dehydrogenase (C. boindii) were purchased from Worthington Biochemical Corporation.  

Simulation of MCC Robustness and 13C-Tracing Prediction. For details, see page 23 

(supplementary text). 

Cloning and Purification MCC Enzymes. All enzymes were cloned onto the pQE9 (Qiagen) 

backbone and purified on a Ni-NTA column. Large-scale purification (500 mL) typically 

produced about 10-50 mg of for each enzyme. For primers and details, see Table 2-2.   

Formaldehyde to Acetate Assay with F/Xpk Variation. A 200 µL reaction contained 50 mM 

Tris-HCl buffer pH = 7.5, 25 mM potassium phosphate buffer, 10 mM MgCl2, 48 µg Tkt, 76 µg 

Tal, 24 µg Rpe, 70 µg Hps, 15 µg Phi, 20 µg Rpi, 1 mM R5P, 0.5 mM thiamine pyrophosphate, 5 

mM 13C-formaldehyde, 0.1 mM ATP, 5.4 µg Ack, 2.5 U hexokinase, and 5 mM glucose.  

Various amounts of F/Xpk were used. The reaction time for formaldehyde to acetate assays was 

3 hours and the reactions were conducted at room temperature.  

Continuous Ethanol Production. A 200 µL reaction contained 50 mM Potassium Phosphate pH 

7.5, 0.2 mM NAD+, 0.2 mM CoA, 10 mM MgCl2, and 1 mM TPP. The enzyme amounts were: 

30 µg Hps, 10 µg Phi, 100 µg Tkt, 60 µg Tal, 10 µg Rpi, 10 µg Rpe, 15 µg F/Xpk, 10 µg Pta, 50 

µg PduP (Bm), 0.01 U Adh, and 0.1 U Fdh. The initial substrates were 6 mM 13C- formaldehyde, 
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0.5 mM R5P, 10 mM sodium formate. The same amount of substrates were feed at 1 hour and 2 

hours. Tal was excluded for the control. Samples were analyzed by GC-MS every 30 minutes for 

three hours.  

Methanol to Ethanol Assays. The buffer conditions were changed since methanol oxidation by 

alcohol dehydrogenase is extremely slow at pH 7.5. Diglycine buffer (pH 8.5) was chosen as a 

compromise between optimal activity for Mdh and F/Xpk. Since F/Xpk is slower at pH 8.5, more 

enzyme was added to compensate. A 550 µL reaction contained 100 mM Diglycine buffer pH = 

8.5, 1 mM dipotassium phosphate, 10 mM MgCl2, 1 mM NAD+, 1 mM thiamine pyrophosphate, 

0.2 mM Coenzyme A, 200 mM 13C-methanol, 4 mM F6P. The enzyme amounts were: 55 µg 

Tkt, 431 µg Tal, 53 µg Rpe, 79 µg Rpi, 393 µg Hps, 431 µg Phi, 344 µg Fpk, 55 µg Pta, 297 µg 

PduP (Bm), 2.75 mg Adh. Reaction was carried out at 37°C. At each time point, 120 µL of 

sample was taken out and mixed with 12 µL of 8 M urea to quench the reaction. Samples were 

subject to filtration (Costar Centrifuge Devices, cellulose acetate, 0.22 µm, Corning, Amsterdam, 

The Netherlands) if precipitation occurs. After 2 minutes, 120 µL of 1g/L 1- pentanol were added 

as internal standard for GC analysis. The samples were kept in -20°C before further analysis.  

Methanol to 1-butanol assays. The buffer and components of reaction mixture were identical to 

methanol to ethanol assay except for the enzymes. In a 550 µL reaction, the following enzymes 

were added: 55 µg Tkt, 431 µg Tal, 53 µg Rpe, 79 µg Rpi, 393 µg Hps, 431 µg Phi, 344 µg Fpk, 

55 µg Pta, 743 µg AtoB, 88 µg Hbd, 38 µg Crt, 30 µg Ter, 59 µg PduP (Se), and 2.75 mg Adh 

(Sc). The procedure of sample preparation for GC is identical to methanol to ethanol assay.  

Analytical methods. Individual assays followed spectrophotometrically using a Beckman 

Coulter DU 800 (Beckman Coulter, Pasadena, CA, USA) or Agilent 8453 UV-Vis 
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Spectrophotometer (Agilent Technologies, Santa Clara, California, USA). Acetic acid, ethanol, 

and n-butanol were analyzed by GC-FID or GC-MS (Agilent Technologies, Santa Clara, 

California, USA). Details given in SI Text.  

Sugar Phosphate Analysis. Sugar phosphates were analyzed by a modified method from 

Groussac et. al.  
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2.7 Figures 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-1. Conversion of methanol to higher n-alcohols   
 
(A) The MCC is the combination of RuMP with NOG that bypasses ATP dependency. See Table 
2-1 for details. (B) The major MCC mode uses the more active X5P-phosphoketolase (Xpk). (C)  
The minor MCC mode can achieve the same result with the less active F6P-phosphoketolase  
(Fpk). This figure was created by Dr. Igor W. Bogorad.  
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Figure 2-2. Simulation and in vitro demonstration of a kinetic trap  
 
(A) Ensemble model robustness analysis (EMRA) of the core MCC pathway 84. YR,M is the 
fraction of robust models constrained to a steady state. The variation of phosphoketolase is 
shown in red and variation of transaldolase in blue. (B) Simulated distribution of acetic acid 
isotopes using 13C-formaldehyde as the substrate (C) In vitro production of acetic acid and GC- 
MS analysis using 13C-formaldehyde as substrate. Seven enzymes (Hps, Phi, Tkt, Tal, Rpe, Rpi, 
and F/Xpk) were used to produce acetyl-phosphate from 13C-formaldehyde. For GC analysis, the 
AcP was then converted to acetate by acetate kinase using ATP recycling by glucokinase. An 
acetate standard curve was established with R2 = 0.998 up to 5 mM to ensure reliable 
quantitation. Assays were independently run in triplicate (n = 3) with error bars representing SD. 
The data and simulations in this figure were generated by Dr. Matthew K. Theisen.   
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Figure 2-3. 13C tracing from 13C-fromaldehyde and formate to ethanol 
 
(A) The mass spectra of all four ethanol isotope standards including unlabeled ethanol, [1-13C]- 
ethanol, [2-13C]-ethanol, double-labeled [1,2-13C]-ethanol. All spectra were normalized to the 
most abundant internal peak. Only double-labeled ethanol has a significant 48 ion (red asterisks). 
(B) Mass spectrum of ethanol experimentally produced from 13C-formaldehyde, unlabeled 
formate, and unlabeled R5P using the full MCC pathway with formate dehydrogenase. The 
assays were analyzed after two hours at room temperature. Formate was oxidized to CO2 by 
formate dehydrogenase to provide the necessary NADH to reduce acetyl-CoA to ethanol. (C) 
The “No Tal” control contained the same conditions as the full pathway except for omitting 
transaldolase. No 48 ion was detected for the control. m/z, mass to charge ratio; R.A., relative 
abundance. The in vitro assays in this figure were performed by Dr. Igor W. Bogorad with 
technical assistance by Albert Lam.  
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Figure 2-4. Ethanol and 1-butanol production from formaldehyde or methanol using MCC  
 
(A) Steady-state production of ethanol from formaldehyde with MCC using formic acid as 
electron source. 6 mM formaldehyde, 10 mM formate, and 0.5 mM R5P were added at the 0-, 1-, 
and 2-h points. This was performed by Dr. Igor W. Bogorad with technical assistance by Albert 
Lam. (B) Sugar phosphate measurement over time using HPIC-PAD for the batch conversion of 
formaldehyde to acetyl-phosphate. Most of the carbon rearrangement occurred within the first 
minute. F6P and R5P standards overlap so the combine area is provided in the full assay. This 
was performed by Dr. Igor W. Bogorad with technical assistance by Albert Lam. (C) Conversion 
of methanol to ethanol and (D) to 1-butanol over 24 h. Chang-Ting Chen performed the assays 
demonstrated in (C) and (D). Dr. Tung-Yun Wu performed the large scale protein purifications 
with assistance by Alicia Schlenz. The productivity drops after five hours, likely due to 
instability of intermediates. The alcohol production assays were independently run in triplicate. 
Methanol consumption (for full assay only) is shown in red circles, whereas ethanol and 1-
butanol production is shown with diamonds. Blue colors indicate the full MCC pathway, 
whereas green illustrates the “No Tal” control. Assays were independently run in triplicate (n = 3) 
with error bars representing SD.  
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2.8 Supplementary Text  

Plasmid construction. Plasmids used in enzyme purification were constructed either on the  

pQE9 (Qiagen, Hilden, Germany) or pCDF-Duet1 (EMD Chemicals Inc., NJ) vectors which 

contained a Histidine (His) tag, IPTG-inducible promoter, and high-copy origin of replication. 

The plasmids are maintained with 100 mg/L ampicillin.  

Enzyme purification. Enzymes were expressed in IPTG-inducible plasmids with 6x histidine 

tags in transformed in E. coli strain XL1-Blue or BL21(DE3). Induction was accomplished with 

0.1 mM IPTG. Enzymes were purified using the QIAExpressionist purification procedure for 

proteins under native conditions. Enzyme concentration was determined by the method of 

Bradford using a commercial dye (Thermo Fisher Scientific, Waltham, Massachusetts, USA).  

In Vitro Assays for Each Enzyme. All assays were conducted at 25 °C unless otherwise stated.  

Conditions for Hps-Phi assays: In 500 µL reaction contained 50 mM Tris buffer pH 7.5, 5 mM 

MgCl2, 0.2 mM NADP+, 5 mM R5P, 5 mM formaldehyde, 6.1 µg Pgi, 1.1 µg Zwf, 48 µg Rpi. 

In Phi assays, 9.6 µg of Hps and 0.0048 µg Phi were used. In Hps assays, 47 µg Phi and 1.9 µg 

Hps were used. The assays followed the generation of NADPH at 340 nm. The assays were 

initiated by the addition of R5P.  

Conditions for F/Xpk assay: A 550 µL reaction contained 50mM potassium phosphate buffer 

pH 7.5, 5 mM MgCl2, 0.2 mM NADP+, 1 mM TPP, 0.2 mM ADP, 20 mM glucose, 10 mM F6P, 

1.6 µg F/Xpk, 30 µg Ack, 2 Units Glk, 2 Units Zwf. The production of NADPH was followed at 

340 nm. Similar assay was done to measure Xpk activity by adding 10 mM R5P as substrate with 

10 µg each of Rpi and Rpe.  
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Conditions for Tal, Tkt, Rpe, Rpi assays: A 550 µL reaction mixture contains 5mM R5P, 50 

mM Gly-Gly buffer pH 8.5, 5 mM MgCl2, 1 mM TPP, 0.26 mM NADP+, 0.4 U Zwf, 0.4 U Pgi. 

For coupling reactions, high enzyme amounts were used: 260 µg Tal, 8 µg Tkt, 14 µg Rpe, and 

12 µg Rpi. The tested enzyme in each assay was used at the following levels: 0.5 µg Tal, 0.3 µg 

Tkt, 0.2 µg Rpe, 0.1 µg Rpi. The production of NADPH was measured at 340 nm.  

Conditions for PduP (Bm) assay: A 500 µL reaction contained 50 mM Tris buffer pH 7.5, 5 

mM MgCl2, 0.3 mM NADH, 1 mM AcCoA, 25 µg PduP (Bm). The assays followed the 

consumption of NADH at 340 nm. The assays were initiated by the addition of AcCoA.  

Conditions for PduP (Se) assay: A 500 µL reaction contained 50 mM Tris buffer pH 7.5, 5 mM 

MgCl2, 0.3 mM NADH, 1 mM Butyryl-CoA, 10 µg PduP (Se). The assays followed the 

consumption of NADH at 340 nm. The assays were initiated by the addition of Butyryl-CoA.  

Conditions for Pta assays: A 550 µL reaction contained 50 mM Tris buffer pH 7.5, 0.2 mM 

NADH, 2 mM acetyl-phosphate, 10 mM coenzyme A, 0.077 µg Pta and 44 µg PduP (Se). The 

decrease in NADH was followed at 340 nm.  

Conditions for Hbd assay: A 550 µL reaction contained 50mM potassium phosphate buffer pH 

7.5, 5 mM MgCl2, 0.2 mM NADH, 0.01 µg Hbd, 0.3 mM acetoacetyl-CoA. The decrease in 

NADH was followed at 340 nm.  

Conditions for AtoB assay: A 550 µL reaction contained 50mM potassium phosphate buffer pH 

7.5, 5 mM MgCl2, 0.2 mM NADH, 20 µg Hbd, 0.3 µg AtoB, 0.3 mM acetyl-CoA. The decrease 

in NADH was followed at 340 nm.  

Conditions for Mdh assays: A 500 µL reaction contained, 500 mM methanol, 1 mM NAD+, 

50mM diglycine buffer pH 8.0, 5 mM MgCl2. The assays followed the generation of NADH at 
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340 nm. The assays were initiated by the addition of 10-200 µg of alcohol dehydrogenase, 

depending on the organism.  

Conditions for Adh assays: A 500 µL reaction contained 50mM Gly-Gly buffer pH 8.5, 2 mM 

acetaldehyde, 5mM MgCl2, 1mM NADH, and 0.01 U Adh (Sc). The decrease in NADH was 

followed at 340 nm.  

GC-MS and GC-FID Analysis. All columns and instruments were purchased from Agilent 

Technologies (Santa Clara, California, USA). GC/MS data were obtained from a 6890/5973 

GC/MS. An HP-FFAP column was used to reproducibly quantitate acetic acid. A three-point 

plus zero-intercept standard curve was generated with R2 = 0.998 up to 5 mM acetic acid and 

RSD 3.5-7% (N=3, SSD) to ensure reliable quantitation. Acetic acid has a strong mass peak at its 

molecular weight 60 in GC/MS analysis which is free of surrounding peaks. Thus, 60, 61 & 62 

mass peaks were used to quantify the isotopes of acetic acid. An inlet temperature of 250 °C was 

used. Oven temperature started at 70 °C and held for one minute, followed by a ramp at 20 

°C/min and 2 minute hold at 240 °C. Injection of 0.2 µL in splitless mode with constant pressure 

of 10 psi at the inlet was used.  

Analysis of methanol to ethanol and butanol experiments was carried out using a DB-624UI 

(GC/MS) or DB-FFAP (GC-FID) column. An inlet temperature of 225 °C was used. Oven 

temperature started at 40 °C for 3 minutes, followed immediately by a ramp 45 °C/min to 235 °C 

and hold for 3 minutes. Injection of 1 µL with split ratio of 25 in constant pressure mode with 

9.52 psi at the inlet was used. For mass scatters of alcohol samples, the GC-MS was used. GC- 

FID was typically used for quantification of alcohols, though GC-MS also produced reproducible 

linear standard curves with ethanol and n-butanol.  
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Sugar Phosphate Analysis. Thermo ICS5000+ with a Coulochem III detector and a CarboPac 

PA1 guard and analytical column, the flow rate was set at 1.0 mL/min with Buffer A (50 mM 

NaOH) and Buffer B (50 mM NaOH/500 mM NaAce). The injection volume was 10 µL. The 

column was equilibrated for 3 hours with 100% A. From 0-25 minutes, Buffer B was linearly 

increased to 20%, from 25-45 min Buffer B was linearly increased to 75%, from 45-46 min 

Buffer B was linearly dropped back to 0% and held for another 10 minutes to re-equilibrate the 

column.  

Thermodynamic Profile of MCC. Using the Equilibrator website 

(http://equilibrator.weizmann.ac.il/), all reactions (Mdh, Hps, Phi, F/Xpk, Tkt, Tal, Rpe, Rpi, Pta, 

Ato, Hbd, Crt, Ter, PduP, Adh) were set to pH 7.5, ionic strength of 0.2 mM and standard 

concentrations. For non-standard conditions, a theoretical set of concentrations for all 

intermediates.  

Robustness of MCC by Ensemble Model and Robustness Analysis (EMRA). EMRA is a 

technique for determining how likely it is that perturbations in enzyme parameters, including 

enzyme amount, will interrupt the nature of a steady state. A model including the effects of Fpk 

was used. A reference steady state was chosen to represent MCC operation. A total of 200 

paramater sets were generated and perturbations from 0.1-fold to 10-fold for each enzyme were 

investigated. The robustness of the system at each point for each system was reported and YR,M 

is the fraction of the 200 parameter sets that are robust at each point.  

Predicting 13C-Tracing with Time-Domain Integration. A system modelling the conversion of 

13C-formaldehyde and priming amounts of unlabeled R5P to acetic acid was generated in 

MATLAB. Michaelis-Menten equations modeling the effect of each enzyme were chosen from 
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based on number of products, substrates and reversibility of each reaction. Parameters for each 

reaction were chosen at random. Vmax parameters were chosen uniformly from a 3-fold range 

while Km parameters were chosen from a 10-fold range. Phosphoketolase Vmax parameters were 

not chosen at random but assigned as and varied over a range. Xpk:Fpk activity was 1:7, as 

previously reported. The simulation time was chosen to be representative of the in vitro 

experiment performed. Keq values for reversible reactions were chosen to be realistic, based on 

thermodynamics.  

The effects of carbon labelling were incorporated by charting the locations of labeled ions and 

assigning a different compound for each different isotope. The saturation of each enzyme was 

found by calculating the total amount of each compound, while the flux interconverting each 

isotope was calculated as a fraction of total flux, depending on the abundance of the isotope 

generating that flux.  

Kinetic Analysis. The overall specific productivity (µmol/min/mg total protein) of the pathway 

production is calculated by a modification of Bar-Even et al. (Bar-Even et al., 2010).  

Abbreviations. Enzyme names: Mdh = methanol dehydrogenase; Hps = 3-hexuolse-6-phospate 

synthase; Phi = phosphohexulose isomerase; Fpk = phosphoketolase (F6P activity); Xpk = 

phosphoketolase (X5P activity); Tal = transaldolase; Tkt = transketolase; Rpe = D-ribulose-5- 

phosphate 3-epimerase; Rpi = ribose-5-phosphate isomerase; PduP = acylating aldehyde 

dehydrogenase; Adh = alcohol dehydrogenase; Glk = glucokinase ; Zwf = glucose-6-phosphate 

dehydrogenase; Pgi = glucose-6-phosphate isomerase. Compound names: CH2O = formaldehyde; 

H6P = 3-hexulose-6-phosphate; F6P = fructose-6-phosphate; E4P = erythrose-4- phosphate; S7P 
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= sedoheptulose-7-phosphate; X5P = xylulose-5-phosphate; R5P = ribose-5- phosphate; Ru5P = 

ribulose-5-phosphate; AcP = acetyl phosphate; EtOH = ethanol.  
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2.9 Supplementary figures 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-5. Schematic of natural and synthetic pathways for the conversion of methanol to 
1-butanol 
 
The RuMP and DHA pathways result in a carbon loss from pyruvate decarboxylation. The 
Serine pathway requires ATP input which lowers the carbon yield due to oxidative 
phosphorylation. MCC is the only theoretical route that can achieve stoichiometric conversion 
with amenable enzymes. This figure was drawn by Dr. Igor W. Bogorad.  
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Figure 2-6. Methanol assimilation variations 

 
(A) Three classes of enzymes that oxidize methanol to formaldehyde. Only NAD-Dependent 
Mdh produces the reduced NADH cofactor for acetyl-CoA reduction. (B) Two equivalent routes 
for the assimilation of formaldehyde to fructose-6-phosphate. Fsa is a recently discovered 
enzyme that is not known to participate in any metabolic pathway. The Hps-Phi route was 
chosen for our cell-free systems since it has better kinetics (significantly lower Km for substrates). 
This figure was drawn by Dr. Igor W. Bogorad.  
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Figure 2-7. Reduction of acetyl-CoA to alcohols 
 

Acetyl-CoA can be reduced with NADH to form 1-butanol or ethanol. 
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Figure 2-8. MCC simulation using EMRA 

 
The EMRA analysis indicates that for phosphoketolase, very high activity levels will cause the 
cycle to have a change in the nature of its steady state (bifurcation). Other enzymes cause this 
only when they are present at low levels. Source files can be included in future submissions. This 
data was generated by Dr. Matthew K. Theisen.  
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Figure 2-9. Carbon tracing scheme and optimization 
 
(A) Schematic of 13C tracing in MCC. All four isotopes of AcP are predicted if 13C- 
formaldehyde and unlabeled R5P are used as substrates. This figure was drawn by Dr. Matthew 
Theisen. (B) Optimization of F/Xpk and Adh levels for increase production of double labeled  
[1,2-13C]-ethanol using 48 ion and total ethanol amount as outputs. Effect of kinetic trap was 
observed when F/Xpk is higher than 50 µg/80 µL. This data was performed by Chang-Ting Chen.  
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Figure 2-10. Thermodynamics of MCC in the conversion of methanol to 1-butanol 

 
Though the initial oxidation of methanol is thermodynamically difficult, Hps, F/Xpk, and Ter 
provide a significant driving force for irreversible formation of 1-butanol. *At non-standard 
conditions, it is possible to choose a set of concentrations so that every reaction has a negative 
∆Gr’. The reason for the discrepancy between the total ∆G (-158 for standard and -182 for non- 
standard) is due to a predicted error range from each reaction. This figure was generated by Igor 
Bogorad. The values for each reaction were taken from the Equilibrator website.  
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2.10 Supplementary Tables 

Table 2-1. Futile ATP burning in RuMP-NOG versus ATP-independent MCC 
Name Reactant Product Direction Enzyme 

RuMP 

6 CH2O + 6 Ru5P 6 H6P → Hps 
6 H6P 6 F6P ↔ Phi 
F6P + ATP FBP + ADP → Pfk 
FBP G3P + DHAP ↔ Fba 
DHAP G3P ↔ Tpi 
2 G3P + 2 F6P 2 X5P + 2 E4P ↔ Tkt 
2 E4P + 2 F6P 2 G3P + 2 S7P ↔ Tal 
2 G3P + 2 S7P 2 R5P + 2 X5P ↔ Tkt 
4 X5P 4 Ru5P ↔ Rpe 
2 R5P 2 Ru5P ↔ Rpi 

NOG 
m3 

F6P AcP + E4P → Fpk 
E4P + F6P G3P + S7P ↔ Tal 
G3P + S7P R5P + X5P ↔ Tkt 
R5P Ru5P ↔ Rpi 
Ru5P X5P ↔ Rpe 
2 X5P 2 AcP + 2 G3P → Xpk 
G3P DHAP ↔ Tpi 
G3P + DHAP FBP ↔ Fba 
FBP F6P → Fbp 

MCC 

6 CH2O + 6 Ru5P 6 H6P → Hps 
6 H6P 6 F6P ↔ Phi 
2 G3P + 2 F6P 2 X5P + 2 E4P ↔ Tkt 
3 E4P + 3 F6P 2 G3P + 2 S7P ↔ Tal 
3 G3P + 3 S7P 3 R5P + 3 X5P ↔ Tkt 
3 X5P 3 Ru5P ↔ Rpe 
3 R5P 3 Ru5P ↔ Rpi 
F6P AcP + E4P → Fpk 
2 X5P 2 AcP + 2 G3P → Xpk 

*In the RuMP-NOG combination, the reactions in orange can be eliminated. The reactions (Pfk  
and Fbp) in red constitute a futile ATP-burning cycle. By eliminating these unnecessary 
reactions, MCC reaches stoichiometric conversion of 6 CH2O to 3 AcP (2 to 1 ratio) without 



36 

 

ATP expenditure. NOGm3 denotes the third mode of NOG (Bogorad et al., 2013) that involves 
Fpk and two Xpk. A similar results could be obtained using either the first mode (Fpk only) or 
the second mode (Xpk only). 
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Table 2-2. Primer sequences 
 
  



38 

 

Table 2-3. Kinetic analysis of MCC 
 
Enzyme 
Reaction 

Organism Enzyme Specific Activity (µmol/min/mg protein) 
WT Enzymes Round 1 (1 Enzyme) Round 2 (3 Enzymes) 

Mdh B. methanolicus 0.25 7 15 
Hps M. capsulatus 69 69 69 
Phi M. flagellatus 147 147 147 
Fpk B. adolescentis 0.83 0.83 10 
Tal E. coli 60 60 60 
Tkt E. coli 100 100 100 
Rpe E. coli 257 257 257 
Rpi E. coli 937 937 937 
Pta B. subtilis 1150 1150 1150 
AtoB E. coli 1078 1078 1078 
Hbd C. acetobutylicum 147 147 147 
Crt C. acetobutylicum 6155 6155 6155 
Ter T. denticola 43 43 43 
PduP S. enterica 27 27 27 
Adh S. cerevisiae 18 18 18 

g BuOH/g protein/hr 0.044 2.61 4.94 
 
*Calculations are based on specific activity and pathway stoichiometry.  For example, Mdh must 
react four times to generate one 1-butanol.  Targeted enzyme improvement could drastically 
improve pathway productivity as shown. 
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3 Characterization and evolution of an activator-independent methanol dehydrogenase 

from Cupriavidus necator N-1 

Disclaimer: This chapter was originally published with the same title in Applied Microbiology 

and Biotechnology 100 (2016) 4969-4983. 

This publication had equal 1st co-authorship between Dr. Tung-Yun Wu and myself. Chang-Ting 

and Dr. Wu identified the Mdh2 from C. necator N-1. Dr. Wu characterized the WT Mdh2. 

Chang-Ting performed directed evolution, designed the high-throughput screening (HTS) 

process, and characterized the resulting enzyme variants. Both 1st-coauthors participated in the 

manuscript writing. Dr. Robert Damoiseaux provided assistance for automation facility for HTS. 

Dr. Bogorad implemented Nash assay for Mdh HTS. Jessica Tse-Jin Liu was laboratory 

technician who assisted with in vitro enzyme assays.  

3.1 Abstract 

Methanol utilization by methylotrophic or non- methylotrophic organisms is the first step 

toward methanol bioconversion to higher carbon-chain chemicals. Methanol oxidation using 

NAD-dependent methanol dehydrogenase (Mdh) is of particular interest because it uses NAD+ 

as the electron carrier. To our knowledge, only a limited number of NAD-dependent Mdhs have 

been reported. The most studied is the Bacillus methanolicus Mdh, which exhibits low enzyme 

specificity to methanol and is dependent on an endogenous activator protein (ACT). In this work, 

we characterized and engineered a group III NAD-dependent alcohol dehydrogenase (Mdh2) 

from Cupriavidus necator N-1 (previously designated as Ralstonia eutropha). This enzyme is the 

first NAD-dependent Mdh characterized from a Gram-negative, mesophilic, non-methylotrophic 



40 

 

organism with a significant activity towards methanol. Interestingly, unlike previously reported 

Mdhs, Mdh2 does not require activation by known activators such as B. methanolicus ACT and 

Escherichia coli Nudix hydrolase NudF, or putative native C. necator activators in the Nudix 

family under mesophilic conditions. This enzyme exhibited higher or comparable activity and 

affinity toward methanol relative to the B. methanolicus Mdh with or without ACT in a wide 

range of temperatures. Furthermore, using directed molecular evolution, we engineered a variant 

(CT4-1) of Mdh2 that showed a 6-fold higher Kcat/Km for methanol and 10-fold lower Kcat/Km 

for 1-butanol. Thus, CT4-1 represents an NAD-dependent Mdh with much improved catalytic 

efficiency and specificity toward methanol compared with the existing NAD-dependent Mdhs 

with or without ACT activation.  

 

3.2 Introduction 

Methanol may become an attractive substrate for bioconversion to chemical commodities 

due to the abundance of meth- ane. Methanol bioconversions to amino acids using 

methylotrophic bacteria such as Methylobacterium sp. for L-serine (Hagishita et al., 1996) and 

Methylobacillus glycogenes for L-threonine (Motoyama et al., 1994), L-glutamate (Motoyama et 

al., 1993), and L-lysine (Motoyama et al., 2001) have been demonstrated. Despite previous 

successes, many hurdles remain before industrial applications. In particular, genetic tool 

development and physiological studies of methylotrophic bacteria are needed for further strain 

engineering (Schrader et al., 2009). An alternative is to enable methanol assimilation or even 

bestow methylotrophic growth on strains suitable for industrial processing. In principle, synthetic 

methylotrophy can be achieved by overexpressing heterologous enzymes for methanol oxidation 
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and engineering a formaldehyde assimilation pathway to produce central metabolites for growth. 

Methanol oxidation is categorized into three groups of enzymes based on their terminal electron 

acceptors: (1) Pyrroloquinoline quinone (PQQ)-dependent methanol dehydrogenases (Mdhs), (2) 

methanol oxidases, and (3) NAD-dependent Mdhs. NAD-dependent Mdhs are within metal-

containing group III alcohol dehydrogenases (Adhs), named Mdh when the enzymes present 

significant methanol activity, such as Bacillus methanolicus Mdhs (de Vries et al., 1992). Group 

III Adhs are structurally unrelated to group I or II Adhs and are highly diverse (Elleuche and 

Antranikian, 2013). Among the three types of methanol-oxidizing enzymes, NAD-dependent 

Mdhs are the favorable option for synthetic methylotrophy due to their applicability in both 

aerobic and anaerobic conditions (Whitaker et al., 2015). Furthermore, electrons derived from 

methanol oxidation are stored in NADH, which can be used to drive production of target 

metabolites without sacrificing additional carbons. As such, this type of enzyme was used in a 

redox balanced methanol condensation cycle (MCC) to achieve conversion of methanol to higher 

alcohols (Bogorad et al., 2014). In addition, an NAD-dependent Mdh of B. methanolicus was 

introduced in Escherichia coli and Corynebacterium glutamicum to demonstrate methanol 

assimilation via the ribulose monophosphate pathway (Jonas E.N. Müller et al., 2015; Witthoff et 

al., 2015).  

To our knowledge, NAD-dependent Mdhs with relatively high activity have only been 

reported in the Gram-positive, thermophilic methylotroph, B. methanolicus (Arfman et al., 1989; 

Hektor et al., 2002; Krog et al., 2013), with a few homologs reported from other Gram-positives, 

both mesophilic and thermophilic bacteria (Ochsner et al., 2014; Sheehan et al., 1988). The 

existence of NAD-dependent Mdhs in thermophiles is in agreement with the thermodynamic 
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argument that NAD+-dependent methanol oxidation is favorable at high temperatures (Whitaker 

et al., 2015). Their sequences have 45–53 % similarity to the NAD-dependent 1,3-propanediol 

dehydrogenase of Klebsiella pneumoniae (Krog et al., 2013). In contrast to the PQQ-dependent 

Mdhs which exhibit high methanol specificity (Keltjens et al., 2014), NAD-dependent Mdhs 

have broad substrate specificities, with optimum activity to 1-propanol or 1-butanol and marginal 

activity to methanol (Krog et al., 2013; Sheehan et al., 1988).  

The methanol activity of Mdhs of B. methanolicus can be greatly enhanced by an 

endogenous activator protein ACT, which contains a conserved motif for hydrolyzing nucleoside 

diphosphates linked to a moiety X (Nudix) (Arfman et al., 1997, 1991, 1989; Hektor et al., 2002; 

Kloosterman et al., 2002). This activation effect has been found to be widespread among group 

III Adhs (Ochsner et al., 2014) and results in both increased Kcat and decreased Km. Notably, this 

activation is general to all substrates, instead of a specific activation for methanol (Krog et al., 

2013; Ochsner et al., 2014). ACT activates Mdh by hydrolytically removing the nicotinamide 

mononucleotide (NMN) moiety of the Mdh-bound NAD, causing a change in its reaction 

mechanism from the ping-pong type mechanism to the ternary complex mechanism (Arfman et 

al., 1997). The ACT-Mdh activation model has been proposed to be a reversible process in which 

the interaction between ACT and Mdh results in conformational change to position NAD+ and 

methanol binding sites closer together, thus enabling direct electron transfer (Kloosterman et al., 

2002). However, the detailed mechanism of Mdh activation is still unclear. For the purpose of 

metabolic engineering, it would be useful to identify an Mdh with high activity under mesophilic 

or thermophilic conditions without the need for ACT.  
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In this work, we characterized a putative Mdh encoded by mdh2 in the genome of a non-

methylotrophic bacteria Cupriavidus necator N-1. We showed that Mdh2 was an active NAD-

dependent Mdh without the need for ACT. Mdh2 is the first group III Adh identified in Gram-

negative, mesophilic bacteria that possesses significant methanol activity. Using directed 

evolution, we further improved the Mdh activity and specificity for methanol.  

 

3.3 Materials and methods 

Reagents  

All chemicals were purchased from Sigma-Aldrich or Fisher Scientific unless otherwise 

specified. KOD Xtreme DNA polymerases were purchased from EMD Biosciences (San Diego, 

CA, USA). Phusion Hot Start II High-Fidelity DNA polymerases were purchased from Thermo 

Scientific (Waltham, MA, USA). DpnI enzymes were purchased from New England Biolabs 

(Ipswich, MA, USA).  

Strains and plasmids  

The complete plasmids and primers list used in this work is shown in Table 3-1. E. coli XL-1 

blue was used as the cloning strain to propagate all plasmids. C. necator N-1 strain (ATCC43291) 

was purchased from ATCC (Manassas, VA, USA) and the genomic DNA was extracted by 

Qiagen (Valencia, CA, USA) DNeasy Blood & Tissue Kit.  

PCR amplif ication and cloning  

The annotated mdh1 (CNE_2c07940) and mdh2 (CNE_2c13570) genes from C. necator N-1 

genome were found from Uniprot protein data base (The Uniprot Consortium 2015). The 

inserted mdh1 gene on plasmid pCT23 was amplified from C. necator N-1 genomic DNA using 
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primers CT74 and CT75 (Table 3-1). The inserted mdh2 gene on plasmid pCT20 was amplified 

from C. necator N-1 genomic DNA using primers CT64 and CT65 (Table 3-1). The inserted 

nudF gene on plasmid pTW195 was amplified from E. coli MG1655 (ATCC700926) genomic 

DNA using primers T1478 and T1479 (Table 3-1). The inserts encoding the putative Nudix 

genes were amplified from C. necator N-1 genomic DNA to create pMS4 (CNE_BB1p03180, 

primers MS14 and MS15), pMS5 (CNE_1c08460, primers MS16 and MS17), pMS12 

(CNE_1c14320, primers MS33 and MS34), pMS13 (CNE_1c04760, primers MS35 and MS36), 

and pMS14 (CNE_1c10080, primers MS37 and MS38). The insert adhA (Cgl2807) gene of 

plasmid pTW113 was amplified from Corynebacterium glutamicum (ATCC 13032D-5) by 

T1151 and T1152 (Table 3-1). The backbones of pTW195, pCT20, pCT23, pTW113, and all 

pMS plasmids were amplified from a modified plasmid pZE12-luc (Lutz and Bujard 1997), pIB4, 

of which a lacI repressor was included using primers T989 and T990. For plasmid pQE9-

Act(Bm), the insert act gene was amplified from B. methanolicus PB1 genomic DNA using 

primers IWB445 and IWB446, whereas vector backbone was amplified from pQE9 acquired 

from Qiagen using primers IWB094 and IWB141. Polymerase chain reactions (PCRs) were 

conducted using Phusion Hot Start II High- Fidelity or KOD Xtreme DNA Polymerases, 

followed with DpnI digestion. The DNA products were purified by Zymo DNA clean & 

concentrator kit (Zymo Research, Irvine, CA, USA). The purified backbone and insert were 

assembled in a 10 µL reaction using isothermal DNA assembly method (Gibson et al., 2009) at 

50 °C for 20 min. Five microliters of the reaction mixture was transformed in 50 µL Zymo Z- 

competent XL-1 blue competent cell (Zymo research) and plated on LB agar plates containing 
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the appropriate antibiotic. Positive transformants were verified by colony PCR and Sanger 

sequencing.  

Protein purification and SDS-PAGE  

The Mdh1 and Mdh2 were synthesized from plasmids pCT20 (Mdh2) and pCT23 (Mdh1) with 

N-terminal His-tag in E. coli strain XL-1 blue. The XL-1 blue strains were cultured 16–20 h 

aerobically at 37 °C in Luria-Bertani (LB) media supplemented with appropriate antibiotics. The 

next day, 1 % of overnight culture was inoculated into LB medium with antibiotics and cultured 

at 37 °C for 2 to 3 h until OD600 was around 0.4–0.8, followed by the addition of 0.1 mM 

isopropyl-β-D- thiogalactopyranoside (IPTG) induction at room temperature (22–25 °C) for 16 

to 20 h. Cells were harvested by centrifu- gation at 4 °C and either used directly or stored in −80 

°C for later protein purification. The purification was conducted with Ni-NTA column using 

glycylglycine based buffers at room temperature. Protein concentration was measured by 

Coomassie Plus Assay (Thermo Scientific) at OD595. The purified proteins were analyzed on 12 

% Mini-PROTEAN TGX gel (Bio-rad, Hercules, CA, USA) and the gel was stained with 

SimplyBlue SafeStain (Life Technologies, Carlsbad, CA, USA).  

Enzyme assays  

Mdh activity assays were carried out in a 200-µL assay mixture containing 100 mM sodium 

bicarbonate buffer (pH 9.5), 30µg of Mdh, 5mM of Mg2+, 3mM NAD+, and 800mM of methanol 

at 30 °C. For C2-C4 alcohol affinity assays, 10 mM ethanol with 1 µg Mdh, 5 mM 1-propanol 

with 0.5 µg Mdh, and 100 mM 1-butanol with 0.5 µg Mdh were used instead. For pH assays, 

buffers pH 6 (2-(N-morpholino)ethanesulfonic acid), pH 7 (potassium phosphate), pH 8.5 

(glycylglycine), pH 9.5 (sodium bicarbonate), and pH 10.5 (sodium bicarbonate) were used with 
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the same recipe of Mdh activity assay stated above. For thermal stability assays, the reaction 

mixture (use sodium bicarbonate pH 9.5) containing everything except the initiating substrate 

(methanol) was pre-incubated at temperatures ranging from 25 to 60 °C in a Bio-rad PCR 

machine for 10 min before initiating the assay at 30 °C. For temperature activity profile assays, 

the reaction mixture (use sodium bicarbonate pH 9.5) containing all the components except the 

enzyme and methanol was pre-incubated at assay temperature for 5 min before starting the assay. 

All assays were initiated by adding methanol. One microgram of purified his-tagged ACT or 

NudF was used to test Mdh activation. It should be noted that NAD+ needs to be added before 

mixing with Mdh because significant inhibition will be otherwise observed. The activity was 

defined by the reduction rate of NAD+ at OD340 using Bio-Tek Eon microplate 

spectrophotometer. One unit (U) of Mdh activity was defined as the amount of enzyme that 

converts 1 µmol of substrate into product per minute. The Km values and Vmax of Mdh were 

calculated by Prism 6 (GraphPad Software, La Jolla, CA, USA).  

High throughput screening (HTS): Nash reaction-based screening  

Cells were grown overnight in LB medium supplemented with 20 mM MgCl2, 0.1 mM IPTG, 

and appropriate antibiotics. Nash reagent was prepared by dissolving 5 M ammonium acetate and 

50 mM acetylacetone in M9 buffer. Before the assay, cell density was determined by OD595. The 

assay was started by mixing 100 µL of overnight cell culture, 80 µL Nash reagent, and 20 µL 5 

M methanol in 96-well plate (#3370, Corning, Corning, NY, USA). After 3 h of incubation in 37 

°C shaker (250 rpm), the reaction mixture was centrifuged at 3500× rpm (Allegra X14-R 

centrifuge, rotor SX4750, Beckman Coulter, Brea, CA, USA) for 10 min. One hundred 

microliters of supernatant was transferred to a fresh 96-well plate, from which OD405 
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measurement was taken. All the OD measurements were accomplished on Victor 3V plate reader 

(Perkin Elmer, Waltham, MA, USA). For the quantification of the Nash reaction and cell density, 

we substituted OD595 and OD405 for OD600 and OD412, respectively.  

High throughput screening (HTS): library construction and procedure  

The random mutagenesis libraries for HTS were constructed by GeneMorph II EZClone 

mutagenesis kit (Agilent, Santa Clara, CA, USA) following manufacturer’s protocol. In short, 10 

ng of parent Mdh DNA was used as the template for primers CT64 and CT65 for error-prone 

PCR. The error- prone PCR was carried out for 30 thermal cycles and resulted in an average 

error rate of 2 nt/kb. The error-prone PCR prod- uct was gel-purified (Zymoclean gel DNA 

recovery kit, Zymo Research) and assembled to a backbone based on pCT20. The assembled 

library was transformed to the E. coli strain DH10B (Life Technologies) by electroporation and 

plated on Bioassay QTrays (Molecular Devices, Sunnyvale, CA, USA) containing 200 mL LB 

agar (1.5 % w/vol) with appro- priate antibiotics. From the Bioassay QTrays, single colonies 

were picked by a QBot colony picker (Molecular Devices) and inoculated into 96-well low 

profile plates (X6023, Molecular Devices) containing 150 µL of LB supplemented with 15 % 

(v/v) glycerol, 1 % (w/vol) glucose, and appropriate antibiotics. As positive control, 96 colonies 

containing the wild-type Mdh or parent Mdh were picked into a single 96- well plate and 

processed together with other plates. Similarly, colonies containing E. coli transketolase (Tkt) 

was used as the negative control. The plates were covered with a lid and grown overnight in a 37 

°C the incubator. Subsequently, plates were used to re-inoculate a fresh 96-well plate (#3370, 

Corning) filled with 200 µL LB supplemented with 20 mM MgCl2, 0.1 mM IPTG, and 

appropriate antibiotics. The new plate was sealed with aluminum sealing film (#6569, Corning) 
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and incubated in 37 °C shaker (250 rpm), while the old plate was kept in −80 °C as stock. After 

about 16 h of growth, the culture plates were transferred to the BenchCel 4R system with Vprep 

Velocity11 liquid handler (Agilent) using a 96 LT head. The cells were gently re- suspended and 

100 µL of the samples was aliquoted to a fresh 96-well plate (#3370, Corning). Cell density was 

assessed by OD595 at this point. After the measurement, Mdh variants were assessed by the 

Nash reaction in a 96-well format at 405 nm using the Victor 3V plate reader (Perkin Elmer) as 

above.  

Site-saturation mutagenesis  

The site-saturation mutagenesis on Mdh2 A169 site was constructed by Quikchange II site-

directed mutagenesis kit (Agilent) with primers CT291 and CT292. The de- generate codons on 

the primers generate all possible amino acid substitutions. The library was transformed to E. coli 

DH10β strain and single colonies containing all 19 amino acid substitution variants were isolated 

for further analysis.  

Mdh2 sequence analysis  

The Mdh2 amino acid sequence was uploaded to SWISS-MODEL web server 

(http://swissmodel.expasy.org/) (Guex et al., 2009), which performed the structure analysis and 

generated a 2D plot to present Mdh2 homologs of existing protein structure repository. The 

Mdh2 and its homologs were aligned using T-coffee (http://www.tcoffee.org/Projects/tcoffee/) 

(Notredame et al., 2000) and visualized by ESPript 3.0 web server (ESPript - 

http://espript.ibcp.fr) (Robert and Gouet, 2014).  
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3.4 Results  

3.4.1 Expression, purification, and characterization of C. necator N-1 Mdh2 

To determine whether the two putative Mdhs in C. necator N- 1, encoded by mdh1 and 

mdh2 genes (gene names designated as in UniProt), exhibit catalytic activity towards methanol, 

these genes were cloned and expressed from the His-tag plasmids pCT20 (Mdh2) and pCT23 

(Mdh1) in E. coli XL-1, and the Mdh1 and Mdh2 proteins were purified. SDS-PAGE analysis 

showed both the purified Mdh1 and Mdh2 were detected with molecular masses of 

approximately 40 kDa, which is close to the predicted sizes 38.8 and 40.7 kDa for Mdh1 and 

Mdh2, respectively (Figure 3-8). To test whether Mdh1 or Mdh2 shows the desired activity, we 

performed the methanol dehydrogenase activity assay by monitoring NAD(P)+ reduction. Mdh1 

methanol-linked oxidation was not observed when using either NAD+ or NADP+ as the electron 

acceptor (data not shown). However, Mdh2 showed significant specific activity 0.32 U/mg 

(Table 3-3) when NAD+ was used as the electron acceptor, whereas no methanol oxidation 

activity was detected when NADP+ was used. The Km values of Mdh2 for methanol and NAD+ 

were 132 and 0.93 mM, respectively. The specific activity and Km values of Mdh2 at 30 °C 

without ACT were comparable to the ACT activated B. methanolicus Mdhs at 45 °C (Krog et al., 

2013). Examination of the catalytic activity of Mdh2 to C1-C4 alcohols showed that Mdh2 

exhibits broad substrate specificity, with highest specificity towards 1-propanol and low affinity 

to methanol, similar to previously reported Mdhs (Table 3-3) (Krog et al., 2013). 

3.4.2 Effect of pH, temperature, and ions on Mdh2 

Further characterization was conducted using methanol as a substrate to investigate the 

effect of pH, temperature, and different metal ions on Mdh2. As shown in Figure 3-1a, the Mdh2 
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was active from pH 6 to 10.5, with its optimum at pH 9.5. The thermal stability assay revealed 

that Mdh2 enzyme was inactivated (Figure 3-1b) when incubating for 10 min at temperatures 

higher than its physiological growth condition (30 °C). In particularly, 13 % of activity remained 

after pre-incubation at 55 °C (Figure 3-1b) and the activity was abolished at 60 °C. To detect the 

enzyme sensitivity to various metal ions and EDTA, we performed the assay in the presence of 

these additives. Figure 3-2 shows that the activity of Mdh2 was activated by the addition of 1 

mM Ni2+ and was strongly inhibited by 0.1 mM of Cu2+ or Zn2+.  

 

3.4.3 Insensitivity of Mdh2 to ACT 

Activation of type III Adhs by the activator protein ACT or its homolog Nudix hydrolase 

is common, and may even be general for all enzymes in this class (Ochsner et al., 2014). The 

activation results in drastic improvement in Vmax and Km. For instance, six Mdhs of B. 

methanolicus PB1 and MGA3 can be strongly activated by ACT (Krog et al. 2013) at their 

physiological temperature, 45 °C. To test if Mdh2 from C. necator N- 1 can be activated by ACT, 

we cloned and purified a his-tagged thermophilic ACT from B. methanolicus PB1 and its 

mesophilic homolog Nudix hydrolase NudF from E. coli (Ochsner et al. 2014). The ACT and 

NudF were used to activate Mdh2 at various temperatures from 25 to 65 °C. Since B. 

methanolicus PB1 ACT is a thermophilic enzyme, the E. coli NudF was used to ensure the 

activator protein was active under mesophilic temperatures. Mdh3 of B. methanolicus MGA3, 

which was previously shown to be activated by ACT (Krog et al. 2013), served as a positive 

control. Interestingly, Mdh2 was largely insensitive to ACT and NudF between 25 and 40 °C 

(Figure 3-3a). The activity of Mdh2 was mildly increased by ACT or NudF at 55 °C and 60 °C 
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where it reached the optimum specific activity at 55 °C with 70 % improvement. In contrast, 

Mdh3 was significantly activated when assay temperature was above 42 °C. At its optimum 

temperature 60 °C, the specific activity improved more than 15-fold to 0.35 U/mg (Figure 3-3b).   

To verify if Mdh2 is insensitive to the Nudix proteins from B. methanolicus and E. coli, 

we first varied the activator concentration by 10-fold (up to 50 µg/mL). No activation effect was 

observed under the conditions tested (Figure 3-4a).  In addition, Km and Kcat for methanol and 

NAD+ remained unchanged in the presence of B. methanolicus ACT or E. coli NudF at 30 °C 

(Table 3-4). Next, we investigated if Mdh2 can only be activated by unknown native activators 

in C. necator. Mdh2 activity was assayed using purified Mdh2 incubated with C. necator N-1 

crude extracts at concentrations 50 and 150 µg/mL. However, no activity improvement was 

observed (Figure 3-4b). To investigate this possibility further, we found five Nudix family 

proteins annotated in the C. necator N-1 genome: two hydrolase family proteins (coded by 

CNE_BB1p03180, CNE_1c08460) and three pyrophosphatases (code by CNE_1c14320, 

CNE_1c04760, CNE_1c10080). We also used BLAST analysis to identify B. methanolicus ACT 

or E. coli NudF homologs in C. necator N-1 and obtained no additional possibilities. We 

individually his-tag cloned and expressed these five putative Nudix genes and purified the 

proteins using E. coli for the activation tests. Consistent with crude extract results, none of these 

putative Nudix proteins can activate Mdh2 (Figure 3-4b). 

3.4.4 Development of automatic high throughput screening (HTS) for Mdh evlution 

Mdh2 exhibited significant methanol activity without activator protein in mesophilic 

conditions, this enzyme represents a promising choice for engineering synthetic methylotrophy. 

However, the activity and substrate specificity remain low for methanol (Table 3-2). To solve 
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this problem, we sought to engineer Mdh2 for better performance. An NAD+ binding site 

mutation S97G of B. methanolicus C1 Mdh had been shown to increase methanol oxidation 

activity significantly (Hektor et al. 2002). However, the mutation of the corresponding residue 

(S106G) on Mdh2 did not show methanol oxidation activity (data not shown). Another group 

modified B. stearothermophilus Adh, which has methanol oxidation activity, to become hydrogel 

forming enzyme by outfitting it with cross-linking domains (Kim et al. 2013). Although the 

modification remarkably increased the in vitro methanol oxidation activity, the feasibility of 

applying hydrogel-forming enzymes in metabolic engineering needs to be further investigated.  

To engineer Mdh, we developed an automatic HTS strategy based on automatic liquid 

handling, colony picking, incubation, and whole cell assay without lysis. Nash reaction (Nash 

1953) allows Mdh assay without cell lysis, which detects formaldehyde produced from methanol 

oxidation by reacting with acetylacetone and ammonium acetate. The reaction product, 

diacetyldihydrolutidine, exhibits yellow color (Figure 3-5a) and can be quantified by absorbance 

at 405 nm. Since formaldehyde is able to diffuse through the cell membrane, Nash reaction-

based screening does not require cell lysis. This greatly simplified the screening procedure and 

bypassed the background interference in cell crude extracts.  

The scale of the screening was enhanced with utilizing automated colony picker and 

liquid handler as described in the material and methods. After integrating all equipment into the 

work flow, the initial design was capable to screen 6000 colonies in a single round using 384-

well plates to carry the samples. The readout of Nash reaction was normalized to cell density 

(OD595). Although the process successfully displayed Mdh activity in colorimetric reading, no 

improved Mdh was obtained from the first few testing rounds due to high false positive rate. The 



53 

 

setback prompted us to inspect the screening accuracy of the initial design. Zhang et al. had 

developed a standard measure to evaluate and validate the quality of HTS assays (Zhang et al., 

1990). The so-called Z′- factor is a statistical characteristic of any given assay with the value 

between 0 and 1. The Z′-factor was calculated from the positive control and negative control of 

an assay: a value larger than 0.5 indicates a large separation between the populations of the 

measured signals and the assay will be considered as high quality. To evaluate our HTS system, 

strains containing wild-type Mdh2 or Tkt was tested as positive and negative controls, 

respectively. Three hundred eighty-four single colonies of each control were picked and assayed 

by Nash reaction. The resulting Z′-factor was 0.23 (Figure 3-5b), suggesting the low quality of 

the initial HTS design.  

While revisiting the details of the process, we noticed that the small well dimension of 

384-well plates might be constraining mixing during Nash reaction even with shaking. To test 

the hypothesis that the inaccuracy of the system originated from mixing during Nash reaction, 

96-well plates were used to replace 384-well plate in the HTS process. After adjusting the 

process according to the new plate, the Z′-factor improved to 0.76 (Figure 3-5b). This Z′ 

indicated that the HTS system was suitable for screening for Mdh mutants of high activity and 

was properly validated. The optimized HTS process is shown in Figure 3-5c.  

3.4.5 Directed evolution of Mdh2 

We started the Mdh evolution with error-prone PCR-generated library using the wild-

type mdh2 from C. necator N-1 as the template. The first round of screening generated 8 

possible positive variants with 50 % or higher activity improvement based on Nash reaction out 

of 2000 variants screened. These variants were sequenced and tested by NADH-based assay for 
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crude extract activity to eliminate the false positives. Variants CT1-1 and CT1-2 displayed the 

highest improved activity based on the crude extract assay and were selected for purifi- cation 

and further characterization. Purified variant CT1-2 showed a 5-fold decrease in Km, while CT1-

1 improved marginally in Km and Kcat (Table 3-4). However, Kcat of CT1-2 decreased by almost 

50 % compared to the wild-type.  

In the second round of screening, CT1-2 was used as the parent to generate another error-

prone PCR library. Seven possible positive variants with at least 70 % activity improvement by 

Nash reaction were obtained from total of 2000 screened. After confirmation by sequencing and 

crude extract activity assay, only variant CT2-1 was selected for characterization. Variant CT2-1 

restored wild-type Kcat while maintain- ing the Km improvement (Table 3-4). In addition to the 

mutation A169V that originated from the previous screen, CT2-1 included another mutation, 

A26V. To determine the effect of A26V, we introduced this mutation in the wild-type mdh2 and 

determined its effect after purification. Interestingly, the mutation A26V alone demolished Mdh 

activity (Table 3-4), suggesting a synergistic effect of mutation A26V and A169V in enzyme 

function.  

After these rounds of HTS, a chimeric variant CT4-1 was created by recombining three 

mutations found so far (A169V, A31V, and A26V). The Km value of methanol was further 

lowered to 21.6 mM and Kcat remained unchanged (Table 3-4). Variant CT4-1 represented the 

best performing variant from the series of engineering with about 6-fold higher Kcat/ Km ratio 

towards methanol compared to the wild-type.  
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3.4.6 Substrate specificity of the evolved Mdh2 

To characterize the kinetic parameters of Mdh variants toward longer chain alcohols, 1-

butanol was chosen as an example to measure Km and Kcat. Results indicates that Km values for 

1-butanol were increased by 10-fold or higher (Table 3-4) for variants CT1-2, CT2-1, and CT4-1. 

The increased Km towards n-butanol was concomitant with the decrease of Km towards methanol. 

The best variant, CT4-1, displayed the most significant 19-fold decrease in Kcat/Km towards 1-

butanol among all variants. To further investigate substrate preferences on other higher alcohols, 

the specific activities towards ethanol and propanol were measured at the concentrations that 

saturate wild-type Mdh2 activity (Figure 3-6a). Consistent with the n-bu- tanol data, variants 

CT1-2, CT2-1, and CT4-1 showed 5- to 10-fold lowered specific activity towards ethanol and 6- 

to 8- fold lowered for propanol. As summarized in Figure 3-6b, CT4-1 significantly improved its 

methanol over C2 to C4 alcohol activity ratio compares to wild-type. 

 

3.4.7 Sequence analysis 

The Mdh2 amino acid sequence was uploaded to SWISS-MODEL server (Guex et al., 

2009) to predict a hypothetical model based on structural information in the database. The server 

returned a plot of sequence similarity as shown in Figure 3-7a. The most structurally similar 

enzymes were K. pneumoniae 1,3-propanediol dehydrogenase (1,3-PDH) and Zymomonas 

mobilis ZM4 alcohol dehydrogenase 2 (Adh2) with 55 and 54 % sequence identities, 

respectively. Both en- zymes were categorized as group III metal-dependent dehydrogenases and 

contained Fe2+ in their catalytic centers (Marçal et al., 2009; Moon et al., 2011). Notably, Mdh2 

also has 55 % sequence identity to B. methanolicus MGA3 Mdh, which also belongs to group III 
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dehydrogenases. The structure of group III dehydrogenases can be divided into N-terminal 

domain and C-terminal domains, which are responsible for NAD(P)+ and metal ion binding, 

respectively. The metal ion coordination motif composed mainly of two to three histidine 

residues (Carpenter et al., 1998; Marçal et al., 2009; Montella et al., 2005; Moon et al., 2011; 

Ruzheinikov et al., 2001). In K. pneumoniae 1,3-PDH and Z. mobilis ZM4 Adh2, there were 

three histidine and one aspartic acid. These four amino acid residues were conserved in all of the 

enzymes aligned (Figure 3-7b), corresponding to D201, H205, H270, and H284 in Mdh2. On the 

other hand, the NAD-binding motif (GGGSX2DX2K) was also observed in the alignment 

(Figure 3-7b) (Wierenga et al., 1986). Taken together, the similarity of both amino acid 

sequences and functional domains indicated that Mdh2 belongs to group III metal-dependent 

dehydrogenases. Previously, NAD-dependent Adhs from Lysinibacillus sphaericus C3-41, 

Lysinibacillus fusiformis ZC1, and Desulfitobacterium hafniense Y51 were identified with 

methanol oxidation activity (Müller et al. 2015). Alignment with other Mdhs revealed that these 

methanol-oxidizing dehydrogenases shared the common NAD-binding domain and metal 

coordination motif (Fig. 7b).  

Among the mutations acquired during Mdh2 evolution, A169V contributed significantly 

to the Km decrease in methanol. The same mutation also greatly reduced the activity toward C2-

C4 aliphatic alcohols. Z. mobilis Adh2 is one of the most structurally similar enzymes to Mdh2 

and its binding pocket had been predicted (Moon et al. 2011). Residue A169 is one of the 

predicted binding pocket residues, which were conserved between Z. mobilis Adh2 and Mdh2 

(Figure 3-7b). Therefore, we hypothesized that the change of alanine to bulkier valine reduces 

the binding space and subsequently hinders larger substrate binding. To test this hypothesis and 
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explore the best possible amino acid substitution at A169, a site-saturation mutagenesis library of 

A169 was constructed. The specific activities of all 19 variants were measured by Nash reaction 

(Figure 3-9), six best variants were selected for characterization. Although three of the variants 

with bulkier side chains (A169V, A169I, A169C) showed lower Km for methanol, the others 

displayed the opposite (Table 3-5). Presumably, the Km improvement is determined by both size 

and functional groups in the amino acid side chain. In agreement with this note, extremely large 

(F, W, Y) or small (G) amino acids at A169 showed no activity (Figure 3-9). Interestingly, 

A169P displayed higher Kcat as well as Km (Table 3-5). Although protein structure 

characterization would be required to define the role of residue A169, the results here showed 

that A169 is crucial to Mdh2 activity and substrate preference.  

 

3.5 Discussion 

NAD-dependent methanol oxidation presents a principal step in utilizing methanol as a 

substrate for microbial production of chemicals. Mdhs reported heretofore from B. methanolicus 

(Krog et al. 2013) and a few additional homologs (Ochsner et al. 2014) require ACT and 

thermophilic conditions at 50 °C to activate methanol oxidation activity. A recent report (Müller 

et al. 2015) also presents challenges in activation of recombinant B. methanolicus Mdh in E. coli 

under mesophillic conditions. Despite previously reported as being NAD-dependent, type I Adhs 

from human liver, horse liver, yeast, and C. glutamicum, and Bacillus stearothermophilus which 

exhibited moderate enzymatic activity toward methanol without the requirement for activation 

(Kotrbova-Kozak et al., 2007; Mani et al., 1970; Sheehan et al., 1988), successful attempts of 

methanol assimilation were only reported using Mdhs from B. methanolicus (Müller et al. 2015; 
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Witthoff et al. 2015). Unfortunately, unlike PQQ-dependent Mdhs, NAD-dependent Mdhs 

exhibit broad substrate specificity and only show moderate activity towards methanol. In this 

work, we characterized and engineered a NAD-dependent methanol dehydrogenase, Mdh2, from 

a non-methylotrophic bacteria C. necator N-1 in the recombinant host E. coli. Mdh2 represents 

the first identified group III Adh in Gram-negative, mesophilic organism to exhibit significant 

activity towards methanol. Wild-type Mdh2 exhibits methanol oxidation activity 0.32 U/mg and 

Km value 132 mM at 30 °C, and is insensitive to activation under mesophilic temperatures. After 

protein evolution using HTS, the best variant CT4-1 retained methanol oxidation activity with 

remarkable Km values 21.6 and 120 mM for methanol and 1-butanol, respectively.  

It should be noted that during HTS of Mdh2, a high meth- anol concentration (500 mM) 

was used that presumably favored variants with higher Kcat. Interestingly, the results showed 

that the HTS process was capable of identifying variants with improvement in either Km (CT1-2 

in round 1 showed lower Km than wild-type, Table 3-4) or Kcat (CT2-1 in round 2 showed 

higher Kcat than CT1-2, Table 3-4). Although the methanol concentration (500 mM) used in the 

screening was higher than the Km of Mdh2, the intracellular methanol concentration might be 

much lower because of diffusion limitation. Since the cells were not lysed in the Nash assay used 

in HTS, we have shown that the activity was not saturated even at 500 mM (data not shown), 

suggesting a possible diffusion limitation into the cell. Under non-saturating methanol 

concentrations, methanol oxidation rate will be a function of both Kcat and Km. Therefore, 

improvement in either Kcat or Km could be identified. The best variant CT4-1 has three 

mutations (A26V, A31V, A169V). It is intriguing that A26V or A31V individually showed no or 
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even a negative effect on Km or Kcat, while together with mutation A169V they significantly 

improved Km. Since the crystal structure of Mdh2 has not been solved, it remains unclear how 

mutations A26V or A31V alter the function of Mdh2. Alignment of Mdh2 with other type III 

NAD-dependent Adhs (Figure 3-7b) also provides very limited insight about the function of A26 

and A31 since they are not conserved among the Adhs. Structural studies about Mdh2 will be 

required to uncover the functions of A26 and A31.  

To our knowledge, CT4-1 is the best NAD-dependent, activator-independent Mdh with 

respect to methanol specificity. It was previously reported that AdhA from Corynebacterium 

glutamicum R exhibits appealing Km and Vmax values towards methanol (Kotrbova-Kozak et al. 

2007). We cloned this enzyme with a his-tag, expressed and purified the protein from E. coli. In 

our hands, the Km (97 mM) and Vmax (0.29 U/mg) (Table 3-6) are significantly different from 

the reported values (Km = 3 mM, Vmax = 0.7 U/mg) (Kotrbova-Kozak et al. 2007) and 

comparable to the wild-type Mdh2. The difference could possibly be attributed to difference in 

assay conditions (NAD+ concentration, buffer, additional metal ions) or unknown reasons. 

Regardless, under the same enzyme assay condition, CT4-1 has 4.4-fold higher catalytic 

efficiency than AdhA, mainly owing to the Km difference. As such, it is suitable for metabolic 

engineering of organisms for in vivo or in vitro applications. A previous study (Ochsner et al. 

2014) suggested that group III Adh activation by ACT homolog Nudix hydrolases represents a 

common mechanism. However, Mdh2 does not require activation.  

Structural analysis and sequence alignment confirmed that Mdh2 belongs to group III 

Adh, by the high structural similarities to the 1,3-PDH of K. pneumoniae and Adh2 of Z. mobilis 
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ZM4, in addition to a putative NAD+ binding motif and metal binding resides. Notably, the two 

most similar enzymes, Z. mobilis Adh2 and K. pneumoniae 1,3-PDH, do not have methanol 

oxidation activity. Similarly, C. necator N-1 cannot grow on methanol as a carbon source (data 

not shown), suggesting that the methanol oxidation may be a gratuitous activity in Mdh2. 

Discovery of C. necator N-1 Mdh2 opens up the possibility of searching for useful NAD-

dependent Mdhs for synthetic methylotrophy from Gram-negative, mesophilic organisms. 

General perception of Mdhs in Gram-negative, mesophilic methyltrophs are mostly PQQ-

dependent enzymes localized in periplasm. In contrast, NAD-dependent Mdhs are localized in 

bacterial cytoplasm (Keltjens et al. 2014). Despite the fact that C. necator N-1 possesses an 

active Mdh, this organism cannot utilize methanol as a carbon source. It remains unclear the 

physiological role of mdh2 in C. necator N-1. A possible explanation can be found in recent 

study on a non-methylotrophic, Gram-positive bacteria C. glutamicum which possesses a AdhA 

for methanol oxidation to CO2, where methanol served as an auxiliary carbon source for energy 

generation, of which four essential enzymes alcohol dehydrogenase, acetaldehyde 

dehydrogenase, mycothiol-dependent formaldehyde dehydrogenase, and formate dehydrogenase 

are involved (Witthoff et al., 2013). More detailed characterizations on physiological growth 

conditions and genome analysis for C. necator N-1 are necessary to unveil the role of mdh2.  
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3.6 Figures 

 
Figure 3-1. Effect of activator at different temperatures with a Mdh2 of C. necator N-1; b 
Mdh3 of B. methanolicus MGA3.  
Assays were performed using 800 mM methanol and 3 mM NAD+ as substrates at 30 °C and pH 
9.5. ACT(BM) indicates the ACT of B. methanolicus (thermophilic ACT) and NudF(EC) 
indicates the ACT homolog NudF of E. coli (mesophilic ACT). N-1, C. necator N-1. MGA3, B. 
methanolicus MGA3. BM, B. methanolicus. EC, E. coli. The data shown were from triplicate 
experiments  
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Figure 3-2. Effect of ions and chelator to Mdh2. 
 
Experiments were performed by incubating enzyme with 1 mM ions (0.1 mM for Cu2+ and Zn2+) 
or EDTA for 3 min, then using 800 mM methanol and 3 mM NAD+ as substrates at 30 °C and 
pH 9.5. The highlighted green color indicates significant activity increase and red color indicates 
significant activity decrease. The data shown were from triplicate experiments  
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Figure 3-3. Effect of activator at different temperatures with a Mdh2 of C. necator N-1; b 
Mdh3 of B. methanolicus MGA3.  
 
Assays were performed using 800 mM methanol and 3 mM NAD+ as substrates at 30 °C and pH 
9.5. ACT(BM) indicates the ACT of B. methanolicus (thermophilic ACT) and NudF(EC) 
indicates the ACT homolog NudF of E. coli (mesophilic ACT). N-1, C. necator N-1. MGA3, B. 
methanolicus MGA3. BM, B. methanolicus. EC, E. coli. The data shown were from triplicate 
experiments  
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Figure 3-4. Mdh2 insensitivity to activation effect. a Effect of different activator 
concentrations to Mdh2 activity. b Effect of putative activator proteins of C. necator N-1.  
 
ACT(BM) indicates the ACT of B. methanolicus (thermophilic ACT) and NudF(EC) indicates 
the ACT homolog NudF of E. coli (mesophilic ACT). Mdh2 activity was measured in the 
presence of crude extract (50 (+) or 150 (++) µg/mL) or 5 µg/mL purified activator using 
standard Mdh assay at 30 °C and pH 9.5. pMS4 (CNE_BB1p03180 of C. necator N-1), pMS5 
(CNE_ 1c08460 C. necator N-1), pMS12 (CNE_1c14320 C. necator N-1), pMS13 
(CNE_1c04760 C. necator N-1), pMS14 (CNE_1c10080 C. necator N-1). “+” sign indicates 
addition of protein in the assay. The data shown were from triplicate experiments  
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Figure 3-5. Development of HTS for Mdh.  
 
a. Utilizing the colorimetric Nash reaction to measure Mdh activity. The yellow color indicates 
reaction product diacetyldihydrolutidine and can be quantified by OD405. b. Optimization of 
HTS process by showing improved Z′-factor. Wild- type Mdh2 was used as the positive control 
and E. coli transketolase was used as the negative control. c. Schematic diagram of Mdh HTS 
process  
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Figure 3-6. C1 to C4 alcohol specificity of Mdh2 and its engineered variants.  
 
Alcohol concentrations used in the activity assays: MeOH, 800 mM; EtOH, 10 mM; PrOH, 5 
mM; BuOH, 100 mM. b Activity ratio of methanol over longer chain alcohols (C2 to C4). WT, 
Mdh2; CT1-1, A31V; CT1-2, A169V; CT2-1, A26V, A169V; CT4-1, A26V, A31V, A169V. 
NAD+ 3 mM and alcohol concentrations saturate activity of wild-type Mdh2 were chosen for 
assay conditions and the assays were performed at 30 °C and pH 9.5. The data shown were from 
triplicate experiments  
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Figure 3-7. Sequence information of C. necator N-1 Mdh2.  
 
(a) Sequence similarity predicted by SWISS-MODEL protein structure homology modeling. 
Mdh2 was shown as red circle in the middle, each template enzyme was shown as a blue circle 
which clusters with a group of similar enzymes. The distance between two template enzymes is 
proportional to the sequence identity. (b) Sequence alignment of group III alcohol 
dehydrogenases/methanol dehydrogenase and recently identified methanol-oxidizing Adhs. Cn, 
C. necator N-1; Zm, Z. mobilis ZM4; Kp, K. pneumoniae; Bm, B. methanolicus MGA3; Ls, L. 
sphaericus C3-41; Lf, L. fusiformis ZC1; Dh, D. hafniense Y51. Amino acid residues that are 
highly conserved are enclosed by blue boxed and highlighted in yellow. Identical residues are 
highlighted in red background. The NAD+ binding motif and metal coordination domain are 
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annotated by black stars and triangles, respectively. Predicted residues of substrate binding based 
on Zm_Adh2 are indicated by blue circles  
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3.7 Tables 

Table 3-1. List of plasmids and primers used in this study. 
Plasmids Genotype Reference 
pZE12-luc AmpR ; ColE1 ori ; PLlacO-1:: luc(PP) (Lutz and 

Bujard, 1997) 
pIB4 AmpR ; ColE1 ori ; PLlacO-1:: fbp(EC)-

fxpk(BA), with lacI 
(Bogorad et al., 
2013) 

pCT20 AmpR; Derivative of pIB4 with mdh2 (C. necator 
N-1) 

This Study 

pCT23 AmpR; Derivative of pIB4 with mdh1 (C. necator 
N-1) 

This Study 

pCT20_10C12 AmpR; Derivative of pIB4 with mdh2 (A31V) This Study 
pCT20_4D8 AmpR; Derivative of pIB4 with mdh2 (A169V) This Study 
pCT20_15E9 AmpR; Derivative of pIB4 with mdh2 (A26V, 

A169V) 
This Study 

pTW212 AmpR; Derivative of pIB4 with mdh2 (A26V) This Study 
pCT20_S1 AmpR; Derivative of pIB4 with mdh2 (A26V, 

A31V, A169V) 
This Study 

pCT20_A169I AmpR; Derivative of pIB4 with mdh2 (A169I) This Study 
pCT20_A169L AmpR; Derivative of pIB4 with mdh2 (A169L) This Study 
pCT20_A169M AmpR; Derivative of pIB4 with mdh2 (A169M) This Study 
pCT20_A169P AmpR; Derivative of pIB4 with mdh2 (A169P) This Study 
pCT20_A169C AmpR; Derivative of pIB4 with mdh2 (A169C) This Study 
pQE9-Act(Bm) AmpR; Derivative of pIB4 with act (B. 

methanolicus PB1) 
This Study 

pTW113 AmpR; Derivative of pIB4 with adhA (C. 
glutamicum 534) 

This Study 

pTW195 AmpR; Derivative of pIB4 with nudF (E.coli 
MG1655) 

This Study, 
(Ochsner et al., 
2014) 

pMS4 AmpR; Derivative of pIB4 with CNE_BB1p03180 
(C. necator N-1) 

This Study 

pMS5 AmpR; Derivative of pIB4 with CNE_1c08460 (C. 
necator N-1) 

This Study 

pMS12 AmpR; Derivative of pIB4 with CNE_1c14320 (C. 
necator N-1) 

This Study 

pMS13 AmpR; Derivative of pIB4 with CNE_1c04760 (C. 
necator N-1) 

This Study 

pMS14 AmpR; Derivative of pIB4 with CNE_1c10080 (C. 
necator N-1) 

This Study 

Primer name Sequence 5’->3’ 
T989 TCTAGAGGCATCAAATAAAACGAAA 
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T990 TCCCTGAAAATACAGGTTTTCGGAT 
T1151 atccgaaaacctgtattttcagggaATGACCACTGCTGCACCCCA 
T1152 tttcgttttatttgatgcctctagaTTAGAAACGAATCGCCACAC 
T1478 ATCCGAAAACCTGTATTTTCAGGGAATGCTTAAGCCAGAC

AACCT 
T1479 TTTCGTTTTATTTGATGCCTCTAGATTATGCCCACTCATTTT

TTA 
IWB094 TCTAGAGGCATCAAATAAAACGAAAGGC 
IWB141 TCCCTGAAAATACAGGTTTTCGGATCCGTGATGGTGATGG

TGATGCGATCC 
IWB445 TCCGAAAACCTGTATTTTCAGGGAATGGGAAAATTATTTG

AGGAAAAAACAATTAAAAC 
IWB446 GCCTTTCGTTTTATTTGATGCCTCTAGATCATTTATGTTTGA

GAGCCTCTTGAAGCTGC 
CT64 GGATCCGAAAACCTGTATTTTCAGGGAATGACCCACCTGA

ACATCGCTA 
CT65 GAGCCTTTCGTTTTATTTGATGCCTCTAGATTACATCGCCG

CAGCGAAGATTGCC 
CT74 CGGATCCGAAAACCTGTATTTTCAGGGAATGATCCATGCC

TACCACAACC 
CT75 CCTTTCGTTTTATTTGATGCCTCTAGACTAGGCAGACACGG

CGCCGATAAA 
CT291 CGAGCAATCATGTGAAGATGNNKATCGTCGACTGGCGTTG

CAC 
CT292 GTGCAACGCCAGTCGACGATMNNCATCTTCACATGATTGC

TCG 
MS14 aaaacctgtattttcagggaGAAGTTTATCAAAAGCACTCACATG 
MS15 ttttatttgatgcctctagaTCAACGATCAGGCAAGACTCTTTCA 
MS16 aaaacctgtattttcagggaCGTCCTGCTTTCGATCCCGAATCCC 
MS17 ttttatttgatgcctctagaTCAGGCCGCCAGCAGGTGGTAAAGA 
MS33 aaaacctgtattttcagggaATGAAATTCTGCTCGAACTGTGGTC 
MS34 ttttatttgatgcctctagaTCAGGGCGTGACCGTGGCCCGGCTG 
MS35 aaaacctgtattttcagggaATGTCCTACAAGATCCCGGAATCCG 
MS36 ttttatttgatgcctctagaTCATGGCTGCGCTCCGTACACCGCC 
MS37 aaaacctgtattttcagggaATGACCGACAAGATCCAACGCGGCA 
MS38 ttttatttgatgcctctagaCTATATGGCGTAATGCGGCAGCGGC 
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Table 3-2. Substrate specificity to C1 - C4 alcohols and kinetic constants of recombinant 
Mdh2 in vitro 

 

Substrate 
Km 

(mM) 
Kcat 
(s-1) 

Kcat/Km 
(M-1 s-1) 

Vmax 
(U/mg) 

Vmax
a 

(U/mg) 
(MGA3 Mdh3, 45 °C) 

Methanol 132.1±15.4 0.22±0.01 1.6 0.32 0.07 

Ethanol 0.77±0.1 11.1±0.3 14483 16 1.3 

Propanol 0.54±0.1 9.6±0.2 17759 14.2 2.8 

n-butanol 7.2±1 6.5±0.2 906 9.6 2.6 

NAD+ 0.93±0.079 0.24±0.005 258 0.36 - 

NADP+ N.D. N.D. N.D. N.D. - 

The values shown indicate mean ± standard deviation. Triplicate experiments were performed. 
Mdh assays to determine Km for different alcohols were performed using various alcohol 
concentrations and 3 mM NAD+ as substrates at 30 °C and pH 9.5. To determine kinetic 
parameters of NAD+, 800 mM of methanol was used and the rest of conditions remained 
unchanged.  
a The Vmax values of B. methanolicus MGA3 Mdh3 were obtained from published data (Krog et 
al., 2013). 
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Table 3-3. Effect of activator proteins on kinetic parameters of recombinant Mdh2 in vitro 
 

Substrate Activator protein Km 
(mM) 

Kcat 
(s-1) 

Kcat/Km 
(M-1 s-1) 

Vmax 
(U/mg) 

Methanol - 132.1±15.4 0.22±0.01 1.6 0.32 

Methanol B. methanolicus ACT 100.7±16.1 0.22±0.01 2.2 0.33 

Methanol E. coli NudF 122.1±18.2 0.23±0.01 1.9 0.35 

NAD+ - 0.93±0.079 0.24±0.005 258 0.36 
NAD+ B. methanolicus ACT 0.93±0.11 0.20±0.006 215 0.30 

NAD+ E. coli NudF 1.3±0.33 0.21±0.02 162 0.31 

The values shown indicate mean ± standard deviation. Triplicate experiments were performed. 
Mdh assays to determine Km were performed using various methanol concentrations and 3 mM 
NAD+ as substrates at 30 °C and pH 9.5. To determine kinetic parameters of NAD+, 800 mM of 
methanol was used with various NAD+ concentrations. 
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Table 3-4. Kinetic Parameters of engineered Mdh2 variants to methanol and n-butanol, 
using NADH as cofactor. 
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Table 3-5. Effect of A169 replacement to Mdh2 methanol specificity  
 

Mdh2 variant Km (mM) Kcat (S-1) Kcat/Km 

(M-1S-1) 

Kcat/Km 

Fold change 

WT 132±15.4 0.22±0.01 1.6 - 

A169V 26.9±2.65 0.13±0.003 4.8 3 

A169I 68.9±9.0 0.064±0.002 0.93 0.58 

A169L 201±31.5 0.093±0.004 0.46 0.29 

A169M 203±25.5 0.073±0.002 0.36 0.23 

A169P 303±34.9 0.41±0.014 1.4 0.88 

A169C 46.0±3.34 0.16±0.003 3.5 2.2 
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Table 3-6. Comparison of methanol activity on reported mesophilic alcohol dehydrogenase 
from Corynebacterium glutamicum  
 

Mdh/Adh Km 

(mM) 

Vmax 

(U/mg) 

Kcat 

(S-1) 

Kcat/Km 

(M-1S-1) 

Mdh2 (C. necator N-1) 132±15.4 0.32 0.22±0.01 1.6 

CT4-1 (C. necator N-1) 21.6±1.5 0.29 0.20±0.01 9.3 

AdhA (C. glutamicum) 97±9.8 0.29 0.20±0.01 2.1 
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3.8 Supplementary 

 

Figure 3-8. SDS-PAGE analysis to show expression of Mdh1 and Mdh2.  
 
L: PageRuler ladder (Thermo Scientific), S: Soluble fraction protein, H: His-tagged purified 
protein  
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Figure 3-9.	
  Relative activity of A169 variants measured by Nash assay  
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4. Synthetic methanol auxotrophy of Escherichia coli for methanol dependent growth 

and production 

Disclaimer: This chapter contains unpublished material which is confidential. Dr. Igor Bogorad 

developed the idea of methanol auxotrophy, constructed ΔrpiAB and Δrpe strains, and achieved 

methanol dependent growth using Δrpe strains. Yu-Hsiao Chen evolved ΔrpiAB strains to realize 

methanol dependent growth. Chang-Ting Chen characterized the phenotype of methanol 

dependent growth, the genotype of evolved ΔrpiAB strains, demonstrated ethanol and 1-butanol 

production in both ΔrpiAB and Δrpe strains, carried out growth based selection for an engineered 

strain that grows on lower methanol, and wrote this chapter. Dr. Tung-Yun Wu processed the 

next-generation sequencing data of evolved ΔrpiAB strains. 

 

4.1 Abstract 

Methanol is a potentially attractive substrate for bioproduction of chemicals because of 

the abundance of natural gas and biogas. To utilize methanol, engineering an industrially-

relevant organism, such as Escherichia coli for production of chemicals from methanol is one of 

the promising approaches. Although previous work has demonstrated limited methanol 

conversion to cell mass or products by E. coli, methanol utilization is not coupled to growth, thus 

not possible to evolve the strain for further methanol utilization. Here we altered pentose 

metabolism in E. coli to couple methanol uptake with growth. By deleting essential genes in the 

pentose phosphate pathway and expressing heterologous enzymes from the ribulose-

monophosphate (RuMP) pathway, we constructed a strain that cannot grow on xylose or ribose 

minimal media unless methanol is utilized, creating a phenotype termed “synthetic methanol 

auxotrophy”. This strain allowed us to optimize expression of the RuMP enzymes and evolve for 
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faster methanol-dependent growth. Our best strains were able to utilize methanol for growth to 

an OD600 of 4.0 in 30 hrs with methanol and xylose co-assimilation at a molar ratio of about 1:1. 

The methanol auxotrophic strain was further engineered to produce ethanol or 1-butanol to final 

titers of 4.6 g/L and 2.0 g/L, respectively. 13C tracing showed that 40% and 71% of ethanol and 

1-butanol produced has labeled carbon derived from methanol, respectively. We further 

demonstrated the utility of this strain as a selection platform to significantly decrease required 

methanol concentration for growth. Lowering required methanol concentration for growth 

reduces the residual methanol substrate in the cell culture, which is beneficial for downstream 

processing. The “synthetic methanol auxotrophy” represents a platform for engineering methanol 

utilization. 

 

4.2 Significance statement 

Methanol utilization has become increasingly important, as natural gas production 

sharply increased in the past decade.  Biological utilization of methanol has been limited to 

methylotrophs, which are relatively difficult to manipulate for industrial production. Here we 

engineered an E. coli strain to create a phenotype called “synthetic methanol auxotrophy”. This 

strain does not grow on xylose or ribose, unless methanol is consumed. The coupling between 

methanol assimilation and growth allows the cell to evolve for better methanol utilization. We 

demonstrated that the strain consumes approximately equal molar of methanol and xylose, and 

can produce ethanol or 1-butanol. The synthetic methanol auxotrophy provides a unique 

approach for methanol conversion and opens new possibilities of further engineering towards 

synthetic methylotrophy. 
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4.3 Introduction 

Methanol is an intermediate in methane utilization, and thus is potentially an abundant 

feedstock derived from natural gas or anaerobic digest. Methanol is highly reduced and can 

provide three “H2” equivalents per carbon. As such, it is desirable to explore possibilities of 

utilizing methanol in microbial production of chemicals and fuel (James M Clomburg et al., 2017; 

Conrado and Gonzalez, 2014; Haynes and Gonzalez, 2014). While natural methylotrophs can 

utilize methanol, the genetic tools for engineering these organisms are not as mature as those for 

E. coli (Bennett et al., 2018; Zhang et al., 2017). Thus, it will be advantageous if a readily 

editable organism such as E. coli can be engineered to utilize methanol for production and 

growth. 

There are at least three pathways that allow organisms to grow on methanol: the ribulose-

monophosphate (RuMP) pathway, the xylulose monophosphate (XuMP) pathway, and the serine 

pathway (Zhang et al., 2017). These pathways all assume a cyclic configuration to assimilate 

methanol and generate an output while recycling intermediate metabolites. All these pathways 

assimilate methanol via first oxidation to formaldehyde, which must be quickly consumed by an 

acceptor metabolite, such as ribulose-5-phosphate (Ru5P) in the RuMP pathway. The RuMP 

pathway shares many enzymes with the pentose phosphate pathway (PPP), and is our choice for 

integrating with E. coli metabolism.  The only three unique enzymes are methanol 

dehydrogenase (Mdh) which oxidizes methanol to formaldehyde, 3-hexulose-6-phosphate 

synthase (Hps), which ligates formaldehyde with Ru5P to form hexulose 6-phosphate (H6P), and 

6-phospho-3-hexuloisomerase (Phi), which isomerizes H6P to fructose 6-phosphate (F6P).  
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There are several challenges in engineering methanol assimilation into E. coli. First, 

oxidation of methanol to formaldehyde requires the thermodynamically unfavorable NAD-linked 

reaction catalyzed by the NAD-dependent methanol dehydrogenase (MDH), pyrroloquinoline 

quinone (PQQ)-dependent MDH, or oxygen-dependent methanol oxidase. The latter two cannot 

recycle electrons easily (Whitaker et al., 2015; Zhang et al., 2017). Second, formaldehyde is 

extremely reactive and spontaneously reacts with proteins, causing nonspecific cell damage 

(Gonzalez et al., 2006). Once methanol is oxidized, the formaldehyde produced must be rapidly 

consumed by reacting with acceptor metabolite to prevent toxicity. As such, regeneration of the 

acceptor metabolite must be efficient. Third, since methanol is a non-native and somewhat toxic 

substrate for E. coli, modification of cell regulation might be required for the strains to adapt to 

methanol uptake.  

Methanol incorporation to biomass has been demonstrated in E. coli (Bennett et al., 2017; 

Gonzalez et al., 2017; Jonas E.N. Müller et al., 2015; Whitaker et al., 2016), as well as 

Saccharomyces cerevisiae (Dai et al., 2017), Corynebacterium glutamicum (Leßmeier et al., 

2015; Witthoff et al., 2015), and Pseudomonas putida (Koopman et al., 2009). For E. coli, 

overexpression of RuMP enzymes such as Mdh, Hps, and Phi for methanol assimilation has been 

widely explored (Bennett et al., 2017; Gonzalez et al., 2017; Jonas E.N. Müller et al., 2015; Price 

et al., 2016; Whitaker et al., 2016). Recently, several new strategies to improve methanol 

utilization had been reported (Bennett et al., 2017; Gonzalez et al., 2017). Phosphoglucose 

isomerase (Pgi) deficient E. coli was demonstrated with enhanced methanol con-utilization with 

glucose (Bennett et al., 2017). Deletion of leucine-responsive regulatory protein was shown to 

promote methanol incorporation to biomass when provided with yeast extract (Gonzalez et al., 
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2017). However, none of the engineered strains mentioned required methanol to grow. Thus, 

adaptive evolution could not be applied to accelerate the progress in methanol assimilation.  

Here, we designed a methanol assimilating E. coli strain that couples methanol uptake to 

growth with pentose co-substrate (Figure 4-1). The strain cannot grow on xylose or ribose 

minimal media unless methanol is being incorporated. The created phenotype is termed 

“synthetic methanol auxotrophy”. This strain enables the use of evolutionary strategies for 

methanol metabolism. 

 

4.4 Results 

4.4.1 Design of synthetic methanol auxotrophy 

Our design goal was to engineer a strain that cannot grow on a simple co-substrate unless 

methanol is assimilated (Figure 4-1). There should be no detectable growth on the co-substrate 

alone when methanol is absent. When considering possible co-substrates, we chose precursors of 

Ru5P to maximize the carbon flux for formaldehyde fixation. Among the possible candidates, D-

ribose and D-xylose are both natural substrates for E. coli and require only a few enzymatic 

reactions to produce Ru5P. Theoretically, disrupting any reaction in the non-oxidative part of 

PPP would abolish the cell’s ability to grow on ribose or xylose as a sole carbon source. We 

focused on Δrpe (coding for ribulose-phosphate 3-epimerase) and ΔrpiAB (coding for ribose-5-

phosphate isomerase A and B) mutants for constructing synthetic methanol auxotrophy.  The 

Δrpe and ΔrpiAB strains cannot grow on ribose and xylose minimal medium, respectively. In 

principle, the growth deficiency of the Δrpe or ΔrpiAB strains can be rescued if the first three 

steps of the RuMP pathway catalyzed by Mdh, Hps and Phi were introduced, forming an 
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alternative route for F6P synthesis (Figure 4-1). In this strategy, we essentially convert pentose 

and methanol into a hexose equivalent. 

Although transketolase (Tkt) and transaldolase (Tal) deletion mutants can theoretically be 

used to construct the methanol auxotrophy strain, there were drawbacks in using these strains. 

The Tal deficient strain was reported to grow on xylose as sole carbon source using a 

sedoheptulose-1,7-bisphosphate dependent pathway (Nakahigashi et al., 2009). The Tkt deficient 

strain cannot use xylose or ribose as sole carbon source, but it cannot synthesize aromatic amino 

acids (Zhao and Winkler, 1994) due to inability of producing erythrose 4-phosphate.  

 

4.4.2 Development of synthetic methanol auxotroph using Δrpe 

We first used the IB405 (Δrpe) strain to develop synthetic methanol auxotrophy since it 

can grow on both glucose and ribose plus xylose (Figure 4-2A). An ideal candidate should be 

able to grow on glucose since it is an indication of growth phenotype when F6P is produced from 

methanol assimilation. Growth on ribose plus xylose confirmed the functionality of PPP except 

for the intended knock-out. Consistent with previous results in the literature (Long et al., 2016; 

Lyngstadaas et al., 1998),  the growth rates in both conditions are significantly slower then that 

of a wild-type strain. It was suggested that altered level of pentose phosphates caused growth 

repression by changing the regulation of metabolic enzyme(s) (Lyngstadaas et al., 1998). 

To construct the synthetic methanol auxotrophy strain, heterologous expression of Mdh, 

Hps and Phi is required. We initially designed a plasmid pCTI2 with various expression level of 

the three enzymes by using synthetic ribosomal binding sites (RBS) as described (Salis et al., 

2010). We reasoned that Mdh has the lowest activity among the three enzymes, therefore 
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required higher expression level to match the other two enzymes. Therefore, the RBS of Mdh 

was designed to have highest predicted translation initiation rate among the three genes (Table 

4-1). Although transformation of pCTI2 to IB405 resulted in methanol dependent growth, it took 

around 100 hrs to reach OD of 0.7 (Figure 4-2B). The result urged us to further optimize the 

strain. One of the main challenges in implementing a non-native pathway, such as methanol 

assimilation, is optimizing the expression of heterologous enzymes. Since a cell has limited 

resource for protein production, refining of protein expression levels might be required. In our 

case, Mdh expression needs to be sufficient to support growth. However, if the expression ratio 

of Mdh to Hps/Phi was too high, accumulation of formaldehyde will lead to cell toxicity. Here 

we used a plasmid-based system to quickly test various genetic constructs. Mdh, Hps, and Phi 

were constructed under a single operon, in which the protein expression level of each genes were 

modulate by alternating the RBS using the RBS Library Calculator described previously (Salis et 

al., 2010) (Figure 4-2C). The methanol auxotrophy strain itself can serve as a platform to select 

for the genetic constructs that render better methanol dependent growth.  

After transformation of the plasmid library to the ΔrpiAB strain, our test showed that the 

isolated colonies demonstrated diverse expression level of Mdh, Hps, and Phi (Figure 4-8) and 

methanol dependent growth phenotype (Figure 4-2D). The result highlighted the substantial 

impact that enzyme expression could have on methanol-dependent growth. With the encouraging 

preliminary result, we further investigate the whole plasmid library to seek for the best strain we 

can obtain. The Δrpe strain containing the plasmid library was grown in MOPS minimal medium 

with ribose and methanol for 48 hours before being passed into fresh medium. The fast growing 

variants in the library would theoretically be enriched during methanol-dependent growth. After 
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4 passages, individual colonies from the final culture were isolated on a MOPS agar plate with 

methanol and ribose for further growth test. The colony with the fastest growth rate was renamed 

as IB958 and its plasmid named pIB208. Notably, the predicted translation initiation rate of Hps 

is higher than Mdh on plasmid pIB208 (Table 4-1). The result signified the importance of 

coordination between formaldehyde production and assimilation for better growth. With 

optimized ribose and methanol concentration, the IB958 strain was able to grow to OD600 of 4.0 

in 29 hours with a specific growth rate of 0.18 (h-1) (Figure 4-2E). However, the Δrpe (IB958) 

strain overall consumed 38 mM of ribose but only 21 mM of methanol. Theoretically, methanol 

and pentose consumption should be equimolar (Figure 4-1B). The result indicated an alternative 

metabolic pathway in the Δrpe methanol auxotrophy might exist that enables ribose metabolism 

without methanol. Indeed, we observed that the Δrpe strain was able to grow solely on ribose 

after 29 hours (Figure 4-2E). The suppressor mutant was not found in earlier experiments 

possibly due to lower ribose concentration.  

Previously, a bypass pathway involved deoxyribonucleosides that produced G3P and 

acetaldehyde from R5P was predicted (Nakahigashi et al., 2009). However, elimination of key 

genes deoB or deoC did not affect the growth on ribose (data not shown). We also examined two 

genes, sgcE and alsE, that might encode proteins carrying Rpe function (Kim et al., 1997; 

Nakahigashi et al., 2009) Although individual knock-outs of these two genes did not prevent 

ribose growth, extended lag phase or decreased probability of developing loophole indicated the 

contribution of these gene to the loophole pathway (Figure 4-9). Intriguingly, combination of 

ΔsgcE  and ΔalsE seemed to enhance the loophole growth (Figure 4-9). Further characterization 

will be required to uncover the underlying pathway(s) of the ribose growing phenotype.  
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4.4.3 Evolution of ΔrpiAB strain allows for a more stringent synthetic methanol 

auxotrophy strain 

The loophole phenotype of the Δrpe (IB958) strain urged us to explore possibility of 

developing synthetic methanol auxotrophy in the ΔrpiAB strain. However, the ΔrpiAB strain 

had no growth in both glucose or ribose plus xylose during our test (Figure 4-2A), implying a 

fundamental deficiency in pentose utilization, glycolysis, or other pathways. Intriguingly, it has 

been reported that rpiAB mutant is possible to grow on ribose plus xylose (Sørensen and Hove-

Jensen, 1996). Therefore, we hypothesized that unexpected genome mutation during strain 

construction might be responsible and can be resolved by adaptive evolution. 

The initial ΔrpiAB (IB730) strain was grown in Terrific broth (TB) medium with ribose 

and xylose, followed by passages (0.1% inoculation) of the culture in a MOPS based medium 

supplemented with low levels of amino acids, vitamins, and nucleotides (Hi-Def Azure, HDA 

media). After the 11th passage, the supplements in MOPS medium were eliminated and the 

culture were evolved for another 9 passages. An isolate from the 20th passage (CFC 65) was able 

to reach an OD600 of 1.7 in 24 hours with xylose and ribose (Figure 4-3A). CFC65 was then 

transformed with the Mdh-Hps-Phi plasmid pIB208 to create strain CFC68, as we hypothesize 

that the same optimized methanol assimilation plasmid used for Δrpe strain would be compatible 

with the ΔrpiAB strain. However, initial attempts to demonstrate methanol dependent growth 

with xylose proved unsuccessful. Thus we once again gradually adapt the CFC68 for methanol 

dependent growth. Similar to the previous workflow, we grew the strain initially in the HDA 

medium with methanol and xylose and gradually eliminate the supplements. After another 35 
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passages, the evolved strain (CFC133) was finally able to grow on methanol and xylose as sole 

carbon sources without any amino acid supplements (Figure 4-3B). Importantly, no growth was 

observed when methanol was omitted during the course of evolution and characterization (Figure 

4-3).  

Further characterization of CFC133 showed a saturation OD of 4.0 with specific growth 

rate of 0.19 (h-1) (Figure 4-3C). The Δrpi (CFC133) strain overall consumed 38 mM of xylose 

and 43 mM of methanol (Figure 4-3C), which is very close to the theoretical equimolar 

consumption. The results implied that most of the methanol consumed was assimilated, since 

xylose alone cannot be utilized. The exceeding amount of methanol may be attributed to 

methanol dissimilation through formaldehyde detoxification pathways (Gonzalez et al., 2006).  

The loophole issues in the Δrpe strain also urged us to carry out an extensive test of the 

ΔrpiAB strain. Fortunately, growth of ΔrpiAB strain on xylose only was never observed in 

multiple individual experiments of 30 days or longer cultivation (data not shown). We 

hypothesize that ΔrpiAB is more robust because it utilizes xylose, which is less involved in E. 

coli metabolism. Xylose is incorporated to central metabolism by converting to X5P by xylA and 

xylB. X5P is only being utilized in the pentose phosphate pathway, hence there is little chance to 

develop loopholes. On the other hand, R5P derived from ribose is involved in the pivotal 5-

phospho-α-D-ribose 1-diphosphate (PRPP) biosynthesis (Hove-Jensen et al., 2017, 2003), thus 

providing E. coli more possibilities to bypass the requirement of assimilating methanol. 

To our knowledge, this CFC133 is the first strain that demonstrates growth fully 

dependent on methanol in minimal media without supplementing any rich nutrients such as LB 

or yeast extract.   
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4.4.4 Conversion of methanol to ethanol and 1-butanol  

To this point, we have established two designs of methanol auxotrophy strains. The 

ΔrpiAB strain is more stringent in substrate utilization. It has the advantage to assimilate xylose 

together with methanol. Xylose is one of the most abundant sugars in cellulosic biomass, co-

utilization with methanol can potentially “upgrade” the production by providing extra carbon and 

reducing power. The Δrpe strain was found to have a loophole to enable growth solely using 

ribose when cultured for a longer time frame. Although such deficiency eventually prevents the 

Δrpe strain from being a good platform for metabolic evolution of methanol utilization, certain 

level of methanol can still be assimilated during growth on methanol plus ribose (Figure 4-2E).  

 To demonstrate the utility of methanol auxotroph strain for methanol conversion 

to chemical products, we aimed to produce higher alcohols such as ethanol and 1-butanol. These 

are desired products since they are more energy dense compared to methanol and can be used as 

chemical precursors and fuels. The ethanol production pathway was constructed by plasmid-

based expression of pyruvate decarboxylase (Pdc) and alcohol dehydrogenase (AdhB) from 

Zymomonas (Figure 4-4A) as described previously (Ohta et al., 1991). Here we used 13C-

methanol to trace the carbon derived from methanol was used with either ribose or xylose. After 

3 hours of fermentation, the ΔrpiAB strain yielded 4.6 g/L (100 mM) of ethanol (Figure 4-4B) 

from methanol and xylose. The control strain (wild-type BL21(DE3) with the same plasmids) 

only showed 2.8 g/L (61mM) of ethanol produced, representing a 64% of titer increase when the 

synthetic methanol auxotrophy was implemented for methanol conversion. The Δrpe strain 

ethanol production using methanol and ribose showed a similar trend. The titer was enhanced by 
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37% when comparing the auxotrophy strain (90 mM, 4.1 g/L) to the control strain (66 mM, 3.0 

g/L) (Figure 4-4D).  

Both ethanol production using sCT745 and sCT760 showed significant M+1 labeling 

product in the mass spectra (Figure 4-4C and E). Increment of labeling product (either M+1 or 

M+2) was observed when comparing the BL21 strain to sCT745 (1.9% to 42.7%) or sCT760 

(6% to 31.1%) auxotrophy strain (Figure 4-4F). The result demonstrated high level of methanol 

incorporation to the product. Notably, the theoretical product labeling should be 50% if pyruvate 

was only synthesized from 13C methanol and non-labeled xylose through EMP glycolysis 

((Figure 4-4A). The lower labeling percentage in the ΔrpiAB auxotrophy strain is expected due 

to extra non-labeled G3P generated during carbon rearrangement in the PPP, while in the Δrpe 

auxotrophy strain it could be attributed to the unknown loophole pathway that bypasses 

incorporation of methanol. 

Methanol consumption was also enhanced by 11-fold and 5-fold for the ΔrpiAB and Δrpe 

strain (Figure 4-4G) when compared to BL21 strain, respectively. The extra carbon from 

methanol assimilation (70.5 mM for ΔrpiAB, 38.2 mM for Δrpe) accounts for 89% and 78% of 

the increased ethanol titer in the ΔrpiAB and Δrpe strains (39.5 mM for ΔrpiAB, 24.4 mM for 

Δrpe), respectively. It implied that the titer improvement is not only due to the utilization of 

methanol as a source of carbon, but possibly also a source of reducing power to enhance overall 

production of reduced product. The results indicated that the synthetic methanol auxotrophy 

engineering strategy effectively increase production titer by enabling more efficient methanol 

utilization.  
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The encouraging result of ethanol production urged us to expand the production to 1-

butanol. Heterologous genes for 1-butanol production (atoB, hbd, crt, ter, and pduP), as 

described previously (Lan et al., 2013; Shen et al., 2011), was expressed using plasmid-based 

construct. With the ΔrpiAB auxotrophy strain, we demonstrated 150 mM (2.0 g/L) of 1-butanol 

when 87 mM of methanol and 100 mM of xylose was consumed (Figure 4-4H). Since PduP also 

has activity towards acetyl-CoA, a significant amount (1.5 g/L) of ethanol was produced as 

byproduct. Similar to the results in ethanol production, significant M+1 and M+2 mass 

isotopomer of 1-butanol was observed in the mass spectra (Figure 4-4I). Close to the expectation, 

M+1 mass isotopomer accounts for 52% of the product 1-butanol while M+2 molecules took up 

20%.  

In both cases of ethanol and 1-butanol production using the ΔrpiAB strain, equimolar 

consumption of methanol and xylose was observed. The substrate utilization pattern was 

consistent with that of methanol-dependent growth (Figure 4-3C). It again served as an evidence 

to show that most of the methanol consumed was assimilated.  

 
4.4.5 Engineering ΔrpiAB for lower methanol requirement  

One of the drawbacks that we noticed from the growth of current methanol auxotrophy 

strain was the high amount of methanol required. The CFC133 strain grows fast with 250 mM of 

methanol, but only consume about 40 mM. The unused methanol increases the cost of substrate 

and downstream separation for industrial applications. Therefore, it would be ideal to further 

improve the auxotrophy strain to utilize lower methanol concentration.  
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With the success in enriching plasmids that renders higher growth performance in the 

Δrpe strain, we reasoned that the same strategy can be applied for the ΔrpiAB strain. We aimed 

to further engineer the CFC133 ΔrpiAB strain to grow on 50 mM of methanol since the amount 

is close to the total methanol consumption when higher (250 mM) methanol was used (Figure 

4-3C) and also represents a limit condition of which the current strain cannot grow (Figure 4-5B). 

A random mutagenesis library was created that covered the whole Mdh, Hps, and Phi operon 

(Figure 4-5A) except for the coding region of Phi. The isomerase enzyme was left out since it 

already has high activity. We hypothesized that such a large library would be necessary since a 

dramatic growth phenotype change we are seeking might require synergistic altered enzyme 

kinetics, expression, etc.  

The library was transformed to ΔrpiAB strain sCT497 (CFC133 cured plasmid pIB208). 

After 17 passages of growth with xylose and 50 mM methanol, a strain that can grow on this low 

methanol concentration was obtained and its plasmid pCT239 was isolated. The plasmid pCT239 

was considered the main contribution for the lower-methanol (50 mM) growth phenotype since 

the growth phenotype was transferable when transforming pCT239 back to the original 

background strain sCT497. The engineered plasmid enabled methanol dependent growth to a 

saturation OD of 4.48 with specific growth rate of 0.88 (h-1), while the parental plasmid pIB208 

did not result in any growth under 50 mM methanol (Figure 4-5B). Although the strain showed a 

slower growth rate when compared to CFC133 with higher methanol concentration, it still 

represented a substantial progress in engineering desired growth phenotype. Further 

improvement on growth rate can possibly be achieved by adaptive evolution as demonstrated in 

earlier results (Figure 4-3). 
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Plasmid pCT239 was identified with mutations on the promoter and the coding region of 

Mdh and Hps (Figure 4-6A). Crude extract assay shows that Mdh, Hps, and Phi activities in the 

strain with pCT239 are all higher than the strain with pIB208 (Figure 4-6C). However, the 

mutation on promoter did not showed significant effect on protein expression level with or 

without inducer when using GFP as a readout (Figure 4-6B). Characterization of kinetic 

parameters of Mdh and Hps showed that the mutations did not promote enzyme activity or 

affinity (Table 4-2). Further experiments such as investigation on transcription level or protein 

stability will be required to explain the phenomena.  

 
4.5 Discussion 

Methanol utilization is challenging since the substrate is not natively accepted by E. coli. 

Existing methanol assimilation pathways involve highly toxic formaldehyde as intermediate 

(James M Clomburg et al., 2017). Overexpressing RuMP enzymes proved to have limited 

methanol assimilation and cannot support E. coli to grow on methanol alone (Jonas E.N. Müller 

et al., 2015; Whitaker et al., 2016). Indeed, it is an intriguing question why E. coli cannot grow 

on methanol as sole carbon source after expressing all the essential enzymes in the RuMP 

pathway. In addition to kinetically unfavorable enzymes like NAD-dependent Mdh, the 

underlying hurdles might be related to the fundamental difference of cell metabolism between E. 

coli and methanotrophs. Intensive work to systematically compare the physiology of these 

organisms might be required to guide further engineering strategies.  

In this paper, we implement a novel strategy called “synthetic methanol auxotrophy” that 

demonstrated an E. coli strain that depends on methanol to grow for the first time. The Δrpe 
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strain allowed an easier case for developing the synthetic methanol auxotroph, but the resulting 

strain showed a loophole that prevented it from further utilization as a platform for growth based 

selection. On the other hand, the ΔrpiAB strain took more effort to reach methanol auxotrophy, 

but gave a more stringent methanol-dependent growth. During adaptive evolution in ribose and 

xylose, the mutation on tkt might play a key role for the growth phenotype change. After 

knocking out rpiAB, three amino acids of the tktA gene were found truncated, starting from 

position 606 (Figure 4-10). As evolution process continues, we found out the ∆rpiAB strain that 

successfully grew on ribose and xylose contained TktA with a valine residue recovered among 

the three deleted amino acids and the new TktA demonstrated higher activity in crude extract 

(Figure 4-10). This may have explained the poor initial growth of ∆rpiAB strain on ribose and 

xylose, as Tkt is required to convert the substrates into F6P for growth. Despite the identification 

of the tktA mutation, there was still no apparent clue on how ∆rpiAB strain acquired the ability to 

grown on methanol and xylose. Thus, we stretched further to obtain the whole genome sequence 

of the evolved variants (Table 4-3). The most significant change in the genome of CFC133 was 

two large genome deletions. One of the two deleted regions included the entire frm operon, 

which is responsible for formaldehyde detoxification (Gonzalez et al., 2006). Deletion of 

formaldehyde detoxification had been shown to assist methanol assimilation in previous report 

(Jonas E.N. Müller et al., 2015). Indeed, the growth phenotype was abolished when the deleted 

region was restored (Figure 4-7). Another mutation that contributed significantly to the methanol 

dependent growth phenotype was cyaA. Our result showed that when the mutation on the cyaA 

gene was reverted to wild-type sequence, the phenotype of methanol dependent growth cannot be 

observed (Figure 4-7). Since cyaA encodes an enzyme that catalyze the production of important 
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regulator molecule cyclic AMP, further experiments to investigate the regulation target that 

benefits methanol assimilation will be required to decipher the meaning of cyaA mutation. 

There are several advantages of this strain. First, the strain enabled metabolic evolution 

approach to increase methanol utilization. Due to the complexity of this topic, metabolic 

evolution allowed us to bypass incremental rational metabolic pathway design. Indeed, the 

growth-based selection has been successfully applied in many other cases of metabolic flux 

enhancement (Baek et al., 2016; Jantama et al., 2008; Jiang et al., 2013; Yomano et al., 2008; 

Zhu et al., 2014). And the outcome of the evolution sometimes attributed to counter-intuitive 

results that might not be easily predicted by rational design (Zhang et al., 2009). Second, the 

methanol auxotroph strain can serve as a platform to screen for a methanol assimilation module 

(e.g. Mdh, Hps, Phi) with higher performance (Figure 4-2, Figure 4-5). The growth related 

readout provides more direct evaluation of enzyme functionality for methanol assimilation than 

in vitro assays. The methanol auxotroph strain can also be eventually engineer to methanol only 

growth or production. Since the ΔrpiAB strain was forced to evolve for higher activity of PPP to 

produce nucleotides precursor (Figure 4-1), a complete RuMP cycle can be achieved by 

restoration of Rpi function in the evolved ΔrpiAB auxotrophy strain. 

The methanol auxotroph strain has been a significant step toward methanol utilization. 

We demonstrated the high level of methanol incorporation to fermentation product and 

significantly enhanced methanol consumption rate. In addition, the strain can be used to upgrade 

production titer when using xylose as fermentation substrate, which is one of the most abundant 

sugars in nature. The novel design set forth many new possibilities in methanol utilization and 

engineering synthetic methylotrophy. 
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4.6 Materials and methods 

Chemicals and Reagents 

All reagents were purchased from Sigma-Aldrich (St. Louis, Missouri, USA) unless otherwise 

stated. 13C methanol was obtained from Cambridge Isotope Laboratories (Tewksbury, 

Massachusetts, USA). The following enzymes were also purchased from Sigma-Aldrich: 

hexokinase (S. cerevisiae), phosphoglucose isomerase (S. cerevisiae), glucose-6-phosphate 

dehydrogenase (S. cerevisiae).  

Strains and growth conditions  

The ΔrpiAB and Δrpe strains described in this research was constructed based on E. coli 

BL21(DE3) strain using P1 transduction (Thomason et al., 2007) with Keio collection (Baba et 

al., 2006). All of the cloning work was done in E. coli XL-1 blue. See Table 4-4 for a complete 

list of strains used in this study. All bacterial culture was kept at 37 °C, 250 rpm orbital shaker 

unless otherwise stated. MOPS minimal medium is composed of 40 mM MOPS, 4 mM tricine, 

0.01 mM FeSO4, 9.5 mM NH4Cl, 0.276 mM K2SO4, 0.5 µM CaCl2, 0.525 mM MgCl2, 50 mM 

NaCl, 2.92E-7 mM (NH4)2MoO4, 4.0E-5 mM H3BO3, 3.02E-6 mM CoCl2, 9.62E-7 mM CuSO4, 

8.08E-6 mM MnCl2, 9.74E-7 mM ZnSO4, and 1.32 mM K2PO4. For all growth tests in MOPS 

minimal medium, seed cultures for inoculation were grown in Terrific Broth (TB) medium for 16 

hrs. 0.1 mM IPTG for induction of protein expression was added when necessary. For antibiotics, 

final concentration of 100 mg/L carbenicillin or 30 mg/L kanamycin were used when appropriate. 

Notably, we experience huge variation of lag phase (1 – 3 days) when passing the ΔrpiAB 

auxotrophy strain directly from rich medium culture to minimal medium for growth on methanol 
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and xylose. This could be a result of dramatic change of growth condition and the stress caused 

by expressing the methanol assimilation enzyme in high level. Therefore, an intermediate state 

that buffers the transition was implemented for characterization of methanol-dependent growth 

and substrate consumption of strains IB958 and CFC133. The seed cultures were washed twice 

with equal volume of MOPS minimal medium before inoculation (1%) to 3 ml MOPS minimal 

medium containing 50 mM ribose/xylose and 250 mM methanol with 0.05 % casamino acids in 

Vacutainer glass tubes from BD (Franklin Lakes, NJ, USA). The casamino acids were found to 

shorten the lag phase when the cells are transitioned from growth in rich medium to minimal 

medium and enabled repeatable growth for the medium transition. The resulting cultures with 

casamino acids typically reaches OD600 ~1.5 in 16 hrs. For the growth and substrate consumption 

characterization, the “transition” cultures were then washed twice with MOPS medium and 

inoculated into 3 mL of identical growth medium but without casamino acids to initial OD of 0.1 

in Vacutainer glass tubes from BD (Franklin Lakes, NJ, USA). During growth characterization 

experiment, 300 µL of culture samples were then taken at each desired time point for methanol, 

xylose, or ribose quantification using HPLC. OD600 was monitored by Spectronic 200 (Thermo 

Scientific) with cultures in BD vacutainer  glass tubes (#366430, BD, NJ, USA).  

Ethanol and 1-butanol Production  

Engineered strains were cultured in TB medium with appropriate antibiotics for 4 h before 

adding 0.1 mM IPTG. The strains were grown for another 12 to 18 h. 500 ul of the cultures were 

inoculated into 120 mL Hi-Def Azure (HDA) medium (Teknova, CA, USA) supplemented with 

0.1 mM IPTG, 50 mM ribose/xylose, and 250 mM methanol until OD was about 1 

(approximately 24 to 40 h). Appropriate amount of cells were pelleted and washed twice with 30 
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mL of MOPS minimal medium. The washed pellets were resuspended in 850 ul of MOPS 

medium, 100 ul of 2M ribose/xylose, and 50 ul of 10 M 13C methanol to make1 ml concentrated 

cultures of OD 100. Samples were taken at desired time points and supernatants were isolated for 

analysis. Ethanol and 1-butanol were measured by GCMS, 13C-labeling was determined by 

measured mass isotopomer with correction for nature isotope abundance as described (Fernandez 

et al., 1996). Methanol, xylose, ribose and organic acids byproducts were quantified by HPLC. 

Analytical methods 

An Agilent 1100 HPLC was used for measurement of organic acids, sugars (ribose and xylose), 

and methanol using an Aminex HPX-87H column (Bio-Rad). 30 mM of sulfuric acid was used 

as mobile phase at a flow rate of 0.6 mL/min and run for 30 minutes. A 6890/5973 GC-MS 

(Agilent Technologies) was used for quantification of ethanol and 1-butanol. An initial 

temperature of 40 °C was held for 2 mins, before ramping at 10°C/min to 60 °C followed by 

ramping at 100°C/min to 240 °C with a final two minute hold. We used a DB-FFAP column 

(Agilent Technologies 123-3232, 0.32 mm x 30 m x 0.25 µm), with constant pressure of 0.487 

bar.  

ΔrpiAB directed evolution for substrate adaption  

All cell strains were passed to the next generation when OD600 exceeded 1.2, and inoculated 

initially at 0.05. The unevolved ΔrpiAB strain CFC64 was first inoculated in Terrific Broth (TB 

Sigma) with 7 mM ribose and 7 mM xylose. Cells grew to saturation in two days and were then 

passed to two different media, Hi Def azure medium (HDA, Teknova), and MOPS EZ Rich 

Defined Medium (Teknova), both with 100 mM ribose and 100 mM xylose. From Generation 2 

to Generation 10, cells were passed from HDA to HAD. Cultures were also passed to MOPS 
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media with same amount of ribose and xylose to test for growth (result presented in Figure 4-3). 

Since Generation 5, ribose and xylose concentrations were reduced to 40 mM. Starting from 

Generation 11, cells were passed from MOPS media to MOPS media. At Generation 20, a single 

colony strain was isolated and renamed as CFC65. The plasmid pIB208 was then transformed, 

and the strain was renamed as CFC68. Colonies were picked and grown in TB with 7 mM ribose 

and 7 mM xylose. The strain was then inocluated into MOPS minimal medium with 200 mM 

methanol, 20 mM xylose, 0.1 mM IPTG, 1x of MEM amino acid (Sigma). Cells were also grown 

without MEM amino acid as a growth control. MEM amino acid was reduced to 0.5x, 0.25x, 

0.125x, 0x at Generation 30, 32, 37, 45 subsequently.  

Plasmid construction 

Plasmids and primers used in the current research were listed in Table 4-5. DNA fragments for 

plasmid construction were generated by PCR using Phire Hot Start II DNA polymerase (Thermo 

Scientific). All plasmids were assembled by Gibson Assembly Master Mix (New England 

Biolabs) as described by manufacturer’s protocol. 

Genome sequencing 

Whole genome sequencing of strain CFC65 and CFC133 was performed by GENEWIZ (South 

Plainfield, NJ, USA) using Illumina MiSeq platform.  

Enzyme assay 

Key enzymes in the pentose phosphate pathway (Tkt, Tal, Rpe, Rpi) were purified from 

overexpressing strains. Cells were inoculated in 3 mL LB from frozen glycerol stock and grown 

overnight at 37 °C. The following day, 200 mL LB was inoculated with 1% of overnight culture 

and grown at 37 °C until optical density was between 0.4 and 0.6, at which a final concentration 
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of 0.1mM IPTG was added. The culture was grown at room temperature overnight, harvested by 

centrifuge and broken by sonification. After centrifuging for 1 hour at 18000 rpm and 4 °C, 

protein solution was vacuum filtered before performing IMAC protein purification with Profinia 

(Biorad). Final concentrations of purified enzymes are: Tkt at 2.0 µg/µL, Tal at 13.0 µg/µL, Rpe 

at 5.0 µg/µL, and Rpi at 28.7 µg/µL. Commercial phosphoglucose isomerase and glucose-6-

phosphate dehydrogenase were obtained from Sigma-Aldrich. Crude extracts from BL21, IB730, 

CFC65, CFC68, and CFC133 strains were collected. Cells were inoculated in 5 mL LB from 

frozen glycerol stock and grown overnight at 37 °C with 5000x of 0.5 M IPTG. The following 

day, cells were harvested by centrifuge and cell pellets were re-suspended in Diglycine Cell 

Lysis Buffer for sonication. After centrifuging for 30 min at 15000 rpm at 4 °C, solution 

supernatant was separated and normalized to a concentration of 3.2 µg/µL. Assays were carried 

out in 100 mM phosphate buffer (pH 7.0) with 20 mM NADP+, 100 mM thiamine 

pyrophosphate, and 100 mM MgCl2. Tkt, Tal, and Rpe enzyme activity were tested by addition 

of the substrate, ribose-5-phosphate. 
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4.8 Figures 

 

Figure 4-1. Schematic diagram of synthetic methanol auxotrophy with (A) ΔrpiAB or (B) 
Δrpe strain.  
 
The arrows with a slash denotes eliminated reaction. XylE, D-xylose/proton symporter; XylA, 
xylose isomerase; XylB, xylulokinase;  RbsD, D-ribose pyranase; RbsK, ribokinase; Rpe, 
ribulose-phosphate 3-epimerase; Rpi, ribose-5-phosphate isomerase; Tkt, transketolase; Tal, 
transaldolase; Mdh, methanol dehydrogenase; Hps, 3-hexulose-6-phosphate synthase; Phi, 
phosphohexuloisomerase. X5P, xylulose 5-phosphate; R5P, ribose 5-phosphate; Ru5P, ribulose 
5-phosphate; S7P, sedoheptulose 7-phosphate; G3P, glyceraldehyde 3-phosphate; E4P, erythrose 
4-phosphate; F6P, fructose 6-phosphate; H6P, hexulose 6-phosphate; PEP, phosphoenolpyruvate; 
Pyr, pyruvate; AcCoA, acetyl-CoA; Cit, citric acid; α-KG, α-ketoglutaric acid; Suc, succinate; 
OAA, oxaloacetate. Chang-Ting Chen prepared the figure. 
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Figure 4-2. Construction and optimization of methanol auxotrophy in IB405 (BL21(DE3) 
Δrpe). 
 
(A) Growth phenotype of IB730 (ΔrpiAB) and IB405(Δrpe) was compared to the parental strain 
BL21(DE3) with 7 mM of ribose, xylose, glucose, or ribose plus xylose (7 mM each). (B) IB405 
was transformed with pCTI2 (strain sCT33) for initial trial of methanol dependent growth. (C) 
RBS libraries of Mdh, Hps, and Phi for further optimization of methanol assimilation. Each RBS 
contains 16 diverse expression levels across four orders of magnitude. Degenerate bases: M = A, 
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C; S = C, G; Y = C, T; K = G, T. The RBS library was transformed to IB405 from where (D) 11 
colonies were randomly isolated for characterization of methanol dependent growth and Mdh, 
Hps/Phi activity. OD600 was recorded after 48 hrs. (E) Characterization of strain IB958 selected 
from the library. After transformation of RBS library to strain IB405, 4 passages of methanol 
dependent growth enrichment (grow for 48 hrs before passing) were carried out. The fastest 
growing strain IB958 was identified by isolating single colonies from the resulting culture on 
agar (1.5%) plate with MOPS minimal medium plus 7 mM ribose and 200 mM methanol, 
followed by repeating liquid medium growth to select for the fastest growing variant. Strains 
were grown in MOPS minimal medium supplemented 250 mM methanol and 50 mM ribose 
(growth characterization of sCT33 and IB958) or 200 mM methanol and 7 mM ribose (all other 
experiments) at initial OD = 0.05 – 0.1. Cultures were kept at 37 °C, 250 rpm orbital shaker with 
0.1 mM IPTG induction. Error bars represents the standard deviation (n = 3). Chang-Ting Chen 
prepared the figure and conducted all the experiments except for the data shown in panel (D), 
which is done by Dr. Igor W. Bogorad.  
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Figure 4-3. Evolution of IB730 (ΔrpiAB) strain and characterization of methanol dependent 
growth of evolved strain CFC133.  
 
(A) Adaptive evolution of the initial IB730 strain for growth with ribose and xylose. The initial 
ΔrpiAB (IB730) strain was grown in Terrific broth (TB) medium with 7 mM each of ribose and 
xylose, followed by passages (0.1% inoculation) of the culture in the Hi-Def Azure media (HDA 
media, a MOPS based medium supplemented with low levels of amino acids, vitamins, and 
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nucleotides). After the 11th passage, the HDA media was replaced by MOPS minimal medium 
and the culture was evolved for another 9 passages before strain CFC65 was isolated from the 
20th passage. (B) Adaptive evolution for methanol dependent growth with xylose. CFC65 was 
transformed with plasmid pIB208 for overexpression of Mdh, Hps, and Phi. Similar to the 
previous workflow, the CFC68 strain was grown initially in the HDA media with 200 mM 
methanol and 7mM D-xylose before switching to MOPS minimal medium. After 35 passages, 
the evolved strain CFC133 was finally able to grow on methanol and xylose as sole carbon 
sources without any amino acid supplements. (C) Characterization of methanol dependent 
growth and substrate consumption of CFC133 in MOPS minimal medium supplemented with 50 
mM xylose and 250 mM methanol. Error bars represents the standard deviation (n = 3). Freddy 
Yu-Hsiao Chen conducted the experiment for Figure (A) and (B) and prepared these two figures. 
Chang-Ting Chen conducted experiment shown in Figure (C) and prepared the figure. 
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Figure 4-4. Ethanol and 1-butanol production using methanol auxotrophy strains.  
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For all production experiments, strains were grown in HDA medium for ~24 hrs until OD600 
reaches 2. Cells were then washed twice with MOPS minimal medium before being concentrated 
to OD600 ~100 in the same medium. The concentrated cells were kept in BD Vacutainer glass 
tube with stoppers to prevent methanol evaporation. 550 mM methanol and 200 mM ribose or 
xylose (final concentration) were added to start the production. Ethanol production strains 
sCT745 (ΔrpiAB), sCT760 (Δrpe), and sCT763(BL21(DE3)) carried pIB208 (Mdh, Hps, Phi) 
and pTW244 (Pdc, AdhB). 1-Butanol production strain sCT767 (ΔrpiAB) carried pIB208 and 
pTW242 (AtoB, Crt,  Hbd, Ter,  PduP). (A) Carbon labeling of ethanol and 1-butanol derived 
from 13C-methanol with co-utilization of xylose or ribose in the methanol auxotorphy strains. (B) 
Ethanol production of sCT745 (ΔrpiAB) and sCT763(BL21(DE3)) using methanol and xylose. 
(C) Mass spectra of ethanol produced by sCT745 (3 hr sample). (D) Ethanol production of 
sCT760 (Δrpe) and sCT763(BL21(DE3)) using methanol and ribose. (E) Mass spectra of ethanol 
produced by sCT760 (3 hr sample). (F) Mass isotopomer abundance of ethanol derived from 13C 
methanol (3 hr samlpe) (G) Methanol and xylose or ribose consumption during ethanol 
production (H) 1-Butanol production of sCT767 (ΔrpiAB) using methanol and xylose. Ethanol 
was a primary byproduct due to promiscuity of PduP to convert acetyl-CoA to acetaldehyde. (I) 
Mass spectra and mass isotopomer abundance of 1-butanol produced by sCT767 (4 hr sample). 
Relative abundance of mass isotopomers were calculated as described before (Fernandez et al., 
1996). All spectra were normalized to the most abundant internal peak. Error bars represents the 
standard deviation (n = 3). Chang-Ting Chen prepared conducted the experiment and prepared 
the figure. 
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Figure 4-5 Engineering synthetic methanol auxotrophy strain that grows on lower 
methanol concentration.  
 
(A) Random mutagenesis library was created and transformed to the ΔrpiAB strain CFC133 for 
plasmid enrichment under 50 mM methanol. The target mutagenesis area (dashed rectangular) 
included promoter, coding sequences of Mdh and Hps, and RBS of Mdh, Hps, Phi. A strain 
carrying plasmid pCT239 that allows for growth under 50 mM methanol was isolated after 17 
passages. (B) Plasmid pCT239 was purified and transformed to ΔrpiAB strain CFC133 for 
characterization of methanol dependent growth under 50 mM methanol. The parental plasmid 
pIB208 did not enable any growth in the CFC133 strain. Error bars represents the standard 
deviation (n = 3). Chang-Ting Chen prepared conducted the experiment and prepared the figure. 
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Figure 4-6 Characterization of plasmid pCT239 that enables lower methanol growth.  
 
(A) Mutations characterized from pCT239 when compared to parent plasmid (B) Promoter 
strength was compared by replacing the Mdh, Hps, and Phi genes with GFP and measure 
fluorescence intensity with excitation wavelength 488 nm and emmision wavelength 516 nm. (C) 
Strain sCT497 carrying pIB208 or pCT239 were cultured in TB with 0.1mM IPTG before 
measuring crude extract activity of Mdh, Hps, and Phi. Error bars represents the standard 
deviation (n = 3). Chang-Ting Chen prepared conducted the experiment and prepared the figure. 
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Figure 4-7 Characterization of key mutations for methanol and xylose gorwing phenotype 
of CFC133 (ΔrpiAB) strain. 
 
The mutated genes characterized in strain CFC133 (see Table 4-3) were restored to their wild-
type sequence one by one to test their contribution to the growth phenotype. For the frmABR 
restored strain, genome editing based on P1 transduction was applied (Thomason et al., 2007). A 
strain from the Keio collection (Baba et al., 2006) containing yaiL knockout with selection 
marker was used as source strain from which the frmABR region was moved to CFC133 strain to 
recover the truncation. The rest of the strains with restored genes were constructed by 
recombineering method described previously (Datsenko and Wanner, 2000). Chang-Ting Chen 
prepared conducted the experiment and prepared the figure. 
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4.9 Tables 

Table 4-1. Prediction of translation initiation rate of plasmids used for methanol dependent 
growth using RBS calculator.  

RBS calculator is described previously (Salis et al., 2010). 

 Translation initiation rate (103 au) 

Plasmid Mdh Hps Phi 

pCTI2 82.3 5.70 2.4 

pIB208 21.4 83.4 0.2 
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Table 4-2. Characterization of enzymes on pCT239 
 

Plasmid Parent (CT4-1) 
Mdh-

pCT239 
Hps (B. 

methanolicus) 
Hps-pCT239 

Vmax (U/mg) 0.21 0.21 5.48 2.11 

Km 
21.6 mM 
MeOH 

27.5 mM 
MeOH 

0.97 mM R5P 0.99 mM R5P 

0.82 mM CH2O 0.84 mM CH2O 
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Table 4-3. Point mutation, Indel and genome truncation list in IB730, CFC68 and CFC133 
relative to their parental strains.  

	
   Codon	
  Change	
  
Non-­‐coding	
  
Region	
   Indel	
  Codon	
  Change	
  

Large	
  Genome	
  
Truncation	
  Location	
  

IB730	
  
(Compared	
  

to	
  WT	
  
BL21)	
  

None	
   0	
  

tktA	
  
(2816_2824_delACTGCACGC)	
  
(amino	
  acid:	
  606_608_delTAR)	
  

	
  

∆rpiA	
  
∆rpiB	
  

	
  

CFC65	
  
(Compared	
  
to	
  IB730)	
  

tktA	
  (T606V)	
  
	
  

8	
  
	
  

	
  
Capsid	
  component	
  B	
  (149_150_ins 

AACACAGTGTTATGACA)	
  
[Frameshift]	
  

	
  
tktA	
  

(2819_2824_delGCACGC)	
  
(amino	
  acid:	
  607_608_delAR)	
  

	
  
cyaA	
  

(1373_1377_delCGGGC)	
  
[Early	
  Stop	
  Codon]	
  

	
  

-­‐	
  

CFC133	
  
(Relative	
  
to	
  CFC65)	
  

insB-­‐9	
  (M90L)	
  
add	
  (L157*)	
  
zwf	
  (Q433*)	
  

	
  
	
  

6	
  

	
  
	
  

Capsid	
  component	
  B	
  
(150_151_insA)	
  
[Frameshift]	
  

	
  
clpA	
  (273_274_insA)	
  
[Early	
  Stop	
  Codon]	
  

	
  
pykF	
  (1384_1385_insTAACACC)	
  

[Early	
  Stop	
  Codon]	
  
	
  

aroK	
  (510_delC)	
  
[Stop	
  Codon	
  Extended]	
  

	
  
cyaA	
  	
  

(1442_1443_insATCAGCC)	
  
[Early	
  Stop	
  Codon]	
  

	
  
deoD	
  

(679-­‐680_insATCA)	
  
[Frameshift]	
  

	
  

347601-­‐350255	
  
The	
  operon	
  frmB-­‐frmA-­‐
frmR	
  and	
  yaiO	
  was	
  

deleted	
  
	
  

771473-­‐788064	
  
Capsid	
  component	
  B	
  &	
  
C	
  was	
  partially	
  deleted	
  

	
  

	
   	
   	
   	
   	
   	
  

 



113 

 

Table 4-4. Strain list 
 

Name Genotype Description Reference 
BL21(DE3) E. coli str. B F–

 ompT gal dcm lon hsdSB(rB
–mB

–) 
λ(DE3 [lacI lacUV5-
T7p07 ind1 sam7 nin5]) [malB+]K-

12(λS) 
 

Wild-type  

IB405 BL21(DE3) Δrpe::kan Synthetic methanol auxotrophy 
strain with Rpe deletion 

This study 

sCT33 IB405 containing pCTI2 Initial construct of methanol 
auxotrophy with slow methanol 
dependent growth 

This study 

IB958 IB405 containing pIB208 Fast growing methanol 
auxotrophy strain enriched from 
Mdh-Hps-Phi library 

This study 

IB730 BL21(DE3) ΔrpiA::FRT              
ΔrpiB::kan 

Initial strain for constructing 
synthetic methanol auxotrophy 
strain with Rpi deletion. Cannot 
grow on ribose plus xylose or 
methanol plus xylose 

This study 

CFC65 IB730 evolved in ribose and 
xylose 

Grows in xylose plus ribose This study 

CFC68 CFC65 containing pIB208 Barely grow on methanol and 
xylose with trace amino acids 
supplement 

This study 

CFC133 Containing plasmid pIB208 CFC68 evolved in methanol and 
xylose. Grows in methanol plus 
xylose 

This study 

CFC134 CFC133 ΔrpiB::FRT Kanamycin selection marker 
removed 

This study 

sCT497 See CFC133 CFC133 strain with plasmid 
pIB208 removed 

This study 

sCT745 CFC133 containing pTW244 Ethanol producing strain This study 
sCT760 IB958 containing pTW244 Ethanol producing strain This study 

sCT767 CFC134 containing pTW242 1-Butanol producing strain This study 
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Table 4-5. Plasmid list.  
 
mdh2CT4-1 and mdh2CT2-1 indicates engineered variants CT4-1 and CT2-1 of Mdh2 from 
Cupriavidus necator (Wu et al., 2016). BM, Bacillus methanolicus; MF, Methylobacillus 
flagellates; EC, Escherichia coli; CA, Clostridium acetobutylicum; TD, Treponema denticola; 
SE, Salmonella enterica; ZM, Zymomonas mobilis.  

 
Name Description Reference 

pIB208 PLlacO1::mdh2CT4-1-hpsBM-phiMF colE ori Carbr This study 

pCTI2 PLlacO1::mdh2CT2-1-hpsBM-phiMF colE ori Carbr This study 

pTW242 PLlacO1::atoBEC-crtCA-hbdCA-terTD, Ptrc::pduPSE p15A ori Kanr This study 

pTW244 PLlacO1::pdcZM-adhBZM CDF ori Specr This study 

pCT239 PLlacO1
*::mdh2CT4-1

**-hpsBM
***-phiMF colE ori Carbr This study 

* With a C to A mutation within the promoter sequence: 
CTCGAGAATTGTGAGCGGATAACAATTGACATTGTGAGCGGATAAAAAGATACTGAGCACATCAGCA
GGACGCACTGACCGAATTC 
** Mutation A273S, S332T 
*** Mutation G210E 
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4.10 Supplementary figures 

 

 

Figure 4-8 SDS-PAGE of crude extracts from isolated colonies of the Mdh, Hps, and Phi 
library in strain IB405.  
 
L, protein ladder; number 1 – 11 indicates distinctive colonies.    
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Figure 4-9 Growth test of Δrpe strains with additional deletion of alsE and/or sgcE.  
 
Strains were grown in TB with appropriate antibiotics for ~16 hrs before washed twice with 
MOPS minimal medium and ionculate  (initial OD 0.05 -0.1) to MOPS minimal medium with 7 
mM ribose. Chang-Ting Chen prepared conducted the experiment and prepared the figure. 
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Figure 4-10 Characterization of mutations and resulting activity of tktA in ΔrpiAB strains. 
Freddy Yu-Hsiao Chen conducted the experiment and prepared the figure. 
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