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ABSTRACT OF THE DISSERTATION 

 

Rewriting central metabolism for carbon conservation 

 

 

by 

Igor Bogorad 

 

Doctor of Philosophy in Bioengineering 

University of California, Los Angeles, 2015 

Professor James C. Liao, Chair 

 

The efficient use of carbon sources is a core objective in metabolic engineering and 

biorefinery. Most approaches have focused on optimizing naturally occurring pathways to 

improve titer, productivity, and yield. However, certain inherent limitations cannot be surpassed 

if natural pathways are used. Here we designed two synthetic metabolic pathways, Non-

Oxidative Glycolysis (NOG) and Methanol Condensation Cycle (MCC) for the utilization of 

sugar and methanol, respectively.  We also created a methanol auxotrophic Escherichia coli 

strain that depends on methanol for growth. The first project, NOG, was designed to address an 

intrinsic carbon inefficiency in all sugar-based biorefinery. The inefficiency in the Emben-
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Meyerhof-Parnas (EMP) pathway (commonly called glycolysis), results in one-third of carbon 

being lost as CO2 during the synthesis of acetyl-CoA. To bypass the limits of this pathway, we 

redesigned central metabolism to obtain better carbon conservation. The NOG pathway was 

designed and engineered into E. coli that avoids CO2 loss in the conversion of sugar to acetyl-

CoA. This represented a 50% carbon improvement compared to the classical EMP pathway. 

While sugars can be consumed by nearly all organisms, other high-energy carbon sources are of 

high interest. The second project focuses on the utilization of methanol which is a cheap C1 

molecule that is more energy-rich than sugars. Methanol is produced commercially from 

methane in natural gas. However, current technologies for methanol conversion require high 

temperature and pressure. Natural biological pathways for methanol utilization are carbon and 

ATP inefficient. We designed the MCC and to allow conversion of methanol to higher alcohols 

with theoretical 100% carbon conservation at room temperature and ambient pressure. This 

pathways was demonstrated using an in vitro cell-free system. Since methylotrophs (organisms 

that can grow on methanol) are difficult to engineer, the conversion of methanol to higher-value 

chemicals has been difficult. Furthermore, decades of research have failed to create a 

methylotrophic E. coli strain. In the third project we created a methanol auxotrophic E. coli strain 

that is dependent on methanol for growth. This strain will be used to improve methanol 

dehydrogenase, a limiting step in methanol conversion.  
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1. Introduction 

 

The sustainable production of fuels and chemicals is vital as the world’s population 

grows and demand increase. Biological catalysis offers a unique advantage over traditional 

chemical process due to the lower operating pressure and temperature. Metabolism is the set of 

chemical transformations (catalyzed by enzymes) that occurs within a cell. Central metabolism 

encompasses the essential set of reactions that allows a cell to convert an external carbon source 

into key building blocks and high-energy carriers. For example, there are at least four (EMP, ED, 

Phosphoketolase, and Methylglyoxal) distinct ways to break down glucose. These pathways 

offers cells the ability to adapt to different environments. In certain conditions, harvesting more 

ATP is advantageous though this can compromise the overall flux. In other conditions, high flux 

takes precedence over ATP yield. Certain enzymes are also highly susceptible to oxygen 

inactivation, ion concentration, and temperature. To allow cells to adapt various environments, 

different pathways have evolved. The key function of central metabolism is to convert an 

external carbon source into usable energy and create necessary building for growth.  

Metabolic engineers are able to convert a carbon source into a higher value product such 

as alcohols (ethanol, isobutanol, n-butanol), fatty acids, amino acids, etc1. Our aim is to 

manipulate pathways to produce desirable products at higher titers, faster rates, and with 

increased carbon efficiency. A major challenge in metabolic engineering has been the carbon 

efficient production of acetyl-CoA derived chemicals. Acetyl-CoA is a two carbon metabolite 

that is primarily made by pyruvate decarboxylation. The carbon dioxide released at this step 

significantly lowers the carbon yield and contributes to global warming. The overall goal of my 

Ph.D. thesis has been to design and implement synthetic pathways that are more carbon efficient 

in the production of acetyl-CoA from different sources.  
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Chapter 2 will discuss a novel glycolytic pathway termed Non-Oxidative Glycolysis 

(Nature 2013). This NOG pathway can produce three acetyl-CoA per F6P, and utilizes well-

known, highly active, oxygen-tolerant enzymes. NOG was engineered into E. coli for the 

stoichiometric conversion of xylose to acetate. 

Chapter 3 describes the in vitro demonstration of an efficient methanol of a new pathway 

“Methanol Condensation Cycle” (PNAS 2014). Here we were able to stoichiometrically produce 

higher-carbon alcohols from methanol in a cofactor balanced manner. The high carbon efficiency 

and favorable operating conditions are attractive for industrial applications. Though an in vitro 

process has certain benefits, engineering MCC into a host remains a challenge since few 

organisms can utilize methanol. 

Chapter 4 will conclude with ongoing efforts to engineer methanol assimilation 

Escherichia coli. E. coli is able to grow on a range of substrates such as acetate, glycerol, lactate, 

succinate, xylose, and glucose. Yet, it is unable to grow on any C1 compound, such as methane, 

methanol, formate, or carbon dioxide. Despite years of effort to engineer autotrophy in E. coli, 

implementing natural or synthetic C1 assimilation pathways have been unsuccessful. We have 

designed a strain that is dependent on methanol for growth, defined as methanol auxotrophy. 

This auxotrophic strain will enable us to improve the limiting step, methanol dehydrogenase, and 

optimize efficient formaldehyde assimilation. Once E. coli is able to fully grow on methanol, the 

scalable conversion of C1 compounds using MCC to higher value chemicals becomes possible.   
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2. Synthetic non-oxidative glycolysis enables complete carbon conservation  

 

Disclaimer: This chapter was originally published with the same title in Nature 502, 693-697 

(2013) 

Tzu-Shyang Lin was second author on this paper. At the time, he was an undergraduate 

volunteer who assisted with many of the in vitro assays and plasmid constructions. 

2.1 Abstract 

Glycolysis, or its variations, is a fundamental metabolic pathway in life that functions in 

almost all organisms to decompose external or intracellular sugars. The pathway involves the 

partial oxidation and splitting of sugars to pyruvate, which in turn is decarboxylated to produce 

acetyl-coenzyme A (CoA) for various biosynthetic purposes. The decarboxylation of pyruvate 

loses a carbon equivalent, and limits the theoretical carbon yield to only two moles of two-

carbon (C2) metabolites per mole of hexose. This native route is a major source of carbon loss in 

biorefining and microbial carbon metabolism. Here we design and construct a non-oxidative, 

cyclic pathway that allows the production of stoichiometric amounts of C2 metabolites from 

hexose, pentose and triose phosphates without carbon loss. We tested this pathway, termed non-

oxidative glycolysis (NOG), in vitro and in vivo in Escherichia coli. NOG enables complete 

carbon conservation in sugar catabolism to acetyl-CoA, and can be used in conjunction with 

CO2 fixation(ref) and other one-carbon (C1) assimilation pathways(ref) to achieve a 100% 

carbon yield to desirable fuels and chemicals. 

2.2 Main Text 
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The word glycolysis was coined in the late 1800s when researchers noticed that the 

concentration of glucose decreased in yeast extracts2. It was only decades later that scientists 

understood that native glycolytic pathways oxidize glucose to form pyruvate, which is then 

converted to acetyl-CoA through decarboxylation for either further oxidation or biosynthesis of 

cell constituents and products, including fatty acids, amino acids, isoprenoids and alcohols. 

Various glycolytic pathways have been discovered, including the classic Embden–Meyerhof–

Parnas (EMP) pathway, the Entner–Doudoroff (ED) pathway5, and their variations6,7, which 

produce acetyl-CoA from sugars through oxidative decarboxylation of pyruvate mediated by the 

pyruvate dehydrogenase complex or through the anaerobic pyruvate-formate lyase reaction. 

Similarly, the Calvin–Benson–Bassham(CBB) and ribulose monophosphate (RuMP) pathways 

incorporate C1 compounds, such as CO2and methanol, to synthesize sugar phosphates, which 

then ultimately produce acetyl-CoA through pyruvate. Although the pyruvate route to acetyl-

CoA, acetate8 and ethanol9 has been optimized for various purposes, the carbon loss problem has 

not been solved owing to inherent limitations in this pathway. Without using a CO2 fixation 

pathway3,10,11, 12, the wasted CO2 leads to a significant decrease in carbon yield. This loss of 

carbon has a major impact on the overall economy of biorefinery and the carbon efficiency of 

cell growth. On the other hand, re-fixing the lost CO2 would incur energetic and kinetic costs. 

 

Theoretically, it is possible to split sugars or sugar-phosphates into stoichiometric 

amounts of acetyl-CoA in a carbon and redox-neutral manner. Pathways without excess redox 

equivalents would be more efficient and could lead to maximal yields13. However, no such 

pathway is known to exist. Here we constructed the cyclic NOG pathway (Figure 2-1) to break 
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down sugars or sugar phosphates into the theoretical maximum amount of C2 metabolites 

without carbon loss.  

The metabolic logic of the cyclic NOG pathway can be understood by breaking it down 

in three sections (Figure 2-1a). First, fructose 6-phosphate (F6P) is the input molecule, and the 

pathway requires an additional investment of two F6P molecules. Second, the three F6P 

molecules are broken down to three acetyl phosphate (AcP) and three erythorse-4-phosphate 

(E4P) molecules by the phosphoketolases. This irreversible step provides the first driving force 

for NOG. Third, these three E4P molecules then undergo carbon rearrangement to regenerate the 

two initially invested F6P molecules. The net reaction results in the irreversible formation of 

three AcP molecules.  Phosphoketolases are known to have either F6P activity (termed Fpk) or 

xylulose 5-phosphate (X5P) activity (termed Xpk). Even though the product of Xpk is different 

from Fpk (glyceraldehyde 3-phosphate, G3P, is formed as opposed to E4P), both are 

metabolically equivalent when Xpk is used in combination with transketolase (Tkt). See Figure 

2-5 for more details. 

The regeneration of two F6P from three E4P can occur in several different ways. Figure 

2-1b shows a fructose 1,6-bisphosphate (FBP)-dependent network, and Figure 2-5b, a 

sedoheptulose 1,7-bisphosphate (SBP)-dependent network, with carbon rearrangement schemes 

illustrated by the colour-coded carbon atoms. The FBP-dependent network involves 

transaldolase (Tal), FBP aldolase (Fba) and fructose 1,6-bisphosphatase (Fbp). The SBP-

dependent network does not involve Tal, but requires SBP aldolase and sedoheptulose-

bisphosphatase.  The two bisphosphatases provide the second irreversible driving force to ensure 

that carbon rearrangement proceeds towards the formation of F6P.  Analogous systems of carbon 
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rearrangement14 are used in several natural pathways, such as the CBB, RuMP, and the pentose 

phosphate pathways (see Figure 2-6). 

Because there are two different possible phosphoketolase activities (Fpk and Xpk shown 

in Figure 2-1b) and two variations of the carbon rearrangement networks, many combinations 

can be devised. For each of the carbon rearrangement networks, three configurations exist that 

form a basis15,16 to all other combinations (Figure 2-2a-c): (1) NOG using only Fpk; (2) NOG 

using only Xpk; and (3) NOG using one Fpk with two Xpk activities but without the use of one 

type of Tkt reaction - the reversible conversion of F6P and G3P to E4P and ribose 5-phosphate 

(R5P). Figure 2-2a-c shows the three modes of NOG using the FBP-dependent carbon 

rearrangement network. In these configurations, the carbon rearrangement network and the 

phosphoketolase system are integrated such that the pathways appear different from those shown 

in Figure 2-1b. Similarly, three modes of NOG can be derived for the SBP-dependent carbon 

rearrangement network. Combinations of these modes can generate infinite numbers of 

variations for NOG. NOG can be used in combination with other pathways, such as the CBB and 

RuMP pathways, which produce F6P from C1 compounds. In addition, NOG can also use 

pentose or triose sugar phosphates as input (Figure 2-7). 

To validate the feasibility of this pathway experimentally, we constructed systems to 

demonstrate NOG both in vitro and in vivo.  To construct an in vitro system, we cloned a 

putative phosphoketolase which has both Fpk and Xpk activities (F/Xpk) from Bifidobacterium 

adolescentis and Tal, Tkt, Fbp, ribulose-5-phosphate epimerase (Rpe), ribose-5-phosphate 

isomerase (Rpi), and acetate kinase (Ack) from E. coli with a His tag (Figure 2-8) for one-step 

purification. Other enzymes, namely Fba, triose phosphate isomerase (Tpi), glycerol-3-phosphate 

dehydrogenase (Gpd), hexokinase (Glk), glucose-6-phosphate dehydrogenase (Zwf), 
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phosphoglucose isomerase (Pgi), and phosphofructokinase (Pfk) were purchased. The His-tag 

enzymes were tested for activity (Figure 2-10) and mixed together in a properly selected reaction 

buffer.  This core system (F/Xpk, Tal, Tkt, Rpe, Rpi, Tpi, Fba, Fbp) was ATP and redox 

independent and consisted of eight core enzymes which convert one F6P molecule to three AcP 

molecules. The initial 10 mM F6P was completely converted to stoichiometric amounts of AcP 

(within error) at room temperature (25 °C) after 1.5 h (Figure 2-3a). To extend the production 

further to acetate, Ack, phosphofructokinase (Pfk), and ADP were added to the in vitro NOG 

system. By adding a futile ATP-burning cycle17,18 using Pfk and Fbp , the complete conversion 

to acetate was possible (Figure 2-3b). Similar in vitro NOG systems were tested on R5P and G3P 

which produced nearly theoretical amounts of AcP at a ratio of 2.3 and 1.6, respectively (Figure 

2-3c).  These in vitro results demonstrated the feasibility of NOG and paved the way for in vivo 

testing. 

 Next, NOG was engineered into the model organism E. coli. Xylose, instead of glucose, 

was used because it is the second most abundant sugar on Earth, and it avoids the use of the 

phosphotransferase system (PTS) for transport19, which is phosphoenolpyruvate (PEP) dependent 

and is associated with complex regulatory mechanisms20. To engineer NOG for xylose in E. coli, 

it was necessary to overexpress two enzymes: F/Xpk (encoded by fxpk from B. adolescentis) and 

Fbp (encoded by E. coli’s gene fbp). Other enzymes in NOG were natively expressed in E. coli 

under the experimental conditions. The genes encoding for F/Xpk and Fbp were cloned on a high 

copy plasmid (pIB4) under the control of the PLlacO-121 isopropylthiogalactoside (IPTG)-

inducible promoter. The plasmid was transformed into three E. coli strains: JCL16 (wild type), 

JCL16622 (ΔldhA ΔadhE ΔfrdBC), and JCL118 (ΔldhA ΔadhE ΔfrdBC ΔpflB). The latter two 

strains were used to avoid fermentative pathways that compete with NOG for F6P utilization 
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(Figure 2-4a).  High pressure liquid chromatography (HPLC) was used for monitoring xylose 

consumption and organic acid formation. 

  The dual expression of F/Xpk and Fbp in JCL118 was demonstrated by protein 

electrophoresis (Figure 2-9) and their activities were confirmed by a colorimetric enzyme assay 

(Figure 2-4b). After an initial aerobic growth phase for cell growth and protein induction, high 

cell density cells were harvested and re-suspended in anaerobic minimal medium with xylose at a 

final optical density (OD600 nm) of 9. Anaerobic conditions were used to avoid the oxidation of 

acetate through the tricarboxylic acid (TCA) cycle. The wild-type host (JCL16) with plasmid 

pIB4 produced a mixture of lactate, formate, succinate, and acetate from xylose, and the yield of 

acetate was quite low at about 0.4 acetates produced per xylose consumed. By introducing 

ΔldhA, ΔadhE, and ΔfrdBC knockouts (JCL166), and with plasmid pIB4, the yield was increased 

to 1.1 acetates per xylose (5.1 g l-1 in 16 h) consumed. After further deleting pflB (JCL118) and 

adding pIB4, the titre reached a maximum of only 3.6 g l-1 in 16 h. However, the yield reached 

the highest level of 2.2 acetates per xylose consumed, approaching the theoretical maximum of 

2.5 moles of acetate per mole of xylose (Figure 2-4c), and exceeding the theoretical maximum of 

1.67 moles of acetate per mole of xylose supported by the EMP pathway only.  Even though the 

rate of acetate production decreased, which is a complex result of enzymatic kinetics and 

regulation, the increase in yield supported the in vivo activity of NOG.  Some succinate 

remained, presumably due to succinate dehydrogenase (sdhABCD) left over from the aerobic 

growth phase.  These results indicate that NOG is also feasible in vivo. With further 

optimization, NOG represents a practical alternative for acetyl-CoA biosynthesis in various 

applications.  
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 When NOG is used to degrade glucose, the net reaction is two ATP and three acetate 

molecules per glucose, while no reducing equivalents are generated. Therefore, NOG may not be 

important for normal cellular growth, which requires reducing equivalents and metabolites in the 

EMP pathway.  These features may explain why NOG has not been found in nature. The 

challenges for re-routing glycolyis to NOG in E. coli for growth involve (1) replacing the PTS-

glucose transport system with a system that does not depend on PEP, (2) deleting the lower part 

of the EMP pathway, (3) adapting the E. coli strain to grow under this newly wired central 

metabolism, and (4) providing alternative source of reducing power. 13C-labelled substrate can 

be used to determine the relative flux of each pathway based on the rearrangement pattern 

depicted in Figure 2-1b. 

When a sugar (such as xylose or glucose) is used as the initial substrate to generate the input to 

NOG, acetate can be produced without carbon loss and without additional input of reducing 

equivalents. Once additional reducing power is provided in the form of hydrogen or formic 

acid23, NOG can be used to produce compounds that are more reduced than acetate, such as 

ethanol, 1-butanol, isoprenoids, and fatty acids.   

 The critical enzyme in NOG is F/Xpk, which is used in nature in the heterofermentative 

phosphoketolase pathway24 (PKP) and in the bifid shunt (Figure 2-11). PKP has a relatively low 

net ATP yield of one ATP per glucose consumed. Xpk has also been found in many organisms, 

such as Clostridium acetobutylicum where up to 40% of xylose is degraded by the PKP25. 

Bifidobacteria utilize the unique bifid Shunt26 which oxidizes two glucoses into two lactates and 

three acetates. This fermentative pathway increases the ATP yield to 2.5 ATP per glucose, 

compared with 2 ATP/glucose for lactate fermentation through EMP. In both phosphoketolase 

variants (PKP and the bifid shunt), G3P continues through the oxidative part of the EMP 
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pathway to form pyruvate. Thus they are not able to directly convert glucose to three two-carbon 

compounds. 

Acetogens, such as Moorella thermoacetica27, achieve carbon conservation by fixing CO2 

emitted from pyruvate via the Wood-Ljungdahl pathway. However, this pathway contains 

complex enzymes to overcome significant kinetic or thermodynamic barriers28. By contrast, 

NOG contains no difficult enzymes and is amenable to heterologous expression (Tables S2 and 

S3). NOG can also be used in conjunction with C1 assimilation pathways that synthesize acetyl-

CoA via pyruvate.   

When combined with the CBB cycle, NOG provides complete carbon conversion in the 

synthesis of acetyl-CoA from CBB intermediates such as F6P or G3P. NOG coupled with the 

CBB pathway requires less ATP to synthesize one molecule of acetyl-CoA. Perhaps more 

importantly than saving ATP is that NOG requires less turnover of Rubisco for acetyl-CoA 

synthesis (Table S8).  For each acetyl-CoA produced, only two CO2 needs to be fixed by 

Rubisco, as opposed to three CO2 in the case of CBB-EMP pathway combination with pyruvate 

dehydrogenase. This improved efficiency would become especially important if an autotrophic 

organism was used for the biosynthesis of acetyl-CoA derived products, such as 1-butanol29 or 

fatty acids30. Using NOG with CBB would represent a 50% increase in carbon efficiency in 

acetyl-CoA biosynthesis over native pathways. In view of the relatively low turnover number of 

Rubisco31, this increased efficiency could allow faster production of acetyl-CoA derived 

compounds. With the variety of possible applications, NOG appears to be fundamentally 

important for carbon management.  

2.3 Methods  

2.3.1 Plasmid Construction 
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Plasmids for expressing N-terminal HIS-tagged Tkt, Tal, Rpe, Rpi, Ack, Fbp, and F/Xpk were 

constructed using Gibson Assembly with pQE9 (Qiagen, Chatsworth, CA) as the vector 

backbone. The primers used are listed in Supplementary Table S6. The genomic template for the 

E. coli genes was JCL16 (BW25113 strain). The genomic template for F/Xpk was from 

Bifidobacterium adolescentis ATCC 15703. Plasmid pIB4 was constructed using pZE12 as 

vector backbone with HIS-tagged Fbp and F/Xpk under the control of the same lac promoter.  

2.3.2 Protein Purification 

All in-house HIS-tagged proteins were purified by affinity chromatography using His-Spin 

Protein Miniprep kit (Zymo Research, Orange, CA). Protein concentration was measured using 

diluted samples with Coomassie Plus Assay Reagent (Pierce Rockford, Il) and bovine serum 

albumin (Bio-Rad, Richmond, CA) as the standard curve. 

2.3.3 Enzyme Assays (general notes) 

All enzymes were assayed using in the same enzyme buffer consisting of 50 mM Tris pH 7.5, 5 

mM MgCl2, 5 mM Potassium Phosphate. Cofactors were added where needed. The enzymes 

fructose-1,6-bisphosphate aldolase (Fba), hexokinase (Glk), glucose 6-phosphate dehydrogenase 

(Zwf), triose-phosphate isomerase (Tpi), and glycerol 3-phosphate dehydrogenase (Gpd), were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Each individual enzyme assay is 

described below and the reaction schemes are illustrated in Figure 2-10. All substrates were 

purchased from Sigma-Aldrich.  

2.3.4 Assay for Acetate Kinase (Ack) 

Ack was measured using both enzyme-linked assay and colorimetric hydroxamate assay for 

acetyl-phosphate consumption. The enzyme linked assay coupled ATP formation with the 

formation of NADPH (ε340 = 6.2 mM-1 cm-1) using commercial hexokinase (Glk) and glucose-6-
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phosphate dehydrogenase (Zwf). This assay included the addition of 1 mM ADP, 2 mM glucose, 

0.2 mM NADP, 0.5 U Glk, 0.5 U Zwf, and 5 mM acetyl-phosphate. The activities of the linked 

enzymes were not limiting. In the colorimetric assay, acetyl-phosphate is reacted to form the 

brown ferric acetyl-hydroxamate measured at 505 nm. This end point assay was stopped by 

adding 40 µL of assay solution to 60 µL of 2 M hydroxylamine pH 6.5. After 10 minutes, the 

coloring reagent consisting of 40 µL of 15% tricholoracetic acid, 40 µL of 4 M HCl, and 40 µL 

of FeCl3 in 0.1 M HCl was added. A standard curve using commercial lithium potassium acetyl-

phosphate was used to relate absorbance to concentration, which showed a linear relationship 

between 0 to 15 mM in the conditions described. Thus, the hydroxamate method was also used to 

directly measure the consumption of acetyl-phosphate by Ack. 

2.3.5 Assay for F6P/X5P Phosphoketolase (F/Xpk) 

F/Xpk activity was also assayed using both the enzyme-linked UV assay and the end-point 

colorimetric assay. For the UV method, the assay was similar to Ack except for the addition of 1 

mM of TPP, 2.5 µg of purified F/Xpk, and 10 mM of substrate. Fpk activity was measured using 

fructose-6-phosphate as the substrate. To measure Xpk activity, the addition of more than 2 U of 

Rpe and Rpi each allowed the use of ribose-5-phosphate as the substrate (xylulose-5-phosphate 

was not available). The hydroxamate method was also used to directly measure the production of 

acetyl-phosphate from F6P or R5P.  

2.3.6 Assay for Transketolase (Tkt) 

HIS-tagged transketolase was assayed using an enzyme-linked system to NADH (ε340 = 6.2 mM-

1 cm-1) consumption with Tpi and glycerol-3-phosphate (Gpd). Since xylulose-5-phosphate was 

unavailable commercially, excess Rpi and Rpe were added in order to use ribose-5-phosphate as 
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the initial substrate. The addition of 1 mM TPP, 0.2 mM NADH, 5 mM R5P, and over 2 U Tpi, 

0.5 U Gpd, over 2 U Rpe, and over 2 U Rpi was added to Enzyme Buffer. 

2.3.7 Assay for Transaldolase (Tal) 

Tal was assayed in the reverse direction and coupled to NADPH production by Zwf. The 

addition of 2 U Rpe, over 2 U Rpi, 5 mM R5P, 95 µg Tkt, 1.2 µg Tal, over 2 U Pgi, 0.5 U Zwf 

was added to Enzyme Buffer. 

2.3.8 Assay for Fructose-Bisphosphatase (Fbp) 

Fbp was also assayed by NADPH production. The addition of over 2 U Pgi, 1 µg Fbp, and 0.5 U 

Zwf was added to Enzyme Buffer. 

2.3.9 In vitro NOG to convert F6P, R5P, G3P to AcP   

10 mM of each substrate was used as a substrate in Enzyme Buffer with 1 mM TPP with an 

additional 50 mM potassium phosphate. The following eight  purified enzymes were included in 

the reaction mix: 0.1 U F/Xpk, 0.5 U Tkt, 0.5 U Tal, over 2 U Tpi, over 2 U Rpe, over 2 U Rpi, 

0.2 U Fbp, and 0.5 U Fba. Acetyl-phosphate concentration (by hydroxamate assay) was 

measured over two hours.  

2.3.10 In vivo NOG  

JCL16 is BW25113 with F’ transduced from XL-1 (TetR). JCL166 is JCL16 but with ΔldhA, 

ΔadhE, and ΔfrdBC. JCL118 is the same as JCL166 but ΔpflB. These strains were transformed 

with pIB4 and grown initially aerobically in LB broth with 5 % xylose, then harvested, 

concentrated, and re-suspended anaerobically (OD 9) in minimal M9 media with 5% xylose. 

Products from xylose from JCL16 was compared to JCL166 and JCL118 with pIB4 and analyzed 

by HPLC. Organic acids (succinate, lactate, formate, and acetate) were detected at 210 nm by the 

Aminex HPX-87H column using isocratic 5 mM sulfuric as the mobile phase at 0.6 mL/min flow 
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rate with 20 µL injection volume. The refractive index detector was used to measure the 

concentration of xylose. 
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2.4 Figures 

 

 
Figure 2-1. Structure of Non-Oxidative Glycolysis (NOG).  

Simplified schematic of EMP and NOG. b, An example of the carbon rearrangement network 

involving FBP. The red arrow indicates the irreversible phosphoketolase reaction. The carbon 

colour scheme illustrates carbon rearrangement. Hydroxyl groups are not shown. Enzyme 

numbers are indicated: 1, phosphoketolase; 2, Tal; 3, Tkt; 4, Rpi; 5, Rpe; 6, Tpi; 7, Fba; 8, Fbp. 

DHAP, dihyroxyacetone phosphate; Ru5P, ribulose 5-phosphate. 
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Figure 2-2. Three FBP-dependent NOG networks  

a–c, NOG using Fpk only (a), NOG using Xpk only (b) and NOG using F/Xpk (c). These 

configurations differ from those shown in Figure 2-1 because the Xpk-linked Tkt has been 

integrated with carbon rearrangement. The red arrows in a–c indicate irreversible reactions that 

drive the cycle. Enzyme numbers are defined in Figure 2-1 legend, except: 1a, Fpk; 1b, Xpk.   
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Figure 2-3 In vitro NOG. 

a, In vitro conversion of F6P to AcP using eight purified core enzymes, including F/Xpk, Fbp, 

Fba, Tkt, Tal, Rpi, Rpe and Tpi. The starting F6P concentration was 10 mM. The red triangles 

are reactions with all eight enzymes present. The blue squares are reactions with all enzymes 

except Tal. b, In vitro conversion of F6P to acetate, determined by HPLC. The addition of Ack 

and Pfk allowed the complete conversion of AcP to acetate. Acetate was monitored at 210 nm 

(A210 nm). c, Conversion of three sugar phosphates—F6P, R5P and G3P—to near stoichiometric 

amounts of AcP. 10 mM of each substrate was converted to AcP using the same core enzymes 

(denoted ‘all’), whereas ‘no Tkt’ controls produced much less. In vitro enzyme assays were 

independently performed in triplicates and error bars indicate standard deviation (s.d.). 
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Figure 2-4. In vivo Conversion of Xylose to Acetate using FBP-dependent NOG.  

a, Pathways in E. coli strains (JCL16, JCL166, JCL118) with NOG for converting xylose to 

acetate and other competing products (lactate, ethanol, succinate and formate production). 

Plasmid pIB4 was transformed into these strains for the expression of F/Xpk (from B. 

adolescentis) and Fbp (from E. coli) under the control of the PLlacO1 promoter. b, The 

expression of Fbp and F/Xpk in JCL118/pIB4 was tested by purifying the crude extract on a His-

tag column, and then running a coupled colorimetric assay to test AcP formation. The control 

was JCL118 (without plasmid), which did not produce AcP. c, Xylose was converted to acetate 

and other products under anaerobic conditions. Strain JCL118 (ΔldhAΔadhEΔfrdBCΔpflB) 

produced a near theoretical ratio of acetate/xylose. In vivo production data were independently 

repeated three separate times from frozen glycerol stocks. Error bars indicate s.d. 
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2.5 Supplementary material  

 

 

Figure 2-5 Detailed Structure of Non-Oxidative Glycolysis (NOG). 

a) The phosphoketolase can either react directly with F6P or X5P. In the latter case, F6P input is 

first converted to X5P via transketolase.  b)  An example of carbon rearrangement networks 

involving SBP.   The carbon color scheme illustrates carbon rearrangement. Hydroxyl groups are 

not shown. The red arrows indicate irreversible reactions. Metabolite abbreviations: D-

sedoheptulose 7-phosphate (S7P), D-sedoheptulose 1,7-bisphosphate (SBP), D-fructose 6-

phosphate (F6P), fructose 1,6-bisphosphate (FBP), D-xylulose 5-phosphate (X5P), D-ribose 5-

phosphate (R5P), D-ribulose 5-phosphate (Ru5P), D-erythrose 4-phosphate (E4P), D-

glyceraldehyde 3-phosphate (G3P), dihydroxyacetone phosphate (DHAP), acetyl-phosphate 

(AcP).  Enzyme abbreviations are 1a:F6P phosphoketolase (Fpk), 1b: X5P phosphoketolase 

(Xpk), 2: transaldolase  (Tal),3:Transketolase (Tkt),4:ribose-5-phosphate isomerase 

(Rpi),5:ribulose-5-phosphate epimerase (Rpe),6:Triose phosphate isomerase (Tpi),7:Fructose 1,6 

bisphosphate aldolase (Fba),8: Fructose 1,6 bisphosphatase (Fbp), 9: Sedoheptulose-1,7-

bisphosphate aldolase (Sba), 10:Sedoheptulose-bisphosphatase (Sbp). 
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Figure 2-6 Carbon Rearrangement Networks Used in Various Pathways 
The simplified carbon rearrangement diagram show the overall carbon flow. Only the carbon 

numbers are shown.  Isomerases and phosphatases are excluded, FA is fructose-1,6-bisphosphate 

aldolase, SA is sedoheptulose-1,7-bisphosphate aldolase TK is transketolase, TA is transaldolase. 

These carbon rearrangement schemes contain the well-known transketolase, transaldolase, and 

aldolase reactions that catalyze two and three carbon transfers.  The highly active isomerases 

(triose phosphate isomerase, ribose-5-phospahte isomerase, and ribulose-phosphate-3-epimerase) 

quickly interconvert similar intermediates to allow carbon rearrangement to proceed. Kinase and 

phosphatases add or remove phosphates where needed.   a) Carbon rearrangement used in the 

RuMP pathway, b) carbon rearrangement used in the PPP pathway, c) carbon rearrangement in 

the CBB pathway, and d) FBP-dependent carbon rearrangement in NOG to convert three E4P to 

two F6P. These examples illustrate that carbon rearrangements are commonly used in 

metabolism. 
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Figure 2-7 NOG with Pentose and Triose Sugar Phosphates 

NOG can take any sugar as input molecules, as long as it can be converted to sugar phosphates 

that are present in the carbon rearrangement network. The pathways using R5P (A) and G3P (B) 

are shown. These pathways use F/Xpk dual activity, though similar pathways can be drawn using 

Fpk only or Xpk only.  Carbon rearrangement can convert any sugar phosphate (triose to 

sedoheptulose) to stoichiometric amounts of F6P. Here the conversion of a ribose and triose are 

illustrated. Abbreviations and enzyme numbers are defined in Figure 2-1 legend. 
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Figure 2-8 SDS-PAGE of HIS-tagged NOG proteins 

SDS-PAGE denaturing gels of purified Rpe, Rpi, Tkt, Tal, F/Xpk, Ack, and Fbp. Sizes 

corresponded within theoretical values. These proteins were design with N-terminal 

polyhistidine tags and crude extracts were purified using a one-step affinity chromatography 

procedure.  
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Figure 2-9 Expression of pIB4 in JCL118 

Expression of F/Xpk and Fbp from JCL118 with pIB4. Lanes 1: Low Range Ladder, 2: Un-

induced Crude Extract, 3: Induced Crude Extract, 4 and 5 are duplicates of 2 and 3. Lanes 6 

through 9 are HIS-tag purified elutions of Lanes 2 through 5.  
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Figure 2-10 In Vitro Enzyme Assay Schemes 

A series of enzyme assays were performed to confirm the activity of purified NOG enzymes. For 

some enzymes (Ack, F/Xpk, and Fbp), both a colorimetric and a UV based assays were 

performed. Specific activities of all enzymes are listed in the Supplementary Table S1. In all 

enzyme-coupled assays, the key enzyme of interest was limiting by while the rest were added in 

excess. Glk (baker’s yeast), Zwf (baker’s yeast), Pfk (from Bacillus stearothermophilus), Tpi 

(rabbit muscle), Gpd (rabbit muscle), and Pgi (baker’s yeast) were purchased from Sigma-Alrich 

(St. Louis, MO). 
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Table 2-1 Calculation of Specific Activities of HIS-tag Purified Enzymes.  

One unit of enzyme activity (U) is defined as conversion of 1 micro mole of substrate per 

minute. 

 

Assay Other Enzymes 

Added 

Substrate Protein (mg) Units 

(µmole/min) 

Specific Activity 

(µmole/min/mg 

protein) 

Fbp – UV Pgi, Zwf 2 mM F6P 5.0*10-3 0.020 4.1 

Xpk – UV Rpi, Rpe, Ack, Glk, 

Zwf 

10 mM R5P 2.5*10-3 0.00885 3.5 

Xpk – Color Rpi, Rpe 10 mM R5P 2.85*10-2 0.1437 2.5 

Fpk – UV Ack, Glk, Zwf 5 mM F6P 7.5*10-3 0.0053 0.71 

Tkt – UV Rpe, Rpi, Tpi, Gpd 5 mM R5P 9.2*10-4 0.013 14.0 

Tal – UV Rpe, Rpi, Tkt, Pgi, 

Zwf 

2 mM R5P 1.2*10-3 0.022 18 

Ack – UV Glk, Zwf 5 mM AcP 8.5*10-5 0.065 764 

Ack – Color Glk 5 mM AcP 1.3*10-4 0.27 1030 
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Figure 2-11. Comparison of various glycolytic pathways found in nature. 

 

 

A) The Embden–Meyerhof–Parnas (EMP). In the most common glycolytic pathway, glucose is 

oxidized to two pyruvates which can then form two lactates. B) The Entner–Doudoroff  (ED) 

pathway overlaps somewhat with the lower EMP pathway but differs in the initial utilization of 

glucose.  
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C) The Phosphoketolase (PK) Pathway. The PK pathway produces a mixture of ethanol, lactate, 

and CO2. It utilizes a X5P-specific phosphoketolase unlike the Bifid Shunt and only produces 1 

net ATP. D) The Bifid Shunt is specific to Bifidobacteria which contain a dual F6P/X5P 

phosphoketolase. This pathway produces a mixture of 1.5 acetate and lactate with a relatively 

high net of 2.5 ATP/glucose. Both the PK and Bifid Shunt are oxidative and non-cyclical. 
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E) The Wood-Ljungdahl pathway (W-L) is used by some acetogens to produce a third AcCoA 

from wasted CO2 released by the oxidative decarboxylation of pyruvate. This complex pathway 

is highly-oxygen sensitive but can produce the highest net 4 ATP/glucose F) NOG contains well-

established enzymes found in three distinct pathways: the pentose phosphate pathway (PPP), 

gluconeogenesis, and the phosphoketolase pathway32,33The NOG employs fewer enzymes which 

are oxygen-tolerant and can produce three acetates from glucose with a net of 2 ATP/glucose. 
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Table 2-2 Overall reactions and Properties of Various Glycolytic Pathways 

Name  

Products from 

Glucose  Net ATP  Net Redox  

O2 

Sensitive? # Enzymes  

EMP  2 lactate  2 0 No  11 

ED  2 lactate 1 0 No  11 

PKP  

lactate + ethanol + 

CO2  1 0 No  15 

B-S  1.5 acetate + lactate  2.5 0 No  14 

EMP-

WL  3 acetate 4  0 Yes  >20 

NOG*  3 acetate  2 0 No  11 

*Theoretical conversion.  
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Table 2-3 Summary of Properties of NOG enzymes. 

Name 

# Abbrev. EC#  Source  

Specific 

Activity 

(U/mg)  Km Ref 

F6P-Phosphoketolase 1a HIS-Fpk 4.1.2.22 B. adolescentis  0.5 N/A This work 

X5P-Phosphoketoalse 1b HIS-Xpk 4.1.2.9  B. adolescentis  3.5 N/A This work 

F6P-Phosphoketolase 1a Fpk 4.1.2.22 B. breve  14 9.6 34 

X5P-Phosphoketoalse 1b Xpk 4.1.2.9 B. breve  29 N/A 34 

Transaldolase  B 2 
Tal 

2.2.1.2 E. coli  60 E4P-0.09 35 

2.2.1.2 E. coli  60 F6P-1.2 35 

HIS-Tal 2.2.1.2 E. coli 18 N/A This work 

Transketolase  A 3 

Tkt 

 

2.2.1.1 E. coli  50-110 G3P-2.1 36 

2.2.1.1 E. coli   E4P-0.09 36 

2.2.1.1 E. coli   R5P-1.4 36 

2.2.1.1 E. coli   X5P-0.16 36 

2.2.1.1 E. coli   F6P-1.1 36 

2.2.1.1 E. coli   S7P-4.0 36 

HIS-tkt 2.2.1.1 E. coli 14 N/A This work 

Ribose-5-phosphate  

isomerase 
4 

Rpi 

5.3.1.6 E. coli N/A R5P-3.1 37 

5.3.1.6 E. coli 135 N/A 38 

5.3.1.6 Yeast 2429 R5P-1.6 39 

HIS-Rpi 5.3.1.6 E. coli >1000 N/A This work 

Ribulose-3-phosphate 

epimerase 
5 

Rpe 

5.1.3.1 E. coli N/A Ru5P-1.6 40 

5.1.3.1 Rice 16000 N/A 41 

5.1.3.1 Spinach 17000 Ru5P-0.22 42 

HIS-Rpe 5.1.3.1 E. coli >1000 N/A This work 

Triose Phosphate 

Isomerase 
6 Tpi 

5.3.1.1 O. cuniculus - liver 6400 G3P-0.42 43 

5.3.1.1 O. cuniculus - liver  DHAP-0.75 43 

5.3.1.1 

O. cuniculus - 

muscle 7800 N/A 44 

Fructose 1,6 

bisphosphate Aldolase 
7 Fba 

4.1.2.13 

O. cuniculus - 

muscle 14 N/A 45 

4.1.2.13 

O. cuniculus - 

muscle 11 N/A 46 

4.1.2.13 O. cuniculus - liver 12 N/A 47 

4.1.2.13 

O. cuniculus - 

muscle 16 N/A 48 

4.1.2.13 

O. cuniculus - 

muscle N/A FBP-0.0013 49 

Fructose 1,6 

Bisphosphatase 
8 

Fbp 
3.1.3.11 E. coli 24.2 FBP-0.015 50 

3.1.3.11 E. coli 35 FBP-0.0017 50 

HIS-Fbp 3.1.3.11 E. coli 4.1 N/A This work 

One unit of enzyme activity (U) is defined as conversion of 1 micro mole of substrate per 

minute. 
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Table 2-4 Properties of Wood-Ljungdahl and EMP Enzymes 

Name Abbrev. Specific 

Activity (U/mg) 
O2 Sensitive Ref 

Formate dehydrogenase (NADPH) Fdh 1050* Very 51 

Formyl-THF-Synthetase Fts 780 N/A 52 

230 N/A 53 

Methenyl-THF Cyclohydrolase Mtc 310 N/A 54 

Methylene-THF Dehydrogenase (NADPH) Mtd 200 N/A 54 

Methylene-THF Reductase Mtr 139 Very 55 

Methyltransferase Mtf 150 N/A 56 

CO Dehydrogenase/Acetyl-CoA Synthase 

Complex 
Cod 0.75* Very 57 

0.82* Very 58 

Glyceraldehyde-3-Phosphate Dehydrogenase Gap 205 N/A 59 

Phosphoglycerate kinase Pyk 800 N/A 59 

Phosphoglycerate mutase Gpm 2000 N/A 59 

Enolase Eno 160 N/A 59 

Pyruvate Kinase Pyk 280 N/A 59 

Pyruvate Dehydrogenase Complex Pdh 1791 N/A 60 

Phosphotransacetylase Pta >1000 N/A  

One unit of enzyme activity (U) is defined as conversion of 1 micro mole of substrate per 

minute.*Assayed in the reverse direction  

 

 

Figure 2-12 Overlapping enzymes NOG and EMP/WL 
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Table 2-5 Kinetic parameters of various F6P and X5P Phosphoketolases 

Organism  Km  
Specific Activity  
 (U/mg) Ref 

Bifidobacterium adolescentis  N/A X5P-3.5 This work 

Bifidobacterium adolescentis  N/A F6P-0.7 This work 

Bifidobacterium longum BB 536  F6P-26 N/A 61 

Bifidobacterium dentium   F6P-23 N/A 61 

Bifidobacterium animalis. lactis  F6P-11.5  N/A 61 

Bifidobacterium globosum  F6P-12.5  N/A 61 

Bifidobacterium breve st. 203  
X5P-N/A X5P-29.0 34 

F6P-9.7  F6P-14.0  34 

Bifidobacterium globosum RU 230  F6P-1.4  F6P-24  62 

Bifidobacterium dentium B 764  F6P-39  F6P-30  62 

Lactobacillus paraplantarum  F6P-5.1  F6P-147.3 63 

Lactobacillus pentosus  N/A  X5P-4.5 64 

Lactobacillus plantarum  
X5P-3.6 X5P-4.1 65 

F6P-24  F6P-1.8 65 

Bifidobacterium animalis. lactis  
X5P-45 X5P-27 66 

F6P-10  F6P-5.2 66 

Acetobacter xylinum F6P-2.5 F6P-0.267 67 
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Table 2-6 CBB using the EMP and NOG pathways 

 

The CBB+NOG pathway requires 2 CO2 turnover by Rubisco and 6 ATP, while  the CBB+EMP 

pathway requires 3 CO2 turnover and 7 ATP. 
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Table 2-7 Primers used to Clone NOG enzymes and Create pIB4 

N-Terminal HIS-

Tagged  Template Primers  

pQE9-HIS-Fxpk  B. adolescentis 

206 

207  

TTTTATTTGATGCCTCTAGATCACTCGTTATCGCCAGCGG 

AAAACCTGTATTTTCAGGGAATGACGAGTCCTGTTATTGGCACC  

pQE9-HIS-Tkt  E. coli (JCL16) 

235 

236  

AAAACCTGTATTTTCAGGGAATGTCCTCACGTAAAGAGCTTGC 

TTTTATTTGATGCCTCTAGATTACAGCAGTTCTTTTGCTTTCGC  

pQE9-HIS-Tal  E. coli (JCL16) 

233 

234  

AAAACCTGTATTTTCAGGGAATGACGGACAAATTGACCTCCCTT 

TTTTATTTGATGCCTCTAGATTACAGCAGATCGCCGATCATTTTTTC  

pQE9-HIS-Rpe  E. coli (JCL16) 

202 

204  

AAAACCTGTATTTTCAGGGAATGAAACAGTATTTGATTGCCCCCTC 

TTTTATTTGATGCCTCTAGATTATTCATGACTTACCTTTGCCAGTTC  

pQE9-HIS-Rpi  E. coli (JCL16) 

199 

201  

AAAACCTGTATTTTCAGGGAATGACGCAGGATGAATTGAAAAAAGC 

TTTTATTTGATGCCTCTAGATCATTTCACAATGGTTTTGACACCG  

pQE9-HIS-Ack  E. coli (JCL16) 

229 

230  

AAAACCTGTATTTTCAGGGAATGTCGAGTAAGTTAGTACTGGTTC 

TTTTATTTGATGCCTCTAGATCAGGCAGTCAGGCGGC  

pQE9-HIS-Fbp  E. coli (JCL16) 

211 

213  

AAAACCTGTATTTTCAGGGAATGAAAACGTTAGGTGAATTTATTGTCG 

TTTTATTTGATGCCTCTAGATTACGCGTCCGGGAACTCAC  

Vector Backbone  pQE9 (Qiagen) 

94 

005F  

TCTAGAGGCATCAAATAAAACGAAAGGC 

TCCCTGAAAATACAGGTTTT  

pIB4:     

Vector Backbone  pZE12-luc 

316 

005F  

CTGGCGATAACGAGTGATCTAGAGGCATCAAATAAAACGAAAGGC 

TCCCTGAAAATACAGGTTTT  

Fbp  pQE9-HIS-Fbp 

211 

314  

AAAACCTGTATTTTCAGGGAATGAAAACGTTAGGTGAATTTATTGTCG 

TCTCATAGTTAATTTCTCCTCTTTAATTTACGCGTCCGGGAACTCAC  

Fpk  pQE9-HIS-Fxpk 

315 

206  

CGTAAATTAAAGAGGAGAAATTAACTATGAGAGGATCGCATCACCATCAC 

TTTTATTTGATGCCTCTAGATCACTCGTTATCGCCAGCGG  
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Table 2-8 Strains and Plasmids Used 

Strains    

JCL16  BW25113/F’ [traD36, proAB+, lacIq, ZΔM15 

(TetR)]  

Atsumi 2008 Met. Eng. 

JCL166  JCL16 , but ΔadhE, ΔldhA, ΔfrdBC  Atsumi 2008 Met. Eng. 

JCL166/pIB4 JCL166 with pIB4 This work 

JCL118  JCL16 , but ΔadhE, ΔldhA, ΔfrdBC, ΔpflB  This work 

JCL118/pIB4  JCL118 with pIB4 This work 

Plasmids   

pZE12-luc ColE1 ori; AmpR;PLlacO1::luc(PP) Lutz and Bujard (1997) 

pIB4 ColE1 ori; AmpR;PLlacO1::fbp(EC)-fxpk(BA) This work 

pQE9 ColE1 ori; AmpR; PT5lacO:: Qiagen (Chatsworth, CA) 

pQE9-HIS-F/Xpk From pQE9, PT5lacO::fxpk(BA) This work 

pQE9-HIS-Ack From pQE9, PT5lacO::ackA(EC) This work 

pQE9-HIS-Tkt From pQE9, PT5lacO::tktA(EC) This work 

pQE9-HIS-Tal From pQE9, PT5lacO::talB(EC) This work 

pQE9-HIS-Fbp From pQE9, PT5lacO::fbp(EC) This work 

pQE9-HIS-Rpe From pQE9, PT5lacO::rpe(EC) This work 

pQE9-HIS-Rpi From pQE9, PT5lacO::rpiA(EC) This work 

EC denotes Escherichia coli. PP denotes Photinus pyralis. BA denotes Bifidobacterium 

adolescentis.  

  



37 

 

3. Building carbon–carbon bonds using a biocatalytic methanol condensation cycle 

 

Disclaimer: This chapter was originally published with the same title in PNAS 111, 15928–

15933 (2014) 

This publication had equal 1st co-authorship between myself, Chang-Ting Chen, Matthew K. 

Theisen, Dr. Tung-Yun Wu. Chang-Ting demonstrated the conversion of methanol to ethanol 

and n-butanol using GC-FID. Matthew performed the EMRA simulations and showed the 13C 

labeling with formaldehyde to acetate. Dr. Wu performed large scale protein purifications and 

characterized many of the enzymes. Igor Bogorad invented the pathway and performed the 13C 

tracing with formaldehyde to ethanol. All 1st-coauthors participated in the writing of the 

manuscript. Alicia R. Schlenz and Albert T. Lam were laboratory assistants who helped with 

protein purification and the in vitro assays. 

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. 

3.1 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 pathway, termed 

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 
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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 n-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. 

3.2 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 conversion 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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3.3 Introduction 

 Methanol is industrially produced from synthetic gas derived olefins and alkanes 68–72. 

These reactions typically involve high temperatures and pressures which require large capital 

investment 73,74. The condensation of methanol to higher-chain alcohols such as ethanol or n-

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 75. Metal acetylides can convert methanol to isobutanol, though this 

process was demonstrated to be noncatalytic 76. 

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

necessary for growth 77. 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 3-5). 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 

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 
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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) shown in Figure 3-1A.  However, the combined pathway, which 

we call methanol condensation cycle (MCC), can be simplified to become completely ATP 

independent. A thorough list of reactions is given in Table 3-1. The first step in MCC is the 

oxidation of methanol to formaldehyde. This reaction can be catalyzed by three classes of 

enzymes: alcohol oxidase 78, quinone-dependent methanol dehydrogenase 79, and NAD-

dependent methanol dehydrogenase 80. 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 n-

butanol formation (Figure 3-7). 

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

CoA to form acetyl-CoA and water (Figure 3-1B 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 

catalyzed by hexulose-6-phosphate synthase (Hps) and phosphohexulose isomerase (Phi) 

respectively. A similar conversion could be achieved using dihydroxyacetone synthase 77  and 

fructose-6-phosphate aldolase 81 as shown in Figure 3-6. Once fructose-6-phosphate is formed, 

half of the molecules are saved for carbon rearrangement to regenerate Ru5P while the rest are 

cleaved irreversibly by phosphoketolase (F/Xpk). This promiscuous enzyme can cleave either 

F6P (Fpk) and X5P (Xpk) to acetyl-phosphate and its corresponding sugar phosphate 82. 
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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 Calvin-Benson-Bassham 

(CBB) and RuMP do not conserve phosphate groups, and instead lose these high energy bonds 

by the action of phosphatases. The final phase in MCC involves the reduction of acetyl-CoA to 

alcohols (Figure 3-7). Ethanol can be directly produced from acetyl-CoA by an acylating 

aldehyde dehydrogenase and an alcohol dehydrogenase. The biosynthesis of n-butanol can be 

accomplished by a pathway previously established 83 that involves reactions similar to the one 

use by Clostridia. 

3.4 Results 

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

formaldehyde to acetate using purified enzymes. Each enzyme was demonstrated to have activity 
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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.  

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 84.  The analysis showed that the MCC cycle is most robust using 

intermediate levels of phosphoketolase (Figure 3-2A), 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 3-8).  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 3-2B). 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. 
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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 acetyl-

phosphate. By using glucose phosphorylation to recycle the ADP, acetyl-phosphate was 

converted to acetate to enable GC-MS analysis 85. 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 3-2C).  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 

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.  

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 86,87, making in-vitro purification difficult. Instead, the oxygen-tolerant acylating 

acetaldehyde dehydrogenase (PduP) from Salmonella enterica 88 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 
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used formic acid and formate dehydrogenase from Candida boidinii 89 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 3-9). 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 3-3A). The full pathway produced 

mostly double-labeled ethanol as determined by the ratio of 48 to 47 ions (Figure 3-3B). In this 

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

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 3-4A). 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 
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used high-performance ion chromatography (HPIC) with pulsed amperometric detection (PAD) 

90,91 to quantify the sugar phosphates (Figure 3-4B). 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 92,7. The decrease in pool of intermediates explains why feeding low levels of R5P was 

required to maintaining continuous ethanol production from formaldehyde.  

Production of Ethanol and n-Butanol from Methanol. Finally, we aimed to demonstrate the 

conversion of methanol to ethanol and n-butanol. Since a NAD-dependent methanol 

dehydrogenase (EC 1.1.1.244) is only found from B. methanolicus 80 93, 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 94. 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 95. 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 

identified by mapping a 2-dimensional parameter space (Figure 3-9), varying F/Xpk and Adh (S. 

cerevisiae). This condition was used for a 24 hour time course (Figure 3-4C). We tested several 
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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 n-butanol by including the enzymes from acetyl-CoA 

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

represents a 50% carbon yield (Figure 3-4D). 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 butanol production. 

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

and ethanol oxidation than methanol oxidation, the thermodynamic driving force (Figure 3-10) 

effectively drives the reaction towards the longer chain alcohol. 

3.5 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 3-3). 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 
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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 96–98. 

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 99. The building of specific C-C bonds with high carbon and energy 

efficiency from methanol is of high interest. 

3.6 Materials and Methods 

For details and full list of abbreviations see page 54 (SI 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 SI 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 3-2. 

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. 
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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, 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. 

For 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. 
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For methanol to n-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 

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 90. 
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3.7 Figures 

 

Figure 3-1 Conversion of methanol to higher n-alcohols 

(A) The MCC is the combination of RuMP with NOG that bypasses ATP dependency. See Table 

S1 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 Igor Bogorad. 
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Figure 3-2 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 Matthew Theisen. 
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Figure 3-3 13C Tracing from 13C-Formaldehyde 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 Igor Bogorad with technical 

assistance by Albert Lam. 
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Figure 3-4 Ethanol and n-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 Igor 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 Igor Bogorad with technical assistance by Albert Lam. (C) Conversion of 

methanol to ethanol and (D) to n-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 n-butanol production is shown with diamonds. Blue colors indicates 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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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: 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 

http://equilibrator.weizmann.ac.il/
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each enzyme were chosen from 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 100. 

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 = sedoheptulose-7-phosphate; X5P = xylulose-5-phosphate; R5P = ribose-5-

phosphate; Ru5P = ribulose-5-phosphate; AcP = acetyl phosphate; EtOH = ethanol. 
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3.8 Supplementary Figures 

 

Figure 3-5 Schematic of natural and synthetic pathways for the conversion of methanol to n-

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 Igor Bogorad. 
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Figure 3-6 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 Igor Bogorad. 
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Figure 3-7 Reduction of Acetyl-CoA to Alcohols 

Acetyl-CoA can be reduced with NADH to form either n-butanol or ethanol.  
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Figure 3-8 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 Matthew Theisen. 
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Figure 3-9 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 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 3-10 Thermodynamics of MCC in the conversion of methanol and n-butanol. 

Though the initial oxidation of methanol is thermodynamically difficult, Hps, F/Xpk, and Ter 

provide a significant driving force for irreversible formation of n-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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3.9 Supplementary Tables 

Table 3-1 Futile ATP Burning in RuMP-NOG versus the 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 
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ATP expenditure. NOGm3 denotes the third mode of NOG 101 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). This table was generated by Igor Bogorad. 

Table 3-2 Primer Sequences  

Construct Primer 

Names 

Primer Sequences Template 

pQE9 

backbone 

IWB94 

IWB005F 

TCTAGAGGCATCAAATAAAACGAAAGGC 

TCCCTGAAAATACAGGTTTT 

- 

pQE9-HIS-Fpk Prev. 

work 

-- B. adolescentis 

pQE9-HIS-Tkt Prev. 

work 

-- E. coli 

pQE9-HIS-Tal Prev. 

work 

-- E. coli 

pQE9-HIS-Rpe Prev. 

work 

--- E. coli 

pQE9-HIS-Rpi Prev. 

work 

-- E. coli 

pQE9-HIS-

Hps(Bs) 

IWB415 

IWB386 

GATCCGAAAACCTGTATTTTCAGGGAATGGAATTACAGCTTGCATTA

GACCTCG 

TTATCCTTGGACAATCAGCTGCTTCATTTTTGAAG 

B. subtilis 

pQE9-HIS-

Hps(Bm) 

IWB534 

IWB535 

GGATCCGAAAACCTGTATTTTCAGGGAATGCAACTACAATTAGCTCT

AGATTTGGTAAAC 

GTTTTATTTGATGCCTCTAGATCATAACCCTTGTTTAACTAATTTATT

AATTTTTTCAGC 

B. methanolicus 

pQE9-HIS-

Hps(Mc) 

IWB528 

IWB529 

ATCACGGATCCGAAAACCTGTATTTTCAGGGAATGGCAAGACCATTG

ATTCAGCTCGC 

CGACTGAGCCTTTCGTTTTATTTGATGCCTCTAGATTAGGCGGAAGC

GGCGACG 

M. capsulatus 

pQE9-HIS-

Phi(Mf) 

IWB419 

IWB390 

GATCCGAAAACCTGTATTTTCAGGGAATGAATAAATATCAAGAGCTC

GTGGTCAACAAGC 

TTATTCAAGATTGGCGTGAATTGCACGC 

M. flagellatus 

pQE9-HIS-

PduP(Bm) 

IWB469 

IWB470 

GGATCCGAAAACCTGTATTTTCAGGGAATGTTACGAGATAAAGATTT

GCAATCTATCC 

GCCTTTCGTTTTATTTGATGCCTCTAGATTATTTTGTTAGGGCAGGTT

CTTGTTGAGC 

B. methanolicus 

pCDF-Duet1 

backbone 

T589 

T590 

AGCCAGGATCCGAATTCGAG 

GTGGTGATGATGGTGATGGC 

- 

pCDF -Duet1-

HIS-Pta 

T983 

T984 

CAGCAGCCATCACCATCATCACCACGCAGATTTATTTTCAACAGT 

CCGAGCTCGAATTCGGATCCTGGCTTTACAGTGCTTGCGCCGCTG 

B. subtilis 

pQE9-HIS-

Mdh-PB1* 

CT051 

CT052 

CT032 

CT031 

Flanking 

Region 

TCGTAAGTATGCACTTTATTAACATATAGTATCGAATA

GT 

AACGGTATAAGTAGCTCCCTCTTTCGG 

B. methanoloicus 

PB1 

Mdh Gene CAGCAGCCATCACCATCATCACCACACGCAAAGAAACT

TTTTCAT 

CCGAGCTCGAATTCGGATCCTGGCTTTACAGAGCGTTTT

TGATGA 

 

pQE9-HIS-

Mdh-MGA3 

CT023 

CT022 

CAGCAGCCATCACCATCATCACCACACAACAAACTTTTTCATTCC 

CCGAGCTCGAATTCGGATCCTGGCTTTACATAGCGTTTTTGATGA 

B. methanoloicus 

MGA3 

pQE9-HIS-

Mdh-MGA3-

S98G 

CT021 

CT022 

CT023 

CT041 

Fragment 1 GGTGGAGGTGGATCTCACGATACAGCTAAAGC 

CCGAGCTCGAATTCGGATCCTGGCTTTACATAGCGTTTT

TGATGA 

B. methanoloicus 

MGA3 

Fragment 2 CAGCAGCCATCACCATCATCACCACACAACAAACTTTT

TCATTCC 

GCTTTAGCTGTATCGTGAGATCCACCTCCACC  
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Table 3-3 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 n-butanol.  Targeted enzyme improvement could drastically 

improve pathway productivity as shown. 
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4. Methanol Assimilation in E. coli 

 

Disclaimer: This chapter contains unpublished material which is confidential. Matthew Jones 

was a laboratory assistant who assisted with the experiments and generated many of the figures. 

Albert Lam was also a laboratory assistant who made the ∆tktAB strain. Undergraduate 

volunteers, Christopher Wong and Brandon Chang helped with making competent cells and 

generating plasmid constructs. Igor Bogorad developed the idea of methanol auxotrophy, 

designed experiments, and wrote this chapter.   

4.1 Introduction 

Methanol is a widely available carbon source that does not compete with food supply. 

Methanol is energy rich containing 3 “H2” per carbon compared to 2 “H2” for sugars. This means 

that it is possible to make higher value products with greater carbon yields than sugar-based 

pathways. Methanol is also able to penetrate through the cell’s membrane by diffusion since it is 

fairly small somewhat non-polar molecule. Glucose uptake is regulated and involves active 

transport. This suggests that it may be possible to reach higher fluxes with methanol since it is 

unregulated. Certain bacteria called methylotrophs can grow on methanol as a sole carbon and 

energy source. However, methylotrophs are difficult to engineer due to slow growth rates and 

few genetic techniques available. This makes their metabolic engineering less favorable and has 

limited the use of methanol in biotechnology. 

E. coli is an industrial workhorse that has been used to produce many compounds such as 

pharmaceuticals, amino acids, and biofuels. It can grow very quickly on a number of carbon 

sources ranging from C2 compounds to C6 and above. Also, many genetic tools have been 

developed for easy metabolic manipulations (knockouts, integration, and overexpression). 
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Though decades of research have been dedicated to the study of methylotrophs and their 

pathways, no one has been able to engineer E. coli to become a methylotroph. If E. coli could use 

methanol it would open the door for scalable conversion of methanol to higher value chemicals. 

Here we describe methanol auxotrophic strain that is dependent on methanol for growth. Using 

this auxotrophy, we will aim to improve the key limiting enzyme, methanol dehydrogenase 

(Mdh).  

4.2 Overview of methylotrophy  

To grow on methanol, multiple natural pathways have evolved. All of the pathways 

known first oxidize methanol to formaldehyde. Some pathways then assimilate the formaldehyde 

directly, while others oxidize formaldehyde to formate and subsequently to CO2 and use carbon 

dioxide fixation for growth. The serine pathway is an exception that uses both formaldehyde 

assimilation and CO2 fixation to generate acetyl-CoA. This pathway involves complicated 

cofactors and yields a C2 compound instead of C3 compound. The DHA pathway produces 

dihydroxyacetone which must be phosphorylated using ATP to dihydroxyacetone phosphate for 

growth.  

 

Figure 4-1 Overview of natural methylotrophic pathways 
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RuMP is the ribulose monophosphate pathway, DHA is the dihydroxyacetone pathway also 

called the xylulose monophosphate (XuMP) pathway, RuBP is the ribulose bisphosphate 

pathways commonly known as the Calvin-Benson-Bassham (CBB) cycle.  

The RuMP pathway is the only system that converts a pentose sugar (Ru5P) to a hexose 

sugar (F6P) by condensing with formaldehyde. The key enzymes of this pathway are specific to 

the substrates, well-characterized, and highly active. Thus, it is one of the better candidate 

pathways to engineer into a non-methylotroph such as E. coli. 

Most organisms contain a mechanism to remove excess amounts of formaldehyde that 

can be harmful for a cell. This can be accomplish by either a linear or a cyclic route to oxidize 

formaldehyde to CO2.   

 

Figure 4-2 Linear and cyclic formaldehyde detoxification.  

Faldh – formaldehyde dehydrogenase, Fdh – formate dehydrogenase, Hps – hexulose-6-

phosphate synthase, Phi – phosphohexulose isomerase, Pgi – phosphoglucoisomerase, Pgl -  

glucose-6-phosphate dehydrogenase, Edd – 6-phosphogluconate dehydrogenase. 

 

In the linear route, formaldehyde is directly oxidized to formate and subsequently to CO2. 

Formaldehyde dehydrogenase (FaldH) can either be glutathione-dependent, like in E. coli, or 

glutathione-independent as in Pseudomonas putida. The cyclic RuMP oxidation route involves 

the key enzymes Hps and Phi that assimilate formaldehyde. Certain non-methylotrophs, like B. 
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subtilis, use this cyclic RuMP oxidation pathway even though they are unable to grow on 

methanol.  

The RuMP pathway is typically used for formaldehyde assimilation to yield a C3 

compound from methanol used to grow on methanol. There are four possible RuMP assimilation 

combinations that differ by the type of carbon rearrangement (Tal or Sbp) and cleavage system 

(Fba or KDPG) used. The goal for the rearrangement system is to regenerate the initial Ru5P that 

was used for formaldehyde assimilation. Two molecules of F6P and one molecule of G3P must 

rearrange to yield three Ru5P.  

In the Tal-dependent rearrangement system, no extra ATP needs to be spent to convert 

two F6P and G3P to three Ru5P. The Sbp-dependent system spends an extra ATP due to the use 

of seduloheptulose-1,6-bisphophatase and phosphofructokinase.  

Since cells ultimately need pyruvate for growth, the cleavage module is required to 

produce pyruvate and G3P (used for rearrangement). The Fba variant yields one ATP compared 

to the KDPG route which is ATP-independent. The Fba variant is dependent on 

phosphofructokinase and fructose 1,6 bisphosphate aldolase to produce G3P and DHAP. While 

the G3P molecule is used for rearrangement, the DHAP molecule can then go through the EMP 

pathway to make pyruvate and other required metabolites. The KDPG route involves many 

enzymes of the Entner-Doudoroff (ED) pathway. Instead of producing two triose phosphates, 

F6P is isomerized by phosphoglucoisomerase to G6P. After a few more steps, the key 

intermediate, 2-keto-3-deoxy-6-phosphogluconate (KDPG), is formed. KDPG is then cleaved to 

G3P and pyruvate. Unlike the Fba variant, this route does not produce any ATP and requires 

fewer enzymes to make pyruvate. 
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Figure 4-3 Four Modes of RuMP Assimilation.  

The top panels (A and C) involve the Tal-dependent carbon rearrangement (in Blue). The bottom 

two (B and D) are Sbp-dependent. The left panels (A and B) involve the Fba cleavage while the 

right panels (C and D) involve the KDPG cleavage. The most ATP efficient combination is the 

Tal/Fba (panel A) which produces 1 ATP per pyruvate. The Sbp/KDGP (panel D) combination is 

the least efficient since it requires 1 ATP input per pyruvate.  

 

Table 4 Comparison of RuMP based formaldehyde assimilation 

 

*All pathways were compared using pyruvate as the end product with methanol as the input. 
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Though E. coli does not natively have the RuMP enzymes (Hps and Phi), many of the 

rearrangement and cleavage steps are native to this host. Since EMP-glycolysis is the dominant 

route for F6P catabolism, the Fba variant is most similar to E. coli’s native metabolism. 

However, E. coli can grow on gluconate using the ED pathway thus both cleavage variants could 

be functional.  

The pentose phosphate pathway has been studied for decades in E. coli and it is widely 

accepted that the pentose phosphate pathway proceeds through transaldolase. However it has 

recently been shown that a talAB mutant is still able to grow on pentoses using a 

seduloheptulose-1,6-bisphosphate (SBP) aldolase variant. The intermediate SBP was previously 

not known to play a role in E. coli’s carbon rearrangement. Therefore, both RuMP rearrangement 

variants (Tal and Sbp), though the Tal-dependent variant is likely to be predominant.  

In order to engineer RuMP-based methylotrophy in E. coli, it is necessary to have four 

essential parts: methanol oxidation, formaldehyde assimilation to F6P, cleavage of F6P, and 

carbon rearrangement. Since the necessary cleavage (Fba and KDPG) and rearrangement (Tal 

and Sbp) mechanisms are already present, it is possible that all that is required is heterologous 

expression of Mdh, Hps, and Phi. Implementing methanol oxidation in E. coli is discussed 

below. 

 

4.3 Methanol Oxidation Enzymes  

The initial step of methanol oxidation can be catalyzed enzymatically by three candidates: 

Alcohol oxidase (Aox), PQQ-dependent methanol dehydrogenase (PQQ-Mdh), and NAD-

dependent methanol dehydrogenase (Mdh). Thermodynamically, Aox is the most favorable 

reaction due to the large payoff of reducing oxygen to hydrogen peroxide. This enzyme is used 
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in methylotrophic yeasts (such as Pichia pastoris) and requires post-translational modification by 

pyruvate carboxylase, though the exact mechanism is unknown (102,103). PQQ-Mdh contains the 

unique PQQ cofactor which is not present in E. coli and is a periplasmic protein(104). Since the 

reduction potential of PQQ is substantially higher than that of NAD, the oxidation of methanol is 

thermodynamically favorable at standard biological conditions. Yet the reduced PQQ is 

constrained to the periplasm and its electrons cannot be transferred to NAD+. The NAD-

dependent Mdh (from hereon Mdh) is the only soluble enzyme that produces the valuable 

reduced cofactor (NADH) that is used in many biosynthetic pathways. This makes Mdh the 

logical choice for engineering in other organisms. Unfortunately, the enzyme has a very high Km 

and low specific activity towards methanol. 

4.4 Mdhs from B. methanolicus  

The Gram-positive methylotroph, B. methanolicus, uses the rare NAD-dependent Mdh. This 

enzyme is thermodynamically unfavorable (roughly -30 kJ/mol) at standard conditions. Mdh 

falls into the type III Fe-NAD+ dependent alcohol dehydrogenase family and is dependent on 

Mg2+ and Zn2+. There are two well characterized strains (MGA3 and PB1) that have been 

recently sequenced, with each strain containing three different Mdh with various kinetic 

proprieties95. All six Mdhs have been purified and investigated in vitro. These enzymes are 

activated by specific protein called the Nudix-type activator. By cleaving the NAD molecule into 

the respective NMN+ and AMP moiety, the activator changes the Mdh mechanism from ping-

pong to ternary complex105. This significantly lowers the Km for methanol which increases the 

oxidation rate. A site specific mutant (S97G) was shown to transform Mdh to become activator-

insensitive by allow the enzyme to tightly bind to NAD. Mdh2 from strain MGA3 is the most 

active of all the known enzymes in vivo when the activator protein is not present106. Yet it still 
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has a fairly high Km (360 mM) and low specific activity 0.09 U/mg. It has also been recently 

reported that Mdh2 (MGA3) leads to the highest cell free extract activity when expressed in E. 

coli 106. To use this enzyme in an industrially relevant scale, the kinetics must still be improved. 

Protein engineering has been a successful tool to drastically enhance catalysis of a wide range of 

enzymes. 

4.5 Designing a robust Mdh assay 

In order to be able to identify if Mdh variants have increased activity compared to the wild-

type, it is important to develop a robust, scalable, sensitive, and inexpensive assay. Typical 

characterizations of alcohol dehydrogenase are done by measuring the change in absorbance at 

340 nm which corresponds to the production of NADH. However, NADH-linked assays are 

expensive and have significant background interference when performed using cell extracts. This 

makes NADH-assays unattractive for large scale mutagenesis projects. Fortunately, several 

colorimetric methods have been developed for the analysis of formaldehyde, the product of 

interest. A commonly used assay involves the reaction of sulfite-bleached pararosaniline with 

formaldehyde to produce a purple-colored Schiff reagent.  

NH2

NH2 NH2

NH

NH2 NH2

S

O

O
OH

CH2O

SO3
2-

 

Figure 4-4 Measuring Formaldehyde using Pararosaniline  

The parasanoline approach requires first bleaching the compound with sulfite. This produces a 

clear liquid. When formaldehyde is then added, a bright red-purple color forms. 



76 

 

This method is so sensitive that it is capable of measuring atmospheric levels of 

formaldehyde which is used by EPA to monitor air and water quality. 

An alternative way of measuring formaldehyde uses 4-amino-3-hydrazino-5-mercapto-

1,2,4-triazole, commonly known as Purpald® sold by Sigma-Aldrich. When reacted with 

Purpald® at even nanomolar concentrations of formaldehyde, a bright purple color is produced 

that can be measured at 550 nm.  
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Figure 4-5 Measuring Formaldehyde using the Purpald® Reagent 

Figure adapted from Jacobsen 2010107. Under highly alkaline conditions, the Purpald® 

compound will react with oxygen and formaldehyde to form a deep purple color. 

The reaction is performed under highly alkaline conditions (2 M NaOH) and requires oxidation 

(typically by oxygen) for the color to develop.  

A less sensitive method of formaldehyde detection is based on Hantzch reaction 

developed by Nash 108. Acetylacetone, ammonium acetate, and formaldehyde forms a yellow-

colored complex called 3,5-diacetyl-1,4-dihydrolutidine (DLL). 
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Figure 4-6 Formaldehyde Detection using the Hantzch (Nash) Reaction  
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This reaction can proceed at neutral pH which is suitable for physiological conditions. Since 

formaldehyde can diffuse in and out of the cell, we theorized it may be possible to assay for Mdh 

using the Nash reaction without cell lysis. 

To test if we could detect formaldehyde production in vivo with the Nash method, we 

overexpressed Mdh from B. methanilcus and several other unconfirmed Mdhs determined by 

sequence homology. Using a BL21(DE3) strain, we designed the Mdhs on the pQE9 (Qiagen) or 

the pCDF-Duet (Novagen) vector. All strains were grown overnight in 3 mL LB with 0.1 mM 

IPTG, 10mM Mg2+, and 100 µg/mL ampicillin. On the following day, the culture was harvested 

at 10,000 rpm for 5 minutes and the supernatant was removed using a pipette. The pellet was 

resuspended in an equal volume of Nash Reagent (20 mM acetylacetone, 100 mM ammonium 

acetate) with 200 mM methanol. In a 96-well plate, 200 µL of this reaction mixture was 

incubated for 2 hours.  

 

Figure 4-7 In vivo Mdh Assay in liquid culture and 96-well plate 

After the color was allowed to develop, the plate was spun down at 4,000 rpm for 10 minutes 

and 100 µL of the supernatant was read at 412 nm. The controls included overexpressed 
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transketolase (instead of Mdh), and a no plasmid. We could clearly see yellow color only in the 

overexpressed Mdh condition in both the liquid culture and in 96-well plate.  

4.6 Protein Engineering Approaches 

Protein engineering is a useful approach to improve the catalytic ability of enzymes. Typical 

approaches have focused on creating large libraries of variants that are screened using a high 

throughput assay. Though high throughput approaches have been successfully employed, they 

can be expensive and time-intensive process. Most of the variants generated by random 

mutagenesis libraries usually have no activity due to deleterious mutations.  

 

Figure 4-8 Correlation between mutation rate and fraction functional  

A typical correlation between average mutation rate using error-prone PCR and the fraction of 

functional variants. <mnt> is the average number of mutations per kilobase. As the mutation rate 

exceeds 10 mutations/kbp, the percent functional can decrease to less than 1%. 

 

Ideally, one would be able to filter out the mutants with no activity to drastically narrow 

down the search space to the active portion. This can be achieved using in vivo selection. By 

creating a strain that is dependent on the protein of interest for growth, only cells with active 

variants will remain. Thus, selection can be a very powerful tool to filter the initial mutagenesis 

library size. To improve the kinetics of Mdh, we have designed a selection system by disrupting 
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the native pentose phosphate pathway. This system can then be coupled with a high-throughput 

screening approach to isolate variants with improved Mdh activity over the parent. This overall 

process yields all the benefits of both selection and screening and should lead to dramatic 

improvement (lower Km and higher kcat) of Mdh. 

4.7 Design of Methanol Auxotrophy 

To design a host that is dependent on Mdh activity, one must couple the product of Mdh 

(formaldehyde) with growth. E. coli should lose its ability to grow on pentoses when one of the 

essential enzymes of the pentose phosphate pathway (PPP) is deleted. Our hypothesis was that 

the formaldehyde RuMP assimilation pathway (when heterologously expressed) could rescue an 

E. coli cell that is deficient in PPP.  

 

Figure 4-9 Two Routes to Convert Pentose Phosphate to F6P: pentose phosphate pathway (PPP) 

and RuMP formaldehyde assimilation. 
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Our approach was to identify which enzyme (or combination of enzymes) from the PPP 

could be removed in order to create this selection strain. The four possible candidates from the 

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

5-phosphate epimerase (Rpe). This enzymes are illustrated in green in Figure 2-1. Since, we still 

need the pentose to be transported in the cell and phosphorylated, we cannot remove the ATP-

dependent transporters, such as rbsABC or xylFGH.  

We needed a knockout strain that grows well on a hexose but poorly on a pentose. This 

would suggest that the limiting factor for growth is conversion of a pentose phosphate to F6P. 

When formaldehyde assimilation enzymes are overexpressed present, the strain should then grow 

well on a pentose in the presence of methanol. We initially decided that deletion of tktAB would 

fit our criteria since transketolase has unique chemistry and a double mutant has been thoroughly 

investigated previously. Our constructed ΔtktAB strain (IB289) grew very poorly on multiple 

carbon sources, even with shikimate supplementation. This was contrary to the previously 

reported strain by Josephson et. al. (BJ502) which was able to grow well on glucose with 

shikimate. With the poor glucose growth for ΔtktAB, we considered other PPP mutants. 

In 2009, Nakahigashi et. al. compared the growth rates of various single gene knockout 

strains on a number of carbon source. Using their vast “phenome” data, we compared the growth 

rates (after 48 hours) of glucose to xylose to find a suitable PPP mutant.  
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Figure 4-10 Phenome Data Analysis from Nakahigashi et. al. of single-gene knockouts. The ratio 

of OD600 was compared for the glucose and xylose growth conditions at 48 hours.  

 

As shown in Figure 4-10, the largest difference hexose and ribose growth is in the ∆rpe 

background. This shows that the Δrpe strain could be a suitable choice for methanol auxotrophy 

since it is able to grow well on F6P, but cannot make F6P from pentose phosphates. According 

to Lyngstadaas et. al, a disrupted rpe strain cannot grow on single pentoses but can grow on the 

combination of ribose and xylose. Additionally, they propose that impaired growth on rich media 

could be due to accumulation of R5P and Ru5P. Formaldehyde assimilation would reduce 

excessive Ru5P levels which could improve growth rate. Since Ru5P is the accepting substrate 

for hexulose-6-phosphate synthase, we cannot use xylose as the initial pentose for methanol 

auxotrophy. Ribose is a better choice since it can still produce the required Ru5P using RpiAB. 

Using the Keio ∆rpe strain (JW3349), we made P1 lysates to transfer the Δrpe knockout 

into other similar E. coli strains such as BL21(DE3), NEB Turbo, NEB Express. These strains 

were chosen since they are optimized for protein expression which would allow for high 

intracellular Mdh, Hps, and Phi activity. We found that all of these ∆rpe strains grew poorly on 

LB and modified terrific broth (TB) media. The growth rate was significantly improved after that 

addition of both ribose and xylose (7mM each) to TB. Using the constructed ∆rpe strains, we 
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tested protein overexpression of Mdh, Hps, and Phi, the essential enzymes for methanol 

assimilation. To reach high expression levels, we used the RBS Calculator, developed by the Dr. 

Howard Salis. All the RBS were designed to have over 50K translation initiation rate units.  

Table 4-5 Description of Methanol Auxotrophy Strains 

Strain Name Strain Genotype Plasmid 

IB391 K-12 ∆rpe::FRT pQE9+Mdh+Hps+Phi 

IB422 K-12 ∆rpe::KAN pQE9+Mdh+Hps+Phi 

IB424 K-12 ∆rpe::FRT pQE9+Mdh+Hps+Phi 

IB435 BL21(DE3) ∆rpe::KAN pQE9+Mdh)+Hps+Phi 

IB437 BL21(DE3) ∆rpe::KAN pQE9+Mdh 

IB475 BL21(DE3) ∆rpe::KAN pCDFDuet+Mdh+Hps+Phi 

IB485 BL21(DE3) ∆rpe::KAN pQE9+Mdh*+Hps+Phi 

IB487 K-12 ∆rpe::KAN pQE9+Mdh*+Hps+Phi 

IB566 BL21(DE3) ∆rpe::KAN pQE9+Mdh*+Hps+Phi 

 

Strains were immediately induced with 0.1 mM IPTG and grown for 16 hours, which led 

to significant overexpression of the three enzymes, as seen on the SDS-PAGE gels in Figure 

4-11. 
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Figure 4-11 Expression of Mdh Hps Phi in Δrpe strains.  

Various vector backbones enables efficient overexpression of the three methanol assimilation 

genes: Mdh, Hps, and Phi. The RBS before each gene was optimized using the RBS 

Calculator109.  

To compare the expression levels of the various strains, enzyme assays were performed 

for all three methanol assimilation proteins. Mdh was assayed using the Nash method. For each 

strains, 1 mL of overnight induced culture was harvested and resuspended in Nash reagent (20 

mM acetylacetone, 100 mM ammonium acetate, and 200 mM methanol). After 1 hour of shaking 

at 37 degrees at 250 rpm, the samples were spun down at 10,000 rpm for 5 minutes. 200 µL of 

the supernatant was then read using a 96-well plate at 412 nm.  

For the Hps-Phi assay, a crude extract was prepared for all strains. 500 µL of induced 

overnight culture was harvested, and lysed using the TissueLyzer (5 minutes at 30 Hz) 

containing 200 µL of 0.1 mm glass beads (BioSpec). After lysis, the extract was spun down for 5 

minutes at 10,000 rpm to leave the soluble fraction in the supernatant. Assays containing 200 µL 

of total volume were performed in a 96-well UV plate with the following buffer conditions: 50 

mM Potassium phosphate pH 7.8, 10 mM MgCl2, 0.4 mM NADP+, ~0.1 U Zwf, ~0.1 U Pgi, 10 

µg Rpi, and 10 µL of crude extract. The substrate (2 mM R5P) was added last after the baseline 

stabilized. All crude extracts were compared to a positive control consisting of HIS-tag purified 

Hps and Phi. The enzyme levels of Mdh and Hps-Phi were normalized and their product 
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represents the compound activity. The higher the compound level, the more total activity of Mdh 

and Hps-Phi. Strain IB485 contained one of the highest compound activities and was chosen as 

methanol selection optimization.  

 

 

Figure 4-12 Compound Mdh, Hps, and Phi Activity for ∆rpe strains 

 

Image generated by Geneious110. 

The plasmid construct that had the highest compound activity of Mdh and Hps-Phi was pIB112: 

a derivative of pQE9. It contains the high copy colE1 replicon, laqI repressor, and the T5/lac 

promoter. 
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Using IB485, which is the BL21(DE3) Δrpe::KAN strain containing the pIB112 plasmid, the 

growth in various conditions was tested. We wanted to determine if either methanol oxidation (by 

Mdh) or formaldehyde assimilation (by Hps+Phi) was limiting. We devised that our selection 

strain (IB485) could be rescued in the presence of exogenous Aox (from Pichia pastoris). We 

rationalized that Aox could produce enough formaldehyde irreversibly from methanol which 

would then diffuse into the cell. Since Aox also produced hydrogen peroxide (which is toxic in 

micromolar levels), we added commercial catalase.  

 

Figure 4-13 Methanol Auxotroph in IB485.  

The positive control is on the most right which contains both ribose and xylose in the media. Aox 

was added in two different amounts as indicated by (+ and +++) to vary the amount of 

extracellular formaldehyde. The best growth (outside the control of ribose+xylose) occurred in 

the M9 + MeOH – Aox condition. 
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Surprisingly, our best growth condition was in M9 Ribose with Methanol without Aox. 

This demonstrated that Mdh could efficiently oxidize methanol and Hps+Phi could assimilate 

formaldehyde and rescue growth. This was the first successful demonstration of methanol 

auxotrophy. 

Since excessive formaldehyde production could cause toxicity and inhibit growth, we 

wanted to optimize the media. To further optimize the expression of Mdh, Hps, and Phi, we 

varied the levels of IPTG and the initial amount of methanol in the M9 media. After 16 hours of 

growth, the final optical density at 600 nm was measured. The best condition was determined to 

be 0.1 mM IPTG and 500 mM methanol. Later experiments showed that 200 mM was optimal. 

 

Figure 4-14 Optimizing Methanol Auxotrophy in IB485.  

The y-axis represents the OD at 600 nm. The concentration of IPTG was varied between 0, 0.1 

and 0.5 mM. Methanol was varied between 0, 500 and 1000 mM. The OD at 600 nm was 

measured after 24 hours. 

 

It is possible that high levels of methanol would lead to excessive amount of 

formaldehyde, inhibiting cell growth. Since the final OD was fairly low, we tested if a rich 

defined media could still be used. Since the addition of amino acids could be used for growth, it 
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was important for us to detect a large difference when methanol was added. We used a 

commercial modification of Neidhardt’s MOPS media, called Hi-Def Azure (Teknova Inc). This 

media does not have a primary carbon source, however does have significant levels of amino 

acids. 

Hi-Def Azure has been shown to yield excellent protein expression. This could contribute to 

better Mdh, Hps and Phi activity that would improve methanol rescue. Using the previously 

optimized conditions, we used Hi-Def Azure with 7 mM Ribose, 0.1 mM IPTG, and 200 mM 

methanol.  

 

Figure 4-15 Improved Growth Rescue of IB485 using Hi-Def Azure Media. 

The media was also supplemented with ribose, IPTG, and antibiotics. The OD at 600 nm was 

measured after 16 hours of growth. 

 

The growth was significantly greater compared to M9 minimal media and surpassed an 

OD of 3 in 16 hours. More importantly, there was very little growth (OD <0.1) in the no 

methanol condition, thus the amino acids in Hi-Def Azure did not interfere with methanol 

auxotrophy. Using this methanol selection media, we tested all the previously constructed ∆rpe 
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strains containing Mdh, Hps, and Phi to see if they would also have growth rescue. IB437 

contained a plasmid with only Mdh (no Hps or Phi), and served as our negative control.  

 

Figure 4-16 Growth Rescue of Other Auxotrophic Strains 

All strain were growth in Hi-Def Azure with 7 mM ribose, 0.1 mM IPTG, and 200 mM methanol 

(when indicated) supplementation. The OD at 600 nm was measured after 16 hours of growth. 

All strains except for IB437 contained a plasmid expressing Mdh, Hps, and Phi. IB437 only 

expressed the Mdh and cannot assimilate formaldehyde. 

 

4.8 Methanol Auxotrophy on Solid Plates 

Next we tested growth rescue in our methanol auxotrophic on solid agar. We melted the 

“Methanol Selection Media” containing Hi-Def Azure, 7 mM Ribose, 0.1 mM IPTG, 25 μg/mL 

Kanamycin, 50 μg/mL Carbenicillin, and 1.5% agar. Once the mixture cooled to roughly 50 °C, 

we split the media so that only one would have 500 mM methanol and the other would be 

methanol free. Since methanol boils at a fairly low temperature (60 °C), an undetermined amount 

remained on the 500 mM MeOH agar plates. 
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Figure 4-17 Methanol Auxotrophy on Solid Media 

Strain IB405 (BL21(DE3) Δrpe:KAN) was transformed with three different plasmids and plated 

on A) Methanol Selection Media + 500 mM MeOH B) Methanol Selection Medi with No 

Methanol and C) LB agar. Large oval shaped bubbles were formed on the Methanol Selection 

Plate since the agar need to be cooled to 50 °C before adding the methanol.  

 

We used IB405 (∆rpe) and transformed with three plasmids: pIB71, pIB73, and pIB112. Since 

pIB73 and pIB112 contain genes for Mdh, Hps, and Phi, we were able to see growth in the  

As a control, we also plated all three transformed strains LB, 7mM Ribose, 7mM Xylose, 50 

μg/mL Carbenicillin, with 1.5% agar. 

4.9 Library Enrichment using Methanol Auxotrophy 

Methanol auxotrophy is a powerful platform to filter a random mutagenesis Mdh library to 

the active variants.  Using the GeneMorph II kit, we designed an Mdh library with high mutation 

rate (>6 mutants/kb). This Mdh library was assembled onto the high copy plasmid containing 

Hps and Phi. To test the effect without methanol selection, we transformed the plasmid library 

and plated onto a LB plate. Single colonies were grown, induced, and the Mdh activity was 

tested by the Nash method (described above). All of 73 colonies showed no significant Mdh 

activity, indicating that the high mutation rate leads to many deleterious mutations. 
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Figure 4-18 Mdh Activity Before and After Selection 

 

Out of 73 colonies tested in rich media conditions, none had significant Mdh activity.  

 

Using the same transformation conditions, when the cells were grown in methanol selection 

media, nearly all colonies that were subsequently isolated had substantial Mdh activity (OD412 
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nm > 0.05). This demonstrates that only the variants with active Mdhs could effectively grow in 

the selection media.  

We are currently in the process of performing high-throughput screening on the active Mdh 

variants. After each round, we will use the improved Mdh variants as the parent for further 

rounds of mutagenesis. The overall process is summarized below. 

 

Figure 4-19 Flowchart of Evolving Mdh using Selection and Screening 
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5. Appendix 

 

5.1 Comparison of NOG, RuMP, and MCC 

 

Figure 5-1 RuMP + EMP 

The RuMP pathway can be used with the lower part of EMP to produce pyruvate from 

formaldehyde. In order to regenerate the Ru5P, some of the F6P must be phosphorylated by 

phosphofructokinase. However, two ATP can be generated in the lower part of EMP (by Pgk and 

Pyk). This figure shows the Tal-dependent carbon rearrangement scheme. An alternative option 

would be to use Sbp-dependent which does not rely on Tal. Since AcCoA is produced from 

pyruvate decarboxylation, CO2 is irreversibly lost and the carbon yield of ethanol is at best 67%. 
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Figure 5-2 RuMP + ED 

Instead of phosphorylating F6P to FBP, the RuMP+ED variant can directly produce 
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Figure 5-3 RuMP + NOG 

Since the RuMP can produce F6P from six formaldehydes (at the expense of one ATP), the NOG 

pathway can be used to stoichiometrically convert the F6P to three acetyl-CoA. The NADH is 

released from the Mdh reaction are harvested during the ethanol production to yield a NADH 

balanced pathway. However, since NOG does not yield any ATP, the overall process is still ATP 

deficient. In the initial steps, F6P is phosphorylated to FBP. During NOG, the FBP is 

dephosphorylated back to F6P. This represents a futile ATP burning cycle and this inefficiency is 

avoiding when using the Methanol Condensation Cycle (MCC). 



95 

 

 

Figure 5-4 MCC 

The Methanol Condensation Cycle (MCC) is independent of ATP forming or consuming 

reactions and is NADH-balanced when producing higher alcohol from methanol. By avoiding 

the use of Pfk, Fbp, Fba, and Tpi a futile cycle is avoided. 
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5.2 Polyphosphate dependent NOG 

 

 

Figure 5-5 ATP-dependent NOG compared to polyphosphate-NOG 

 

We propose a variation of NOG that can convert glucose to acetyl-CoA without the 

consumption of ATP. In most organisms, glucose phosphorylation is accomplished by the ATP-

dependent glucokinase (also called hexokinase). However, glucose can also be phosphorylated 

by another ATP-independent enzyme termed the polyphosphate-dependent glucokinase (ppGlk). 

This enzyme is highly homologous to the ATP-dependent glucokinase suggesting that a common 

evolutionary ancestor. It is likely that in the primordial earth, there was an abundant supply of 
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high-energy polyphosphates, which facilitated catalysis before cells could produce complex 

cofactors such as ATP. The polyphosphate-dependent glucokinase can only accept phosphate 

molecules that consist of at least two phosphoanhydride bonds. There is no known 

polyphosphate-glucokinase that can accept pyrophosphate (PPi) instead of larger chain 

polyphosphates, even though the hydrolysis is thermodynamically similar. However, it may be 

possible to modify the active site of polyphosphate-dependent glucokinase so that it can accept 

pyrophosphate as a high-energy donor. By removing E. coli’s native routes of glucose 

phosphorylation (either by the PTS system or by glucokinase), a strain that is incapable of 

glucose growth can be achieved. This would require create the double knockout of ∆ptsG∆glk 

and initially growing the strain on rich media. After generating a large mutant library (either by 

error-prone PCR or another method), transformants would be gradually grown in minimal media 

containing glucose and pyrophosphate. Any mutants that can assimilate pyrophosphate would 

eventually become enriched in the culture and dominate. 
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 NOG Carbon Fixation 

 

 

Figure 5-6 CO2 Fixation using NOG 

NOG provides a unique opportunity to create an artificial CO2 fixing cycle that is independent of 

Rubisco. The novelty of this pathway is the ability to convert a C6 to three C2 compounds. This 

theoretical cycle can be split into three sections: carbon fixation and reduction of acetyl-CoA to 

pyruvate, gluconeogenesis, and non-oxidative glycolysis (NOG). 
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Figure 5-7 Possible Routes to Reduce AcCoA to Pyruvate 

Pyruvate could be produced from acetyl-CoA and CO2. The simplest approach would be to use a 

single enzyme (such as PFOR) that combines CO2 and a reduced cofactor (such as ferredoxin). 

Yet this enzyme is thermodynamically unfavorably, highly oxygen sensitive, and difficult to 

express in E. coli. Instead of CO2, formate could be the C1 donor using pyruvate formate lyase 

(Pfl). Other approaches involve the ATP-dependent carboxylation to MalCoA and subsequence 

electron rearrangements to give pyruvate. None of the approaches have been demonstrated to 

produce pyruvate in E. coli. 
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5.3 DHA production from Methanol 

 

This pathway uses the unique fructose-6-phosphate aldolase enzyme that has recently been found 

in E. coli. Using the Tal-dependent rearrangement module enables ATP-independent conversion 

of G3P and two F6P to Ru5P. The entire pathway is NADH and ATP independent. Alcohol 

oxidase can oxidize methanol without generating reducing power and catalase is able to 

decompose hydrogen peroxide back to oxygen and water. This this pathway is cofactor free and 

all the enzymes are highly active, it would be a good candidate for cell-free in vitro conversion. 

The overall reaction is 3 CH3OH + 1.5 O2  C3H6O3 + 3 H2O. 
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