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Abstract

Single-carbon (C) substrates, such as synthesis gas and methanol, are attractive
feedstocks for biochemical processes, as they are widely available, can be produced
renewably, and do not compete with food supply. However, their use in industrial bio-
processing remains limited, primarily because microbes that utilize these substrates
are poorly characterized biochemically, and limited tools exist for their genetic mod-
ification. This leaves the metabolic engineer with a choice: to develop genetic tools
to enable engineering in the desired host, or to import the relevant catabolic pathway
into a more tractable organism, such as Escherichia coli. This thesis explores both
options within the context of developing strains for the conversion of C1 substrates
into value-added chemicals and fuels.

Clostridium ljungdahlii is an acetogen that grows autotrophically on synthesis gas
(CO, H2 , andC0 2) using the Wood-Ljungdahl pathway, and is a promising candidate
for non-photosyntheticCO2 fixation. In the first section, we extended its primitive
genetic tools by developing a CRISPRi system for the targeted knockdown of specific
genes. Constitutive downregulation of several genes with putative roles in energy con-
servation and carbon flux by up to 30-fold was demonstrated, and the associated phe-
notypes analyzed. Optimization of the promoter controlling dCas9 expression allowed
for inducible knockdown, paving the way for dynamic metabolic control strategies to
redirect carbon flux in engineered strains. To demonstrate this concept, several vari-
ants of a heterologous pathway for the biosynthesis of 3-hydroxybutyrate (3HB) were
constructed, to probe 3HB production in the wild-type background and with various
CRISPRi plasmids. The CRISPRi system represents a valuable contribution to the
metabolic engineering field for its ability to redirect carbon flux, and is also useful
to the microbiology community to probe gene function to answer open questions in
the biochemistry underlying the Wood-Ljungdahl pathway. Efforts to develop genetic
tools for the related acetogen Moorella thermoacetica are also described.

To explore the alternative approach of importing a single-carbon catabolic path-
way into a tractable host, in the second section E. coli was engineered to metabolize
methanol. Screening various candidates of the three heterologous pathway enzymes
enabled robust incorporation of 3 C-labeled methanol into central carbon metabolism.
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To further improve methanol assimilation, a kinetic-thermodynamic modeling frame-
work was developed and combined with novel isotopic tracing experiments to probe
potential pathway limitations. Flux leakage from the cyclical ribulose monophosphate
(RuMP) pathway was identified as the primary bottleneck, as this led to the build-up
of the toxic intermediate formaldehyde and ablation of the thermodynamic driving
force for methanol oxidation. Strategies were developed to re-wire central metabolism
accordingly, which restored the driving force and led to the identification of the kinet-
ics of the first enzyme of the pathway - methanol dehydrogenase (MDH) - as the next
limitation. These results represent the first systematic analysis of flux limitations
in E. coli engineered for methanol metabolism, and provide clear targets for further
metabolic engineering to enable synthetic methylotrophy. Finally, the development
of a formaldehyde biosensor in support of evolutionary approaches to enhance MDH
activity and partition carbon flux between formaldehyde assimilation and growth is
described.

Thesis Supervisor: Gregory Stephanopoulos
Title: Willard Henry Dow Professor in Chemical Engineering
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Chapter 1

Introduction

1.1 Summary

Concerns over the depletion of readily available fossil fuels and their effects on envi-

ronmental pollution and climate change have led to heightened interest in alternative

sources of liquid fuels, such as biofuels [1]. The first generation of biofuels utilized

easily accessible sugars as feedstocks for the production of compounds such as ethanol

and biodiesel. However, the sources of these sugars were generally food crops (e.g.

corn, sugarcane), thus advanced biofuels are now being sought that do not com-

pete with food production [2]. Various alternative options are under investigation,

including lignocellulosic biomass [3], and photosynthetic microalgae [4], but commer-

cial success has so far been limited. In this thesis, alternative bioprocesses based on

single carbon compound (Cl) feedstocks are investigated. These substrates can be

supplied in aggregate large quantities and can be produced renewably, but their use

in commercial bioprocesses is limited by the poor understanding of the organisms

that consume them, and the lack of metabolic engineering tools for their genetic ma-

nipulation. This work addresses this limitation by developing improved genetic tools

for acetogen metabolic engineering, and by developing strains of the biotechnology

workhorse E. coli for the consumption of methanol.

In this chapter, the use of C1 compounds is motivated by analysis of their pro-

duction and availability. A thorough overview of what is known about the metabolic
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pathways involved in C1 metabolism follows, with specific attention paid to the Wood-

Ljungdahl pathway of acetogenesis, and the pathways of aerobic methylotrophy. The

chapter concludes with an assessment of the state-of-the-art in acetogen and methy-

lotroph metabolic engineering, identifying the critical gaps that are adressed in the

rest of the thesis.

1.2 C1 Substrates as Promising Feedstocks for Re-

newable Fuel and Chemical Production

C1 compounds vary in oxidation state all the way from +4 (CO 2 ) to -4 (CH 4), and thus

represent a highly diverse class of energy-containing compounds with a wide range of

reactivity. Various microbes have evolved exquisite enzyme systems to enable growth

on C1 compounds of every oxidation state. As our understanding of these metabolic

processes grows, so too does the ability to leverage the ability of these microbes to

catalyze the conversion of these substrates into value-added chemicals and fuels. The

potential benefits of the most common C1 substrates are described below.

1.2.1 Methane (CH 4, -4)

Over the last decade, widespread implementation of hydraulic fracturing (fracking)

has increased the availability of unconventional natural gas in the United States.

On an energy basis, this resource could meet the demands of the transportation

industry for the next 50 years [5]. However, conversion of natural gas to a fuel

of sufficient energy density remains problematic. Chemical conversion through the

capitally intensive Fischer-Tropsch synthesis is economically viable only at large scale

[6], incompatible with the distributed nature of the resource [7]. Compression to LNG

and CNG is an expensive endeavor, further mired by a lack of refueling infrastructure

181. In the absence of an economically viable alternative, up to 32% of the natural gas

produced in some areas of the country is currently flared as a waste product [9]. A

low-capital process for converting methane to a liquid fuel, compatible with existing
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engine design, can therefore be a disruptive technology, with the potential to tap

this underutilized resource and reduce the environmental impact of fracking [101. A

biotechnological process using an engineered microbe to produce fuel from methane

could meet this need [11, 12].

1.2.2 Methanol (CH30H, -2)

With a worldwide production of 53 million tons per year, methanol represents a

promising candidate for biochemical production [13]. Its current price is comparable

to that of glucose, despite being more energy-dense, with 50% more electrons per

carbon. Methanol can be produced renewably from municipal solid wastes and biogas

through synthesis gas (syngas) as an intermediate, as exemplified by Enerkem. It can

also be produced using renewable electricity from CO2, for instance in the process

of CRI in Iceland. Conversion of methane to methanol as a starting material for

value-added processes has also been proposed as a way to monetize stranded natural

gas. For these reasons, the concept of a 'Methanol Economy', advocated by George

Olah [14], has received considerable attention. Until recently, limited understanding of

methanol metabolism limited the industrial use of methylotrophs to the production of

Single Cell Protein (SCP) in the late twentieth century [15]. Methanol bioprocessing

is also associated with technical challenges, including high oxygen requirements and

concomitant heat production, which leads to high cooling requirements [161.

1.2.3 Formate (HCOOH, +2)

Formate is an attractive substrate for bioprocessing. It can be produced from highly

available resources, including electro- or photochemical reduction of CO2, hydrogena-

tion of C0 2 , selective oxidation of biomass, or the partial oxidation of natural gas

[17]. The majority of these processes are renewable and under active development.

It is metabolized by a wide range of organisms, as discussed below, presenting many

options for its conversion to value-added products.
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1.2.4 Carbon monoxide (CO, +2)

A variety of organisms, including the acetogens and the so-called 'Knallgas bacte-

ria', grow robustly using carbon monoxide as their sole carbon source, despite its

general toxicity. Carbon monoxide is the main component of syngas, thus biologi-

cal conversion of this substrate is often referred to as 'Biological Fischer-Tropsch',

or 'Bio-GTL'. An advantage of the biological version of the process is the increased

product specificity: Whereas the industrial chemical process produces hydrocarbons

of a variety of chain lengths, which requires costly separation and markets for each

species, acetogeneis can theoretically produce a single targeted compound. The or-

ganisms are also generally less sensitive to low-level contamintants in the gas stream

that poison the catalytic process 1181. Syngas is produced primarily from methane,

and therefore not considered renewable. However, biomass gasification for renewable

syngas production, though not currently economically viable, is under intensive de-

velopment [19]. In addition, steel-mill offgas has composition similar to syngas, and

is therefore a negative cost substrate, as exemplified by the demonstration plant of

LanzaTech which uses waste gas from Bao Steel as a substrate for fermentation [20].

The key challenges associated with syngas fermentation are the poor solubility of CO

in water, which necessitates very high mass transfer rates (kLa) to sustain reasonable

productivities, and the limited genetic tools for engineering acetogens.

1.2.5 Other C1 substrates

This thesis is restricted to discussion of the C1 substrates described above, but there

are others that can also support growth that are worth mentioning here for complete-

ness. Formaldehyde (CH 2 O) is highly toxic and not generally considered a growth

substrate, but various microbes can grow using formaldehyde as the sole carbon and

energy source when the concentration is kept low, as in a chemostat [211. Ami-

nated methyl compounds (methylamine, dimethylamine, and trimethylamine) serve

as growth substrates in some aerobic methylotrophs [22] and anaerobic methanogens

[23]. Some halogenated methyl compounds (e.g. dichloromethane) can also support
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growth in organisms such as Dehalcoccoides mccartyi [24].

In the next section, the biochemical basis for microbial C1 metabolism is discussed,

with emphasis on the substrates described above.

1.3 Pathways for C1 Assimilation

1.3.1 The Wood-Ljungdahl Pathway

The processof CO 2 fixation

The reductive acetyl-CoA pathway, also known as the Wood-Ljungdahl pathway after

the investigators who unraveled the principal enzymatic pathway steps, catalyzes the

fixation of two moleculesCO 2 into the acetyl moiety of acetyl-CoA (AcCoA), using

electrons derived from a variety of organic and inorganic sources (Figure 1-1). The

pathway is divided into two branches: the Western (Carbonyl) branch, and the East-

ern (Methyl) branch. In the Western branch, CO2 is reduced to CO at the expense of

reduced ferredoxin (Fdred) in a reaction catalyzed by the bifunctional enzyme complex

of acetyl-CoA synthetase (ACS) and carbon monoxide dehydrogenase (CODH) [251.

In the Eastern branch, CO 2 is reduced to formate, which is then activated by ATP

and transferred to the C1 carrier tetrahydrofolate (THF). A series of reduction steps

lead to the formation of methyl-THF, which is then delivered to the ACS/CODH by

a corrinoid methyltransferase protein, where it is condensed with CO produced in

the Western branch and free coenzyme A to yield AcCoA. AcCoA can be used either

for the production of biomass, or converted to acetate to generate ATP. Overall, the

stoichiometry of acetogenesis from H2 andCO 2 can be represented as:

2CO2+4H 2 -+ CH3COOH + 2H20 (AG°' = -95 kJ mol- 1) (1.1)

The negative free energy change of the process allows acetogenesis to be coupled to

energy conservation. The Wood-Ljungdahl pathway is therefore unique among carbon

fixation pathways in that it can support cell growth. It also represents the most
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Figure 1-1: The Wood-Ljungdahl Pathway in Moorella thermoacetica. Bio-
chemical pathways showing the energy-conserving production of acetate from CO 2

and H 2 (top) and CO (bottom). Black lines represent carbon flux, and colored lines
represent interconversion of electron carriers.

energy-efficient pathway forCO2 fixation [26], and is therefore of practical interest

for the renewable production of chemicals and fuels.
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Electron bifurcation and energy conversation in acetogenesis

How exactly energy is conserved through acetogenesis has been a long-standing ques-

tion in the field, and has implications for the industrial potential of the pathway [27].

The ATP produced in the conversion of acetyl-CoA to acetate is used earlier in the

pathway for the activation of formate, ruling out substrate-level phosphorylation as

the mechanism. In Moorella thermoacetica (f. Clostridium thermoaceticum), the or-

ganism that was used by Wood and Ljungdahl in the initial characterization of the

pathway, the presence of cytochromes and quinones originally suggested a membrane-

dependent electron transport chain [28]. Determination of the redox potentials of the

various reductive reactions suggested that only the reduction of methylene-THF to

methyl-THF could be associated with energy conservation [291, though no mecha-

nism was put forth. Analysis of the genomes of two other model acetogens, Aceto-

bacterium woodii, and Clostridium ljungdahlii, however, showed they do not contain

cytochromes, ruling out a membrane-dependent electron transport chain in these or-

ganisms [30, 31].

We now know that energy conservation in all three organisms is mediated by the

recently described phenomenon of electron bifurcation. In this mechanism, which is

being hailed as a third mode of energy conservation in addition to substrate-level

phosphorylation and oxidative phosphorylation [32], an endergonic redox reaction is

coupled with an exergonic one in a single flavin-dependent soluble enzyme complex,

allowing energy conservation without a membrane. Electrons from a mid-potential

donor (e.g. H2) are bifurcated between a high-potential acceptor (e.g. NADH) and a

low-potential acceptor (ferredoxin):

H2 + Fd-+ Fd2- +2H+ (AG°' =+7 kJ mol-1 ) (1.2)

H2 + NAD+ NADH + H+ (AG°' = -18 kJ mol- 1) (1.3)

2H2 + Fd + NAD+ -+ Fd2- + ATADH + 3H+ (AG°' = -11 kJ mo-1) (1.4)

Re-oxidation of the ferredoxin at a membrane-bound proton translocase is coupled
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to electrogenic proton extrusion, generating a proton-motive force (PMF) that can

be coupled to ATP generation with the proton-dependent ATPase. In A. woodii and

C. ljungdahlii, the membrane-bound complex is an RNF complex (for Rhodobacter

Nitrogen Fixation) [331, and in M. thermoacetica it is an ECH (for Energy-Conserving

Hydrogenase). A. woodii differs from the other organisms in that both the RNF

complex and ATPase are sodium-dependent [34, 31]. The important contribution of

electron bifurcation is therefore the ability to conserve free energy changes associ-

ated with metabolic reactions occurring in the cytosol in the low-potential acceptor

ferredoxin, whose oxidation at a membrane-bound complex can then be coupled to

oxidative phosphorylation. Since the first demonstration of electron bifurcation in

2008 [35], many more enzymes catalyzing similar processes have been discovered.

Though the mechanism still remains enigmatic [36, 37, 38], the importance of this

phenomenon in energy conservation in anaerobic microbes is undisputed.

Though the main principles underlying energy conservation in acetogens are now

established, A. woodii is the only acetogen for which we have a complete model of

acetogenesis. In C. ljungdahlii and M. thermoacetica, there are still open questions

regarding some of the enzymatic reactions involved. In M. thermoacetica, there is ev-

idence that the reduction of methylene-THF to methyl-THF is a bifurcating reaction

that uses NADH as the electron donor. However, the physiological electron acceptor

has not yet been identified [39]. In C. ljungdahlii, there is evidence for both a formate

dehydrogenase and a bifurcating hydrogen-formate lyase [40]. The specific cofactors

used inCO 2 reduction in this organism are therefore unclear, and various scenarios

predict the formation of between 0.13 and 0.63 molecules of ATP for each acetate pro-

duced [41]. The wide variation in these estimates has important consequences when

thinking about the production of value-added chemicals from this pathway. Another

outstanding question is how sufficient driving force for the endergonic reduction of

CO2 to CO with reduced ferredoxin is generated. One possibility is that the ferredoxin

pool is highly reduced, with a reduction potential of approximately -500 mV. Oth-

ers argue that by coupling the activity of CODH and ACS, the exergonic acetyl-CoA

synthesis reaction provides driving force for the reduction at more moderate potential
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[42]. The point here is that, compared to more typical metabolic engineering hosts

such as E. coli and S. cereveisae, there are many open fundamental questions about

acetogenic metabolism, whose answers will be important in developing engineering

strategies to allow them to produce high levels of value-added products.

Substrate flexibility in the WL pathway

A variety of different reduced C1 compounds serve as substrates for the WL pathway.

Carbon monoxide (CO), toxic to many organisms, provides increased growth yields

over hydrogenotrophic acetogenesis because of the low potential of theCO/CO 2 redox

couple. With this substrate, CODH works in the oxidative direction, generating

reduced ferredoxin to power reduction in the methyl branch of the pathway. The

overall stoichiometry is

4CO + 2H20 -+ 2CO2+ CH3COOH (AGo' = -206 kJ mol- 1) (1.5)

The ability to grow on H 2, CO, andCO 2 has led to signifcant commercial interest

in using acetogens to convert syngas into value-added fuels and chemicals. An open

question here is the potential for diauxie. It was recently shown that addition of

CO to H2-grown cells of A. woodii caused an initial growth inhibition, and a sec-

ond growth phase after CO was depleted, presumably due to CO inhibition of the

H2-dependent CO2 reductase 143]. The same phenomenon was observed for batch

cultures of C. ljungdahlii [44], highlighting the need for careful control of syngas com-

position in a commercial process, or the use of a CO-insensitive hydrogenase (e.g.

from Carboxydothermus hydrogenoformans [45]).

As an intermediate in the WL pathway, formate can also support acetogenesis,

and formate-dependent growth has been reported for M. thermoacetica [46], A. woodii

[43], and C. ijungahlii [47]. The use of formate avoids the mass-transfer limitations

associated with H 2 and CO, both of which are poorly soluble in water. As the sole
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carbon and energy source, formate is disproportionated according to the stoichiometry

4HCOOH-- 2CO2+CH3COOH+2H 20 (AGo' = -95.8kJmoL- 1) (1.6)

In A. woodii, it was shown that formate and CO can be co-utilized [431. This repre-

sents an interesting way to avoid the complication of CO inhibition of hydrogenase

in syngas-grown cells.

Some acetogens are also capable of using methanol as the sole energy source,

although reports of this are somewhat contradictory, and the biochemistry is not en-

tirely clear. In M. thermoacetica, methanol-dependent growth is well established both

in the literature [46, 481 and in our hands, and thought be to be mediated by the

transfer of the methyl group from methanol to THF via methyltransferases similar

to those used in methylotrophic methanogenesis [49, 50]. Oxidation of methyl-THF

by reversal of the methyl branch provides reducing equivalents for cell growth and

ferredoxin CO2 fixation in the carbonyl branch. Interestingly, reversing the methyl

branch in M. thermoacetica is predicted to require reverse electron transport to drive

the H 2-dependent reduction of ferredoxin at the ECH complex, which is in turn re-

quired for production of CO by the CODH (Figure 1-2). Thus, under these conditions,

ATP conservation is mediated entirely by substrate-level phosphorylation. Methanol

assimilation has also been demonstrated in A. woodii [51, 52, 43], but not in C.

ljungdahlii. Methanol is the most reduced C1 substrate that can feed into the Wood-

Ljungdahl pathway. The efficiency of the WL pathway leads to the highest carbon

yields for conversion of methanol to acetate among known organisms, according to

the stoichiometry

4CH3OH+2CO2-- 3CH3COH+4H20 (AGo' = -228kJmol- 1) (1.7)

As with formate, methanol is soluble, mitigating mass transfer-related issues. This

motivates further investigation into the mechanisms and limitations of methylotrophic

acetogenesis to evaluate the potential for anaerobic methanol bioconversion via the

WL pathway.
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Figure 1-2: Putative Methanol Metabolism Pathway in Moorella ther-
moacetica. Putative biochemical pathways showing the energy-conserving produc-
tion of acetate from methanol. Black lines represent carbon flux, and colored lines
represent interconversion of electron carriers.

Beyond the C1 substrates listed above, acetogens can make use of a variety of other

electron donors [46, 53]. M. thermoacetica specializes in the demethylation of aromatic

0-methyl esters, such as vanillate [46]. A. woodii also respires caffeate, once again

relying on electron bifurcation for energy conservation [54]. A variety of organic acids

can also serve as growth substrates independent of the WL pathway. Most acetogens

can also ferment the common hexoses fructose and glucose, and the pentose xylose.

The WL pathway is active during this heterotrophic growth regime, and serves as a

sink for the electrons removed during glycolysis. Thus, unlike typical heterotrophs,

which can produce at most two molecules of acetate per gluocse, acetogens can achieve

almost complete carbon conservation with three acetate. This makes engineered

acetogens attractive candidates for the high-yield production of various acetyl-CoA

derived products from heterotrophic substrates [55]. It has also been shown that a

variety of acetogens can simultaneously ferment glucose and H 2. This ability allows

the high carbon conversion efficiency of the WL pathway to be coupled with reducing
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equivalents from hydrogen to make highly reduced molecules (e.g. butanol) at high

yields, in a concept dubbed 'acetogenic mixotrophy' [56, 57, 581.

Fermentation products available from the WL pathway

Thus far we have discussed acetate as the primary fermentative end-product of ace-

togenesis. However, some acetogens naturally produce a variety of other compounds,

including ethanol, 2,3-butanediol, butyrate, and butanol [59, 601. How ethanol can

be produced from H2/CO2while allowing energy conservation has only recently been

resolved. The typical pathway involving the sequential reduction of acetyl-CoA to ac-

etaldehdye does not allow net ATP production, and thus could not sustain growth. In-

stead, in Clostridium autoethanogenum, a close relative of C. ljungdahlii, it is proposed

that ethanol is produced from acetate. By this scheme, acetate is reduced directly at

the expense of reduced ferredoxin, in a reaction catalyzed by an aldehyde-ferredoxin

oxidoreductase (AFOR or AOR), then further reduced from acetaldehyde to ethanol,

presumably by an alcohol dehydrogenase [61]. The thermodynamics of the reduction

of non-activated acetate with ferredoxin are unfavorable (AG° = +30.4 kJ mol'),

such that the reaction is only favorable at high acetate concenteration and low pH.

By converting acetate to ethanol under these conditions, this pathway allows for the

continued production of ATP while mitigating acetate toxicity. The ability of several

acetogens to produce high concentrations of ethanol was what motivated the initial

interest in syngas fermentation for biofuel production.

In addition to acetate and ethanol, C. ljungdahlii produces small quantities of 2,3-

butanediol (2,3 BDO). With steel mill waste gas a substrate, 2,3 BDO was produced

in a ratio of 1:10:15 with acetate and ethanol [60]. A combination of genetic and

enzymatic analysis later uncovered the synthesis pathway, in which two molecules of

pyruvate are condensed to produce acetolactate, which is subsequently decarboxylated

to acetoin and further reduced to 2,3 BDO [60].

Butyribacterium methylotrophicum ferments CO through the WL pathway to pro-

duce various ratios of acetate, ethanol, butyrate, and butanol. While the exact process

is not clearly understood, the pathway likely shares similarity with the Clostridia bu-
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tanol pathway typified by Clostridium acetobutylicum [62]. With the recent announce-

ment of the genome for B. methylotrophicum, the genes involved can be determined

[63]. Overall, with the range of both substrates and products available to them,

acetogens display a highly diverse metabolic repertoire that makes them attractive

candidates for industrial bioprocessing.

1.3.2 Aerobic methanotrophy and methylotrophy

Carbon flow in methanotrophy

Methanotrophs are a diverse group of microbes who specialize in respiring methane.

They are a subset of methylotrophs, which refers more generally to organisms that can

metabolize C1 compounds. The critical enzyme in aerobic methanotrophs is Methane

Monooxygenase (MMO). This enzyme catalyzes the oxygen-dependent activation of

the C-H bond of methane to form methanol, with reduction of the second oxygen

atom to water:

CH4 +02 + AH2 - CH3 OH+H 20+A (1.8)

There are two variants of this enzyme: the copper-dependent particulate version

(pMMO), and the iron-dependent soluble form sMMO. In Gram negative methy-

lotrophs, methanol is oxidized to formaldehyde by a PQQ-dependent methanol dehy-

drogenase (MDH) in the periplasm. The involvement of methanol as an intermediate

in methanotrophy enables many methanotrophs to also grow on methanol. Formalde-

hyde represents a node between carbon assimilation, and further oxidation to formate

andCO 2 for energy conservation. In Type I methanotrophs, formaldehyde is assimi-

lated through the Ribulose Monophosphate (RuMP) pathway. Formaldehyde is first

condensed with ribulose 5-phosphate (Ru5P) by an aldolase, and then isomerized to

fructose 6-phosphate (F6P). A variety of different variants of the RuMP pathway exist

for the regeneration of Ru5P, that differ in their requirements for ATP or NADH [641.

In each case, three turns of the cycle lead to the net conversion of three molecules of

formaldehyde to a three carbon sugar phosphate of central carbon metabolism, di-

hydroxyacetone phosphate (DHAP) or pyruvate (PYR). In Type II methanotrophs,
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carbon is assimilated by the serine cycle, and formate serves as the node between

biosynthesis and energy conservation [65]. Formate is reduced in an ATP-dependent

manner to the formaldehyde oxidation level with NADPH and THF. In the serine

cycle, carbon enters from formaldehyde andCO 2. The pathways for regenerating

the serine vary based on presence or absence of isocitrate lyase, and have only been

recently fully elucidated and demonstrated [661. In all cases, the fixationof CO 2 is en-

ergetically costly, and growth yields in Type II methanotrophs are significantly lower

than in Type I [67]. However, because formate is a branch point in their metabolism,

the prototypical strain Methylobacterium extorquens AM1 can grow on formate as a

sole carbon and energy source [68].

Variations on methylotrophy

Aerobic growth on methanol is not limited to the Gram negative methylotrophs above.

In the late 1980s, a Gram positive thermophilic Bacillus species, Bacillus methanoli-

cus, was discovered that could grow with methanol at temperatures up to 55°C [691.

It was soon discovered that this species oxidized methanol via an NAD-dependent

methanol dehydrogenase whose expression accounted for up to 30% of the total pro-

tein. Ongoing biochemical and genetic investigations into this organism have revealed

many interesting details about its metabolism: in in vitro assays of MDH, the pres-

ence of a Nudix hydrolase encoded by the act gene increases km, and decreases the

Km for methanol by hydrolyzing the bound NAD cofactor and changing the catalytic

mechanism [70, 71]. The role of this modification in vivo is unclear, but the in vitro

activation of alcohol dehydrogenases by Nudix hydrolases appears to be a widespread

phenomenon [72]. In addition, methylotrophy in this strain is plasmid-dependent,

and lost when the plasmid is cured [73]. Sedoheptulose bisphosphatase activity of

an enzyme encoded by the glpX gene on the plasmid suggests that B. methanolicus

uses the SBPase variant of the RuMP pathway, in which sedoheptulose phosphate

is generated by the successive action of the fructose bisphosphate aldolase - which

produces SBP from DHAP and erythrose 4-phosphate (E4P) - and SBPase, which hy-

drolyzes the phosphate to form the monophosphorylated sugar [741. Transcriptomic,
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metabolomic and proteomic characterization has also been carried out, and provides

further insight into the metabolism of this microbe [75, 76, 77].

Some yeast species, notably Pichia pastoris, are capable of growth on methanol.

In these organisms, methanol is oxidized to formaldehyde by an alcohol oxidase,

which produces peroxide as a byproduct. Due to the toxicity of peroxide, this process

occurs in an intracellular organelle called the peroxisome. Formaldehyde assimilation

is accomplished in a process similar to the RuMP pathway, in which xylulose 5-

phosphate serves as the sugar phopshate acceptor for formaldehyde 178]. Since the

electrons from the oxidation of methanol are wasted in the generation of peroxide,

the product yield on methanol is predicted to be low in these organisms, and they

will not be discussed further here. It should be pointed out, however, that because

of its high rate of methanol uptake, Pichia is an excellent microbe for the production

of heterologous proteins from methanol [79].

Energy conservation in aerobic methanotrophs and methylotrophs

As with acetogenesis, there are aspects of energy conservation in aerobic methylotro-

phy that are still not fully understood. The primary mode of energy conservation in

these organisms is oxidative phosphorylation, where the reoxidation of reduced cofac-

tors - generated from the various steps of methane oxidation - at terminal oxidases

generates a PMF for ATP production. As such, understanding the flow of electrons

between the various co-factors involved is critical. The electron donor for the sMMO

is NADH, however, despite intensive effort, the physiological electron donor for the

pMMO is still unknown [12]. Experimental growth yield data and CH 4 /0 2 values

support the existence of an electron transport chain between MDH and the pMMO

[80, 67]. In support of this, evidence has been found for the association of MDH with

pMMO, suggesting a possible direct electron transport between these enzymes [81].
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1.3.3 Other native pathways for C1 assimilation

This thesis focuses on C1 assimilation pathways whose manipulation could lead to

the formation of organic compounds. As such, we will not discuss methanogenesis, by

which a variety of carbon sources, including methanol, are converted toCO 2 and CH4.

Also ignored are autorophic aerobic CO oxidizers, who use the electrons generated

from CO oxidiation to drive carbon fixation through the CBB pathway. For excellent

reviews on these important subjects, the interested reader is directed to [82] and [83],

respectively.

1.3.4 Synthetic pathways for C1 Assimilation

Motivated by the availability of over 5,000 known natural metabolic reactions and

computational tools to automate pathway design, an emerging interest in the field is

the design of non-native pathways for C1 assimilation that may be more efficient than

natural ones [84]. This approach aims to combine enzymes from a variety of different

organisms in synthetic pathways to overcome thermodynamic or kinetic limitations

of known pathways [85]. The effectiveness of this approach was recently shown in

vitro with the design and construction of a highly efficient CO 2 fixation pathway

[86]. Several hypothetical pathways for formate assimilation have been put forward

[17], though these have not yet been realized experimentally. In an impressive feat of

enzyme engineering and pathway design, a novel linear pathway for formate assimi-

lation via formaldehyde was conceived and shown by "C labeling analysis to enable

the conversion of formate to DHAP in vitro. The cornerstone of this pathway was

the re-engineering of benzaldehyde lyase to catalyze the coupling of three molecules

of formaldehyde into dihydroxyacetone in a reaction known as the formolase reaction

[87]. Though the catalytic ability of the enzyme was insufficient to support growth,

these results highlight the potential for the improving tools in functional protein

design to allow access to previously non-existent metabolic pathways.
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1.4 Metabolic Engineering in C1 Organisms

1.4.1 Acetogen Metabolic Engineering

Genetic tools for acetogens

The ability of acetogens to generate a variety of reduced products from syngas has

led to recent interest in metabolic engineering of these hosts to allow access to higher-

value products 1881. In general, the lack of well developed and convenient genetic tools

is the major bottleneck in this area [89]. The first genetic engineering tools for an

acetogen were repoted in 2010, for Clostridium ljungdahlii [90]. The authors generated

a plasmid encoding the butanol biosynthesis pathway from C. acetobutylicum, and

upon introduction of the plasmid into C. ljungdahlii, demonstrated the production

of about 2 mM butanol from syngas. Since then, the preliminary tools have been

improved [91, 92], and now include an inducible promoter [93], a modestly functional

fluorescent protein and temperature-sensitive replicon[92], and CRISPR-cas9 tools for

genome editing [941. Efforts to engineer C. ljungdahlii to produce additional products

such as butyrate [95] and acetone [93] have been reported, though the titers are still

low compared to native products. In all cases, efforts to eliminate formation of ethanol

and acetate have met with limited success, highlighting the limitations both of the

tools used to generate knockouts, which are currently slow, and of our understanding

of the genes and enzymes responsible for mediating these conversions in these hosts.

Ultimately the ability to eliminate acetate production may be limited by the ATP

requirements of the cell. Genetic tools have also been reported for A. woodii, and

used to overexpress components of the WL pathway in an effort to improve the rate

of carbon assimilation [96]. This organism was also recently engineered for acetone

production [971. A protocol for the transformation of M. thermoacetica has also

been published, in which the authors overexpressed a lactate dehydrogenase gene to

redirect carbon flux to lactate under heterotrophic conditions [98].
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Expected yields in syngas fermentation

From Equations 1.1 and 1.5 it is clear that acetogenesis operates close to the ther-

modynamic limit of life [41]. As such, even if strains can be engineered to produce

products more reduced than acetate, the yield will likely be low [27]. Furthermore,

since acetate production is critical to the ATP balance of the cell, the production

of significant byproduct may be necessary in order to maintain cell viability, which

will lead to increased separation costs. Given the mostly understood biochemistry

of acetogenesis, and the known pathways for the synthesis of the potential products,

the maximal theoretical yield can be estimated, along with the molar ratio of acetate

that will have to be produced to balance ATP. The results of these calculations are

are shown in Figure 1-3, in the form of the maximum hydrogen cost that will make

acetogenic production equivalent in raw material costs to heterotrophic production

from glucose. Products derived from acetyl-CoA are economically viable with hydro-

gen prices between $1.75 and $4 per kilogram, depending on the ATP cost of the

biosynthetic pathway. Products that arise from pyruvate require much lower hydro-

gen prices, owing to the energetic penalty of fixing additional CO2 to produce the

3-carbon precursor. The situation is improved with CO as a feedstock, because of its

higher energy content, but still, the message is plain: the low ATP generated from the

WL pathway is a limiting factor in the expected yield of most products of interest.

Additional methods to bolster ATP generation, perhaps in the form of mixotrophy

[581, or with additional electron acceptors that allow respirative ATP production [991,

will therefore be of high importance for the industrialization of engineered acetoge-

nesis. Another method for avoiding the ATP penalty is to use a two-stage system,

where an acetogen produces acetate, which is then separated and fed to a second

organism for upgrading to higher value product, for example lipids by the oleagi-

nous yeast Yarrowia lypolytica [100]. Here the extra energy associated with aerobic

consumption of acetate by the second organism allows high-yield production of an

energy-intensive biodiesel-like product, while taking advantage of the ability of M.

thermoacetica to ferment syngas to acetate at exceptionally high yield.
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Figure 1-3: Raw Material Cost Analysis of Syngas Fermentation. Hydrogen
yields were calculated for C. ljungdahlii assuming the most favorable ATP conser-
vation conditions in [41], and used to calculate the maximum cost of H2 that would
make acetogenic production equal in raw material cost to glucose-based production
(blue bars). The product molar selectivity (orange line) was calculated as the mol
fraction of total fermentation product that was the desired product. All other prod-
uct is acetate to balance ATP consumption. Details of the calculations are shown in
the Appendix.

1.4.2 Aerobic Methanotroph and Methylotroph Metabolic En-

gineering

Due to the availability of natural gas in the United States, there has recently been

renewed interest in engineering methanotrophs to produce value-added chemicals

[12, 101]. As with acetogens, these efforts have been hampered until recently by the

limited availability of robust genetic tools and fundamental understanding of carbon

metabolism [102]. In particular, metabolic models of methane utilization pathways

have largely failed to predict experimentally measured fermentation parameters [12],

which makes the rational prediction of gene targets for improved product flux chal-

lenging. The application of -omics techniques in recent years has greatly improved
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our understanding of these pathways [103, 104], and is expected to faciltiate the

engineering of novel strains. The domestication and development of genetic tools

of Methylomicrobium buryatense, which benefits from a short doubling time of only

three hours, will also aid this effort 105].

To-date, more success has been achieved in engineering methanol-consuming strains

for heterologous production. Recently, introduction of the butanol pathway into M.

extorquens led to the production of small quantities (15 mg L- 1 ) of butanol from

ethylamine, highlighting the drastic improvements needed to reach commercially rel-

evant metrics [1061. More success was achieved with the engineering of a-humulene

production in the same organism, which after ribosome binding site and fermentation

optimization led to titers of 1.65 g L-1 107]. Other efforts to engineering methanol-

based production in M. extorquens have generated strains that can produce polyhy-

droxyalkanoate co-polymers [108] and dicarboxylic acids [109, 110]

Primitive genetic engineering tools have also been developed for Bacillus methano-

licus [16]. A challenge associated with this organism is its high optimum growth

temperature, which renders many of the traditional reporter genes, such as GFP,

non-functional. Nevertheless, introduction of cadA and ldcC genes from E. coli led

to the production of cadaverine at titers of 500 mg L-1 from methanol in shake flasks

[111].

1.5 Thesis Overview

Motivated by the promise of C1 compounds as feedstocks, this thesis explores metabolic

engineering strategies to overcome some of the barriers described above. The first

chapter describes efforts to develop genetic engineering tools for Moorella thermoacetica,

which would enable metabolic engineering to re-direct carbon flux from acetate to

value-added chemicals, and facilitate investigation into the open questions surround-

ing aspects of its metabolism. From the metabolic engineering work conducted with

C. ljungdahlii so far, it was concluded that the major bottlenecks are the absence of

genetic tools to reduce the unwanted formation of the byproducts acetate and ethanol,
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and insufficient understanding of the genes to target to achieve the desired product

profile. In the second chapter, therefore, a CRISPRi system is developed to allow

the simultaneous knockdown of multiple genes with putative roles in carbon flux and

energy conservation. This platform can be used for both pathway engineering and

experimental annotation of gene function. In the third chapter, various pathways

for the conversion of methane to a biofuel (here, n-butanol), are assessed, to provide

direction for the nascent field of methanotroph metabolic engineering. Methanol is

an attractive substrate, but, as shown above, metabolic engineering efforts in both

Methylobacterium extorquens and Bacillus methanolicus have not resulted in indus-

trially relevant process metrics. Taking advantage of the relative simplicity of the

methanol consumption pathway in B. methanolicus - which requires only three het-

erologous enzymes, all of which have previously been functionally expressed in E.

coli [73, 112] - the development of an E. coli strain capable of methanol assimila-

tion is described in the next chapter. A combination of theoretical and experimental

approaches were used to analyze bottlenecks in the engineered strain in support of

further metabolic engineering efforts to enable growth on methanol as a sole car-

bon and energy source. In the final chapter, the development of a highly sensitive

formaldehyde biosensor to aid in methanol metabolic engineering is described.

The two main projects in this thesis - the development of CRISPRi for C. ljung-

dahlii and the importation of the methanol assimilation pathway into E. coli - rep-

resent complementary metabolic engineering approaches to enabling the use of alter-

native substrates. In the first, we take advantage of the metabolic capabilities of the

organism in question, and develop tools for the engineering of downstream production.

In the second, we take advantage of the wealth of biochemical and genetic understand-

ing of E. coli, and the large number of successes of engineering it for the biosynthesis

of a variety of products, and attempt to confer it with additional metabolic capa-

bilities. Deciding on which approach to pursue is dependent on a number of factors

[113], not least of which is the pathway complexity: the Wood-Lungdahl pathway

consists of at least 24 genes, encoding enzymes with highly complex 3-dimensional

architecture, multiple labile iron-sulfur clusters, and exotic trace metal requirements
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[18]. The chances of successfully importing this scale of heterologous machinery into

a heterotrophic host seem slim. By contrast, the enzymes of the methanol path-

way use cofactors found naturally in E. coli, and are encoded by a single gene each,

and is therefore conceptually straightforward. The thesis concludes with reflections

about the merits of these approaches, based on the insight gained from pursuing these

projects.

'Although the complete refactoring of the nitrogenase gene cluster from K. oxytoca suggests this
possibility is growing nearer [114].

42



Chapter 2

Development of Genetic Tools for

Moorella thermoacetica

2.1 Summary

M. thermoacetica is a model homoacetogen and attractive candidate for syngas bio-

processing, but both fundamental and applied work in this organism is hampered by

the absence of robust genetic tools. In this chapter, I describe the approaches taken

during the early part of my PhD to develop a genetic system, and to devise exper-

imental procedures to analyze the steps of transformation in order to troubleshoot

problems. First, a generalizable flow-cytometry based assay for assessing the delivery

of fluorescently labeled plasmids or oligonucleotides to bacteria was developed, and

used to optimize electroporation conditions in Moorella. The potential to modify the

basic assay to detect intracellular DNA degradation by FRET was also examined.

Second, expression of the methyltransferases from Moorella's restriction-modification

system in the E. coli strain used for plasmid propagation was shown to partially

protect plasmid DNA from digestion by ApaI, an isoschizomer of one of Moorella's

restriction enzymes. Finally, a series of replicative vectors (carrying a thermostable

kanamycin resistance marker) and integrative suicide plasmids (targeting the pyrF

locus to impart FOA resistance) were constructed and transformed into Moorella.

While the integrative plasmid led to FOA resistance, sequencing of the resulting iso-
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lates revealed only partial deletion of pyrF, indicating low efficiency of homologous

recombination. By contrast, one of the replicating plasmids, pQexp-kanR, conferred

kanamycin resistance. Overlapping PCR of the plasmid backbone suggested the vec-

tor was maintained as an autonomusly replicating unit. Difficulties in reproducing

this result, coupled with the development of robust transformation protocols for the

related organism Clostridium jungdahii led to the decision to suspend these efforts

and re-focus on that organism instead.

2.2 Motivation

Previous work in our lab has established M. thermoacetica as a promising platform or-

ganism for the production of acetate from syngas [115, 116]. M. thermoacetica is also

the model homoacetogen used in the seminal studies in the laboratories of Harland

Wood and Lars Ljungdahl to establish the biochemistry of the Wood-Ljungdahl path-

way [46, 117]. As such, the development of genetic engineering tools for this bacterium

would enable both fundamental genetic studies to answer outstanding questions about

acetogenic metabolism [39], and more applied efforts to enhance acetogenesis or en-

able the production of higher value chemicals. The process of developing these sorts

of tools has typically been a high-risk trial-and-error approach, thus an additional mo-

tivation for this work was to simultaneously devise general strategies to systematize

the development of genetic tools for intractable organisms.

2.3 Development of a Flow Cytometry Assay for Op-

timizing DNA Delivery to Bacteria

2.3.1 Introduction

Metabolic engineering in non-traditional host organisms is limited by the lack of trans-

formation protocols for these organisms [118, 53, 119]. Developing such protocols is a

difficult undertaking, primarily because of the many variables in the transformation
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process that must be optimized individually for the species in question and whose

effects are impossible to predict ab initio or assess in the absence of a protocol that

already produces at least some transformants [120]. Typically, this optimization is

carried out by varying a single parameter, and assessing its effect on the efficacy of the

overall process by counting the relative number of colonies that appear after plating

on selective medium. The process is iterated with each variable until a sufficiently

robust protocol is developed. As this black box methodology relies on transformation

efficiency as an objective function, it can only be applied to a protocol that already

produces at least some transformants. But developing a protocol even to this point

can be a protracted process, requiring substantial guesswork and time-intensive full

factorial experiments, which in the early stages are generally unsuccessful, and more

importantly yield no insight into which of the many parameters is causing the fail-

ure. Thus, transformation protocol development can be facilitated by methodologies

that can directly assess the impact of various parameters on specific steps within the

transformation process, regardless of the overall outcome.

Here we describe a simple flow cytometry (FC) assay that can be used to directly

assess the delivery of fluorescently labeled DNA to a bacterial cell, regardless of

whether transformants eventually arise. The concept of using fluorescent molecules

as analogs to DNA to gauge transformation efficiency is not new. In the development

of a transformation system for Thermoanaerobacter sp X514, Lin et al used Texas red-

conjugated dextran for electroporation and sonoporation experiments, observing the

cells post-transformation via fluorescent microscopy [121]. Azencott et al used BSA-

FITC and Calcein, along with propidium iodide (PI), to quantify uptake into the algae

Chlamydomonas reinhardtii using flow cytometry [122]. Numerous similar reports are

available in the literature [123, 124, 125, 126], However, in each of these cases the

chemical and physical properties of the fluorescent molecules used for transformation

are quite different from DNA, and their delivery to the cell may not necessarily

correlate with successful delivery of DNA by the same method. Indeed, Calcein and

BSA-FITC have molecular weights of 662 Da and 66 kDa, respectively, and even the

Texas Red conjugate has a weight only of 70 kDa. By contrast, double-stranded DNA
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has a molecular weight of 650 Da bp-1, such that even a modest 5 kB plasmid has

a molecular weight of >3,000 kDa. This translates to dramatic differences in the

diffusion coefficient - 5.9x10-7 cm2 9-i and 4.11x10-8 cm2 - 1 for BSA 1 and a 3.7 kb

plasmid [1271, respectively, which may have important consequences in the transport

of the molecule across the cell membrane.

In the method described below, the actual DNA used in the transformation is

labeled directly with Cy5. After the cells are processed, they are treated with a

membrane-impermeable DNA binding dye, propidium iodide (PI), to assess viability

and analyzed via flow cytometry. Cells that are PI-negative with Cy5 fluorescence

above that of a non-fluorescent control are considered intact and to have taken up the

DNA. This approach has the advantage of using DNA, not an analog, and not relying

on in vivo expression. To our knowledge, no such assay has been reported for bacterial

systems. James and Giorgio [128] used a similar labeled plasmid protocol for analyz-

ing transfection of HeLa cells, but did not use PI to analyze viability. In addition, our

assay functions with both labeled plasmid DNA and labeled oligonucleotides. While

transformation with plasmid DNA is the standard method for introducing heterolo-

gous DNA in bacteria, in recent years oligonucleotide-mediated recombineering has

emerged as a powerful technology for metabolic engineering, generating knock-outs,

insertions and point mutations. This process occurs via a highly conserved mechanism

that makes its application feasible in a wide variety of species [129, 130, 131, 132].

Thus, the ability to detect delivery of both plasmid and oligonucleotide DNA will

help enable metabolic engineering in previously intractable hosts.

2.3.2 Methods

Cultivation Conditions

F coli DH5-a was cultivated in LB medium according to standard procedures. M.

thermoacetica (ATCC 39073) was cultivated at 55°C in a shaking incubator (250 rpm)

in N-SCM, an anaerobic rich medium (Per liter: Glucose 8g, NaHCO 3 7.5g, KH2 PO 4

'From the Sigma product spec sheet, see Appendix
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7g, K 2HPO4 5.5g, BACTO Yeast Extract 5g, BACTO Tryptone 5g, (NH4)2SO4- 7H 20

2g,MgSO 4 -7H200.5g, CaCl2 H 200.02g, Wolfe's Trace Minerals 10 mL, Resazurin 1

mg, Cysteine 300mg, pH 6.8) following standard techniques for working with obligate

anaerobes.

Preparation of Labeled DNA

Cy5-labeled plasmid was prepared by the LabelIT Tracker kit (MIR 7021, MirusBio,

Madison, WI), according to the manufacturer's instructions, using column-purified

pUCG18 {1331 as plasmid template. The reaction mixture contained: 1x Labeling

Buffer A, a ratio of 2:1 (pL/pg) LabelIT Tracker reagent to plasmid, and the balance

water. The reaction volume was determined such that the LabelIT reagent would

account for 12% of the total. After incubation at 37°C for 3 hours, labeled plasmid

was purified via Qiagen mini-prep spin column and eluted in 100 pL pre-warmed elu-

tion buffer. Labeling intensity was calculated by the manufacturer's protocol, using

a Nano-Drop (ThermoScientific, Wilmington, DE) to determine absorption at 260nm

and 649nm. Fluorescein-labeled plasmid was prepared following the procedure de-

scribed above, but using the fluorescein LabelIT Tracker kit (MIR 7025, MirusBio,

Madison, WI) and assessing absorption at 494nm. Generally, plasmid was labeled

at a density of one fluorophore every approximately 40 base pairs, regardless of flu-

orophore. Cy5-labeled oligonucleotide was purchased from IDT as an internal mod-

ification to a 90 bp oligonucleotide complementary to the putative pyrF gene in M.

thermoacetica (Moth0883) with base-pair mismatches at the active site to inactivate

the cognate protein and allow selection with 5-FOA. The full sequence of the primer

is: 5'-GATGGTAAAGGAGCGTGGTGGCCGGGTATTTGCGCTGG/iCy5/CCG

CCTTCCACGACATCCCCAACACCGTGGCCGGAGCGGCGCG-3'.

Sonoporation

100 mL N-SCM medium in sealed serum bottles was inoculated with 250 pL of

overnight culture of M. thermoacetica and cells were allowed to grow to O.D. 0.6.

Culture bottles were chilled on ice for 20 minutes, and cells were harvested by cen-
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trifugation (3,700 g, 4°C, 15 min) under anaerobic conditions, washed once with 20

ml anaerobic ice-cold PBS and resuspended in 2.25 ml of PBS-M buffer (Phosphate

Buffered Saline with 1 mM MgCl 2 , 1 mM CaC 2 ). Resuspended cells were mixed

with labeled or unlabeled plasmids (10 pg/mL), and transferred to 7-mL screw-cap

flat bottom vials. Vials were placed in the ice-water bath of a Branson B300 soni-

cator [121], located inside the anaerobic glove box (Coy Labs, Grass Lake, MI), and

sonicated for 10, 20, 30, 40 and 50 seconds. After sonication, 1 mL of pre-warmed

N-SCM medium was immediately added to the vials, and the resuspended cells were

transferred to culture tubes containing 5 mL pre-warmed N-SCM medium.

Electrocompetent Cell Preparation

E. coli DH5a was made electrocompetent by standard procedures. To make elec-

trocompetent Moorella thermoacetica for plasmid transformation, 100 mL anaerobic

N-SCM medium in an anaerobic serum bottle was inoculated with 1 mL actively

growing culture, then allowed to grow overnight at 55°C. When the OD6 0 0 reached

approximately 0.2, the culture was chilled on ice for 30 minutes, then centrifuged and

washed three times with 50 mL ice cold anaerobic buffered SPG solution (272 mM

sucrose, 7 mM phosphate, 15% glycerol, pH 6.8). Cells were resuspended in a final

volume of 1mL ice cold SPG and stored at -80°C until needed. To make electrocom-

petent cells for oligonucleotide transformation, cells were grown as above but in a

minimal version of N-SCM (containing no yeast extract or tryptone), and then made

competent according to one of two protocols: 1) The same as above for plasmid trans-

formation, or 2) Three washes with 50 mL ice cold SMP solution (272mM sucrose,

1mM MgCl2, 7 mM phosphate, pH 6.0), followed by resuspension in 1 mL ice cold

SMP with 10% DMSO, as in Leang et al [91]. All manipulations of M. thermoacetica

cells except centrifugation were performed in an anaerobic glove box and following

standard anaerobic microbiology techniques.
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Electrotransformation

E. coli DH5a competent cells were thawed on ice, and 25 pL combined with 250 ng

labeled or unlabeled plasmid, or 0.2-10 ig labeled or unlabeled oligonucleotide. The

mixture was transferred to a chilled 1 mm electro-cuvette and electroporated at 1.7

kV, 200 Q, 25 pF, then immediately resuspended in 1 mL SOC medium. For assess-

ing transformation success, cells were transferred to a 37°C shaking incubator and

recovered for 1 hour, before plating an appropriate dilution on LB plates containing

ampicillin (100 pg/mL) and incubating overnight. M. thermoacetica competent cells

were thawed on ice, and 100 pL combined with 1 pg labeled or unlabeled plasmid, or

20 pg labeled or unlabeled olionucleotide. The mixture was transferred to a chilled

1mm electro-cuvette and electroporated at 0-1.25kV, 500 Q, 50 pF. Immediately fol-

lowing electroporation, 1 mL pre-warmed N-SCM medium was added to the cuvette,

and the resuspended cells were transferred to a Hungate tube containing 5 mL of pre-

warmed N-SCM medium. All of the above steps for M. thermoacetica were carried

out in an anaerobic glove box.

Flow Cytometry Preparation and Analysis

Unless stated, all cell handling steps were carried out aerobically at room temperature.

An aliquot of 1 mL cells in recovery media (SOC or N-SCM) were centrifuged at

maximum speed in microcentrifuge tubes for 1 minute. Supernatant was removed

and the cells were washed once in PBS, and resuspended to a final concentration of

approximately 1 x 106 CFU mL- 1 . 2 pL propidium iodide (PI) (1 mg mL- 1, Sigma-

Aldrich) was added, and cells were incubated at 4C in the dark for 5 minutes before

being strained into 5 mL polystyrene FC tubes (BD Falcon 352235). Cells were stored

in the dark at 4C until analysis, which was always within 3 hours of electroporation.

Flow cytometry analysis was performed using a FACS Calibur (BD Biosciences,

city, state) equipped with 488nm and 635nm lasers, and the following filters: 530/30

nm (FL1), 585/42 nm (FL2), 650nm LP (FL3), and 661/16 nm (FL4). The gating

strategy is shown in Figure 2-1, and is described here: The cell population was gated
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based on forward and side scatter, and acquisition continued until 20,000 events had

fallen in this range. PI fluorescence was measured on the FL3 channel and gates

established using an unstained control sample. Cy5 fluorescence was detected on

the FL4 channel with a gate established using an unstained sample. Cells with FL3

signal below threshold and FL4 signal above threshold were considered to be intact

and transformed. Data analysis was carried out using Cyflogic.

Quantification of Intracellular Labeled Oligonucleotide

The mean fluorescence of intact, transformed cells was converted to Cy5 MESF using

calibrated microbeads from Bangs Labs (Quantum Cy5 MESF, 822). Because the Cy5

molecule conjugated to an oligonucleotide may not have the same fluorescent prop-

erties as the free fluorophore in solution, an additional conversion factor comparing

the fluorescence of equimolar amounts of Cy5-labeled oligonucleotide and Sulfo-Cy5

NHS Ester (Lumiprobe, Hallandale Beach, FL) was generated using a SpectraMax

M2e fluorescent plate reader (Molecular Devices, Sunnydale, CA) with excitation and

emission wavelengths set the same as those available on the Flow Cytometer, as de-

scribed in [123]. This correlation was determined in PBS buffer to mimic intracellular

conditions as closely as possible. It was found that the ratio of DNA-bound Cy5 flu-

orescence to free Cy5 fluorescence under these conditions was 0.618, indicating that

the linkage of Cy5 to the oligonucleotide reduced its effective fluorescent signal. The

Cy5 MESF from the transformed cells was divided by this ratio to convert it to a

number of Cy5-labeled oligonucleotide molecules.

Fluorescence Microscopy Preparation and Analysis

To visualize labeled plasmid using microscopy, cells of M. thermoacetica were elec-

troporated as described above, in the presence of fluorescein-labeled plasmid, and

transferred immediately to 1 mL pre-warmed N-SCM medium. The cell wall was

labeled using wheat germ agglutinin (WGA) conjugated to AlexaFluor 594 (Life

Technologies, Carlsbad, CA). For this, cells were centrifuged (13,000 g, 2 minutes,

room temperature) and washed with 1 mL PBS buffer three times, then resuspended
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in PBS solution containing 15.0 pg mL- 1 of WGA conjugate and incubated for 10

minutes at 37C. Labeled cells were then washed twice in 1 mL PBS buffer and fixed

with 4% formaldehyde for 15 minutes at 37°C, followed by two more washes in 1

mL PBS buffer. An aliquot of fixed labeled cells was spotted onto a poly-l-lysine

coated glass coverslip (BD Biosiences, Franklin Lakes, NJ), and then mounted on a

glass slide using Fluormount, a non-fluorescing mounting medium (BDH Laboratory

Supplies, Poole, UK). Glass slides were stored in the dark until they were imaged.

Epifluorescence imaging of the cells was performed using either an Applied Preci-

sion DeltaVision deconvolution microscope equipped with a Hg lamp, excitation and

emission filters wheels, 100 X, NA 1.4 oil objective, a CCD Photometrics camera and

Softworx deconvolution software, or a DeltaVision-OMX super-resolution microscope

equipped with 405 nm, 488, nm and 598 nm lasers, a 100 X, NA 1.4 oil objective, 3

EMCCD cameras and Applied Precision Softworx OMX software. Three Pm Z-stacks

were collected at 0.125 pm spacing and then either, deconvolved (when using DeltaVi-

sion microscope), or 3D-SIM reconstructed (when using 3D SIM Delta OMX) with

Softworx software. Z-stack projections were generated using the maximum intensity

method, and saved as TIF files.

2.3.3 Results and Discussion

FC assay validation with E. coli

To validate that our FC protocol could be used to detect delivery of DNA to cells,

we used electroporation to deliver 250 ng of labeled plasmid (at approximately 1

fluorophore per 40 bp) to electrocompetent E. coli cells.

Figure 2-1 shows the gating strategy and results of a triplicate experiment in

which labeled plasmid was added to electrocompetent cells, and then cells were either

electroporated or not. A clear difference in the percentage of intact cells with Cy5

fluorescence above the threshold was observed between the untransformed and the

electroporated cells, 0.02% vs. 16% respectively (Fig. 2-1c,f and Table 2.1). Success-

ful stable transformation with the labeled plasmid was verified by plating recovered
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Figure 2-1: Gating strategy and sample data from E. coli transformation.
The top row shows FC analysis of cells that were mixed with labeled plasmid, but
not electroporated, as a negative control. The bottom row shows cells that were
electroporated with labeled plasmid. In both cases, cells were gated based on forward
and side scatter (a, d), and intact cells were selected by low PI fluorescence measured
on the FL3 channel (b, e). The Cy5+ gate was set up such that 0.05% of the intact
cells from a non-electroporated control sample with unlabeled plasmid (not shown)
were above the FL4 threshold, using FL1 as an autofluorescence check (c, f). Intact
cells falling above the Cy5+ threshold were considered to be transformed (f).

cells from both treatments on LB medium containing ampicillin, on which only the

electroporated cells developed colonies (Supplementary Figure A-1). The Cy5 fluo-

rescence from the untransformed cells (Fig. 2-le) was virtually identical to a control

sample where cells were transformed with unlabeled plasmid, confirming complete

removal of unincorporated DNA by the washing process (Data not shown). Electro-

poration reduced the fraction of intact cells from 85% to 19%, as determined by PI

staining, which is consistent with previous reports [134]. Taken together, these results

demonstrate that labeled plasmid could be detected in intact, transformed cells.
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Treatment Intact Cells Transformed Cells
Non-electroporated 85% ± 2% 0.02% 0.01%
Electroporated 19% ±2% 16% ± 0.5%

Table 2.1: Assay Validation: Detection of Cy5-Labeled Plasmid and cell
membrane integrity in electroporated E. coli. Stated errors represent the stan-
dard deviation of triplicate experiments. Transformed cells are taken as the percent-
age of the intact cells (as determined by PI staining) that showed Cy5 fluorescence
above the threshold.

Sonoporation is ineffective for plasmid delivery to M. thermoacetica

With a robust assay in hand, we set about establishing a set of transformation con-

ditions for M. thermoacetica. There have been reports of transformation of other

gram-positive thermophiles using sonication to deliver plasmid DNA [121], therefore

we were interested to see if this procedure could be applied to M. thermoacetica. This

method is potentially advantageous over electroporation as it requires fewer steps to

prepare cells for transformation and is less detrimental to cell viability. Cells were

mixed with labeled plasmid and sonicated for durations up to 60 seconds, then pro-

cessed and analyzed via flow cytometry using the same gating process as with E. coli.

The results are shown in Figure 2-2. There was no fluorescence difference between

cells that were sonicated and those that were not, indicating that the chosen sono-

poration conditions were not successful in enabling plasmid delivery to the cell. The

percentage of the cell population remaining intact after sonication was consistent

among all treatments, suggesting that the sonication conditions were not powerful

enough to produce pores in the cell wall and membrane.

Electroporation effectively delivers plasmid to M. thermoacetica

We next tried electroporation as a method for DNA delivery to M. thermoacetica. A

range of voltages from 0 to 12.5 kV cm-1 were tested, with 1 pg of labeled plasmid.

The results are shown in Figure 2-2. As the voltage increased, the number of cells

remaining intact after electroporation diminished in a sigmoidal fashion. At applied

voltages between 0.5 and 1.25 kV cm- 1, a significant fraction of the intact cells had

taken up plasmid, with a maximum of 3% occurring at 1 kV cm- 1. In the negative
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Figure 2-2: Delivery of Cy5-labeled plasmid to M. thermoacetica via son-
poration (left) and electroporation (right). Black line: Percentage of all cells
intact (PI-) after sonication or electroporation (left axis). Blue bars: Percentage of
intact (PI-) cells with Cy5 fluorescence above threshold after sonication for certain
durations, or electroporation at certain voltages (right axis). While sonication with
the chosen conditions resulted in no detectable plasmid uptake, electroporation could
deliver plasmid to 3% of the surviving cells. Error bars represent standard deviation
of two biological replicates.

control, the percentage of intact cells is lower than in the corresponding negative con-

trol during sonication, presumably because of the increased amount of cell handling

necessary for preparation of electrocompetent cells that reduced cell viability.

Verification of plasmid delivery with fluorescence microscopy

In order to verify that the plasmid had indeed been delivered to the cytoplasm, and

was not simply attached non-specifically to the cell wall, electroporated cells and un-

treated cells that had been incubated with plasmid were analyzed via fluorescence

microscopy. The cell wall was labeled with wheatgerm agglutinin conjugated to Alex-

aFluor 594, which binds to the N-acetylglucosamine of the Gram-positive cell wall

[135]. For compatibility with the available filters, the plasmid used in this experiment

54



was labeled with fluorescein at the same density as the Cy5 experiments. Previous

experiments showed that similar quantitative FC results were obtained with fluores-

cein as with Cy5 (Supplementary Figure A-2). The microscopy results are shown in

Figure 2-3. A high level of signal can clearly be seen in the central area of the trans-

formed cells (Figure 2-3a), demonstrating the correct localization of the plasmid. No

fluorescein signal was detected in untransformed cells (Figure 2-3b).

Figure 2-3: Fluorescence microscopy confirmation of plasmid delivery to
Moorella thermoacetica. Fluorescence microscopy images of M. thermoacetica
mixed with fluorescein-labeled plasmid and A) electroporated, and B) not electro-
porated. Cells were fixed, washed, and stained with WGA-AlexaFluor 594 before
visualization. Green: Fluorescein channel. Red: AlexaFluor 594 Channel. Labeled
plasmid is clearly visible in the cytoplasm in several electroporated cells, and absent
from the non-transformed control.

Quantification of Cy5-labeled oligonucleotide delivery to E. coli

The FC assay was next used to quantify the delivery of oligonucleotides to bacterial

cells, in support of recombineering approaches to genetic engineering. A variety of

concentrations (0.2-10 pg) of Cy5-labeled oligonucleotides were electroporated into

E. coli at the optimal conditions (1.7 kV, 200 Q, 25 pF). The downstream processing

steps were the same as described above for the labeled plasmid studies. The results

are shown in Figure 2-4. Transformed cells were detected for all concentrations. At

the highest three concentrations, the cells had taken up sufficient labeled DNA that
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the transformed and untransformed populations were easily distinguishable on a Cy5

histogram (Figure 2-4), allowing calculation of the average number of oligonucleotides

delivered to the transformed cells by using calibrated Cy5 beads. The optimal trans-

formation protocol could deliver up to 11,000 copies of the oligonucleotide to E. coli,

in a dose-dependent manner (Figure 2-4).

The concentration dependence of the mean fluorescence of the transformed popu-

lation suggests that the inability to completely separate transformed cells from non-

transformed ones at low DNA concentrations could be due to the low fluorescent signal

of the small number of DNA molecules that are taken up in transformation that is

indistinguishable from background autofluorescence, rather than from the absence of

transformation under these conditions. This in turn suggests that categorizing cells

as non-transformed based on sub-threshold Cy5 fluorescence may lead to a significant

underestimation of the number of transformed cells. These results have implications

in interpretation of the plasmid experiments: At a labeling density of 1 Cy5 per

40 bp, 250 ng of labeled pUCG18 plasmid corresponds to 6x10 2 fluorophores, simi-

lar to the 4.7x101 2 fluorophores for the 200 ng of the singly labeled oligonucleotide.

Assuming a best case scenario of equal transformation efficiency for plasmids and

oligonucleotides, which seems unlikely given the size difference, the number of flu-

orophores per cell would be at most 1.5x higher in the plasmid experiment, which

would also be indistuinguishable from autofluorescence. Again, this suggests that the

gating strategy used to assign transformed cells likely significantly underestimates

the true percentage of cells that have been transformed. This is in agreement with

the fluorescence microscopy analysis, which shows plasmid fluorescent signal in the

majority of cells. In other words, the propensity for false negatives in this assay is

high, and the presence of Cy5+ cells in plasmid experiments should be interpreted

qualtitatively as confirmation of transformation.
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Figure 2-4: Quantification of Cy5-Labeled Oligonucleotide Delivery to E.
col. Varying amounts of labeled oligonucleotide were electroproated into E. coli, and
quantified using calibrated Cy5 beads, converting the mean fluorescence of the intact
transformed cell population to the number of fluorescent oligonucleotides per cell
(right). At low DNA concentrations, the transformed and untransformed histograms
could not be fully resolved (left), preventing this analysis. Error bars represent the
standard deviation of two biological replicates.

Comparison of M. thermoacetica competent cell preparations using Cy5-

labeled oligonucleotides

To demonstrate the utility of the oligonucleotide-based assay, we used it to com-

pare two different methodologies for the preparation of electrocompetent cells of M.

thermoacetica: Our original procedure, and the procedure optimized for transforma-

tion of a related organism, Clostridium ljungdahlii [91]. The two protocols are very
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Preparation Protocol Intact Cells Transformed Cells
Original (SPG Buffer) 32.4% t 3.7% 5.8% + 2.0%
Leang et al (SMP Buffer, DMSO) 37.7% ±0.5% 2.1% ±0.5%

Table 2.2: Comparison of methodologies for preparing electrocompetent
M. thermoacetica. Stated errors represent the standard deviation of triplicate
experiments.

similar, except that our protocol uses a wash buffer with pH 6.8 and glycerol as a

cryopreservant, whereas the C. ljungdahii protocol uses a buffer with pH 6.0, and

DMSO. Competent cells were prepared as described in the methods section, electro-

porated in the presence of 20 pg labeled oligonucleotide at the optimal conditions as

determined above (1000V, 500 Q, 50 pF), and processed as before. The results are

shown in Table 2.2. Both procedures led to similar survival rates, but our original

procedure resulted in a significantly higher (P < 0.05) percentage of cells taking up

the oligonucleotide. Interestingly, despite the high concentration of DNA used, the

transformed populations were not clearly distinguishable as they were in the E. coli

experiment above. The survival rate of the cells was also significantly higher than

in the plasmid delivery experiment with the same electroporation conditions. The

reason for this is unclear, but one possible explanation could be a high sensitivity of

the optimal electroporation conditions to the cell preparation procedures, such that

small variations between batches of cells could lead to non-transformable cells. This

would certainly help to explain the low frequency of success of electroporation in

Gram positive cells.

Beyond Transformation Efficiency: Using Dual-Labeled Oligonucleotides

to Assess in vivo Nuclease Activity

An exciting benefit of using labeled oligonucleotides in assessing the delivery of DNA

is the ability to precisely control the position of the fluorescent label, and even to

encode multiple labels on a single oligonucleotide. This opens the door to a wide va-

riety of additional experiments that can provide information about the intracellular

fate of the DNA. As an example, by encoding a FRET pair (such as Cy3 and Cy5)
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on either side of an endonuclease recognition site on an annealed double stranded

oligonucleotide, the in vivo digestion of the oligonucleotide could be followed in real

time by fluorescence microscopy or flow cytometry. One could then imagine employ-

ing this technique with a library of oligonucleotides containing a myriad of different

recognition sites and using FACS and next-generation sequencing (NGS) to select and

identify sequences that are degraded, in order to identify endogenous endonucleases

in a high-throughput manner. As a proof of principle, we designed a 12bp nucleotide

covalently modified with a 5' Cy3 and a 3' Cy5 fluorophore. The digestion of 1 pg of

the oligonucleotide by DNAseI was followed spectrophometrically over the course of

one hour, as shown in Figure 2-5. Compared to a control sample with no nuclease,

the FRET signal diminished, while the Cy3 emission signal increased, indicating the

increased spatial separation between the FRET pair as the connecting oligonucleotide

backbone was degraded.

- Digested Sample - FRET Signal
•., • ntr Control Sample -FRET Signal
- Digested Sample - Cy3 Signal

Control Sample - Cy3 Signal

........ ......

..

20 30

Time (min)

Intact 
Oligonucleotide

ATGTAGAT

DigestedOligonucleotide

TAG

40 50 60

Figure 2-5: In vitro DNAseI digestion of a dual-labeled oligonucleotide mon-
itored by FRET. 1 pg dual-labeled oligonucleotide incubated for one hour at 370 C
with or without DNAseI. Decrease in Cy5 fluorescence and increase in Cy3 fluores-
cence indicates increased distance between the two fluorophores, due to digestion of
the DNA backbone.

In a preliminary experiment to assess the feasibility of this approach in vivo, we
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electroporated 10 pg of the dual-labeled oligonucleotide into E. coli, and used FC to

quantify both the proportion of the population that had taken up the DNA (using

the Cy5 signal), and what fraction of those cells contained intact DNA (FRET signal

above the background obtained with a singly labeled Cy5 oligonucleotide). The results

are shown in Figure 2-6. Approximately 16% of the cells showed Cy5 signal above

the threshold, indicating DNA uptake. Of those cells, 5.2% showed FRET signal,

indicating significant degradation of the nucleotide in vivo. This is not surprising

given that WT E. coli is known to rapidly degrade single stranded DNA [136]. As

discussed above, the quantitative results should be treated with caution. It is possible

that the FRET signal is only strong enough to be seen above threshold in cells with

high concentrations of oligonucleotides, such that in actuality a higher percentage of

cells still have intact DNA.

Transformed cells Intact DNA
F (Cy5 signal above (FRET signal above

background) background)

Ulf.

66l-H

Autofluorescence Autofluorescence

Figure 2-6: In vivo digestion of a dual-labeled oligonucleotide monitored by
FC. Left: Cy5 signal used to establish percentage of cells taking up plasmid. Right:
FRET signal used to identify fraction of transformed cells with intact DNA. Cy3
signal could not be monitored due to incompatibilty of the laser and filter set-up on
the FC.

2.3.4 Conclusions

In summary, we have developed and a validated a simple flow cytometry method

for quickly assessing different methods of DNA delivery to bacterial cells. By ap-
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plying this technique to M. thermoacetica, we were able to determine an optimal set

of electroporation conditions and confirm that plasmid was successfully delivered to

cells. The assay described here is widely applicable to a range of bacterial species

and should facilitate the development of genetic engineering tools for hitherto genet-

ically intractable organisms. The ability to precisely locate multiple fluorophores on

a single oligonucleotide provides additional opportunities to study the fate of DNA

post-electroporation, for example by using FRET to assess DNA degradation by nu-

cleases. While quantitative results from these assays should be treated with caution,

owing to the incomplete separation of positive and negative cells, the presence of

cells with fluorescence above the threshold can still be used as a binary indication of

the success of DNA delivery. Future work in this area should therefore focus on the

improvement of the specific fluorescence of the DNA molecule, either by finding con-

ditions for higher fluorophore loading, or by exploring brighter fluorophores. In this

work, we chose Cy5 because, of the dyes available from MirusBio for covalent modifi-

cation, it had the highest quantum yield and spectral properties that put it outside of

the main region of E. coli and M. thermoacetica autofluorescence. One possible alter-

native would be the use of Quantum Dots, which generally have superior fluorescence

properties compared to organic dyes, and are available with a wide variety of emission

wavelengths. These can be purchased as streptavidin conjugates, and bound to the

DNA through biotinylation of the plasmid using commercially available reagents.

2.4 Evasion of Moorella's Restriction-Modification

System

2.4.1 Introduction

After confirmation of DNA delivery, the next obstacle in transformation is the degra-

dation of plasmid DNA by the endogenous restriction-modification system. Restric-

tion endonucleases function as a bacterial innate immune response, and evolved as

a defense mechanism against viral DNA. Separated into four major types by their
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structure, their preference for methylated or unmethylated DNA, and where they

cut in relation to their recognition site, these enzymes selectively degrade non-native

DNA by recognizing differences in the methylation pattern of base pairs within the

recognition site. Transformation of bacteria with plasmids containing unmodified

recognition sites leads to low (or non-existent) transformation efficiencies, as lin-

earized plasmid becomes a target for rapid degradation by ubiquitous exonucleases

[1201. Three general strategies can be conceived for avoiding digestion: 1) Inactiva-

tion of the endonucleases, either by targeted knock-out of the endonuclease from the

genome or other means; 2) Modifying vectors to avoid DNA sequences containing

the recognition sites of identified endonucleases; and, 3) Circumventing endonuclease

activity by pre-methylation of the plasmid DNA. The first strategy is of limited use

before successful transformation of an organism has been demonstrated. The second

requires identification of the specificity of the endonucleases. Until recently, this was

a slow procedure that relied on using crude extracts from the target organism to

digest large DNA fragments of known sequence, followed by identification of the cut

sites based on the lengths of the fragments obtained [137]. With the advent of Single

Molecule Real Time (SMRT) sequencing [138], which can detect methylation sites

directly in genomic DNA [139], cut sites can now be identified in a high-throughput

manner by recognizing the cognate methylation patterns that protect the host organ-

ism from self-restriction [140]. In the absence of knowledge of nuclease recognition

sites, the third strategy is the preferred option. Plasmid DNA for transformation can

be methylated in vitro by incubation with crude extract from the target organism

supplemented with the methyl donor S-adenosyl methionine (SAM). In this reac-

tion, EDTA is used to chelate magneisum ions and thus inactivate the restriction

endonucleases that are also present in the lysate [141]. In an alternative strategy, the

methyltransferase genes from the target organism, which are easily identified bioin-

formatically, are expressed from a compatible plasmid in the E. coli host strain used

for plasmid propagation so that plasmid purified from this strain is already methy-

lated. This procedure is known as Plasmid Artificial Modification System (PAMS)

[142, 1431.
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In this section, I describe the construction and evaluation of a PAMS plasmid for

pre-methylating plasmids for transformation into M. thermoacetica. Two modifica-

tion genes identified from REBASE were cloned into an arabinose-inducible plasmid,

pMETH. Transformation plasmid pMTK1 - constructed to emulate the strategy of a

recently reporter transformation protocol for Moorella [98] - isolated from this strain

was partially resistant to digestion by Apa, which was identified as an isoschizomer

of a Moorella endonuclease. This methylating strain was used for the subsequent

preparation of the plasmids used in transformation experiments in the proceeding

section.

2.4.2 Methods

Plasmid Construction

Strains and plasmids used in this study are shown in Table 2.3, and primers are shown

in Table 2.4. pBAD33 was used as the base vector for expression of methyltransferases

Moth_1672MS and Moth_2281M. To construct pBAD1672, the methylation and

specificity domains of Moth_1672 were amplified from genomic DNA (gDNA) of

M. thermoacetica using primers SalI-RBS-1672M-F and OE-1672M-R, and OE-RBS-

1672S-F and HindIII-1672S-R, respectively. The resulting fragments were joined via

Overlap Extension PCR, digested with SalI and HindIII, and ligated into pBAD33

digested with the same enzymes. To construct pBAD2281, the methylase Moth_2281

was amplified from gDNA using SacI-RBS-2281-F and XbaI-2281-R, digested, and

ligated into pBAD33 digested with Sac and XbaI. pMETH1, which expresses all

three genes, was constructed by ligating the SacI-2281-XbaI fragment into pBAD1672

digested with the same enzymes.

The transformation plasmid pMTK1 was constructed in two stages. First, a 1kb

fragment upstream of pyrF (Moth_0883) was amplified from gDNA using EcoRI-

pyrF-UP-F and EcoRI-pyrF-UP-R, digested with EcoRI, and ligated into pUC19

digested with the same vector to generate pUC19pyrF-UP. Sanger sequencing was

used to verify the correct orientation of insertion. Next, a 1kb fragment downstream
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Name Description Reference
Strains
E. coli DH10# Cloning strain NEB
Plasmids
pUC19 Cloning vector. pColEl-MCS-bla NEB
pBAD33 Arabinose-inducible expression. p15A_pAra-cat [144]
pUC19pyrF-UP pUC19 with 1kb homology to pyrF 5' end This study
pMTK1 pUC19pyrF-UP with 1 kb homolgoy to pyrF 3' end This study
pBAD1672 pBAD33:Moth_1672MS This study
pBAD2281 pBAD33:Moth_2281M This study
pMETH1 pBAD33:Moth2281M-1672MS This study

Table 2.3: Strains and plasmids used in Moorella restriction analysis

of the same locus was amplified using primers SalI-pyrF-DOWN-F and HindIII-pyrF-

DOWN-R, digested with SalI and HindIII, and ligated into pUC19pyrF-UP linearized

with the same enzymes. All constructs were verified via Sanger sequencing.

Preparation of Crude Lysate from M. thermoacetica

Moorella thermoacetica was grown to OD6 6 0 1-2 (approximately) in YTF initially

at pH 6.8. Cells were cooled for 30 minutes on ice, and centrifuged at 4°C for 15

minutes at 3,750 RPM. The supernatant was removed and cell pellets were stored at

-80°C until used. Pellets were resuspended in 0.5 mL of Extraction Buffer per 100

mL of culture. On ice, the cell suspension was sonicated with 5 cycles of 10 seconds

of sonication and 20 seconds of rest with a Micronson Ultrasonic Cell Disruptor,

XL2000 at setting 10. The extract was centrifuged at 4C for 15 minutes at 13,400

RPM and the supernatant was recovered. Per 200 pL of supernatant, 800 pL of ice

cold saturated ammonium sulfate was added, followed by incubation on ice for 30

minutes, and centrifugation at 13,400 RPM for 15 minutes. The supernatant was

removed and the pelleted protein was resuspended with 50 pL of Storage Buffer per

200 pL of sonicated extract. The Extraction Buffer contained Tris-HCl (50 mM, pH

8.0), glycerol (5% v/v), NaCl (100mM), PMSF (1 mM), DTT (2 mM), and lysozyme.

Storage Buffer contained Tris-HCl (25 mM, pH 8.0) and Glycerol (50%). DNA Digest

with M. thermoacetica Crude Extracts For a standard 25 pL assay, the following were
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Primer Name

Transformation vector
EcoRI-pyrF-UP-F TAATAAGAATTCCCCTACCTCTCCAAGATTACC
EcoRI-pyrF-UP-R ATATAAGAATTCGCAGGCCAGAAGCCCTTAAA
SalI-pyrF-DOWN-F TCAAATGTCGACTAACTTCGGCCTGCTTTCAT
HindIII-pyrF-DOWN-R TAGTCCAAGCTTATGCACCTTCCGATTTAGGT

Table 2.4: Primers used in Moorella restriction analysis

added: 1x NEB Buffer #4, BSA, 200 to 400 ng of plasmid, and 1 uL of protein

extract. A 10 pL layer of mineral oil was added to prevent evaporation. The mixture

was incubated for 4 to 18 hours at 55°C. The reaction was visualized on a 1% agarose

gel or the Agilent BioAnalyzer in the BioMicroCenter (MIT). Digestion of plasmid

DNA with commercially available enzymes (NEB) was performed according to the

manufacturer's instructions.

Protection Assay

Plasmid pMTK1 was transformed into DH1O,3 with or without pMETH1. Plasmid

DNA was isolated after overnight growth in LB supplemented with or without 1%

L-arabinose to induce expression of the methyltransferases, and digested at 37°C with

PciI to linearize both plasmids. Apal was then added to the digestion mixture and

the reaction carried out for a further hour before products were analyzed via elec-

trophoresis on a 1% agarose TAE gel. NEB 2-log ladder was used to verify fragment

lengths.
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Methylation vectors
SacI-RBS-2281-F

XbaI-2281-R
SalI-RBS-1672M-F

OE-1672M-R

OE-RBS-1672S-F

HindIII-1672S-R

Sequence

AATAATGAGCTCAGGAGGAATAACATATGCGT
CGAATATATTCCG
CAGGACTCTAGATCAAAAGGATACTTCATCAC
AGTAAGGTCGACAGGAGGATATAAAATGACGG
AAAACACCAATATGGA
ATGTTATTCCTCCTGCGGACTTACCCATTCAGC
CAGCCTC
GTCCGCAGGAGGAATAACATATGGGTAAGGAA
GTTAATGAGGTG
ATTGCTAAGCTTTCACTGCCTAAGGGCATCTTC



2.4.3 Results and Discussion

Determination of M. thermoacetica recognition sequence

Digestion of the transformation vector pMTK1, which is designed to knock out the

pyrF gene in M. thermoacetica and confer resistance to 5-FOA, by crude extracts of M.

thermoacetica revealed a single distinct band corresponding to the size of the plasmid,

suggesting this vector carries precisely one site recognized by Moorella (Figure 2-7).

To identify this site, the linearized vector was further digested using other restriction
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Figure 2-7: Digest of pMTK1 with Crude Extracts of M.thermoacetica

enzymes with cut sites on the plasmid, so that the size of the resulting double digest

fragment could be used to narrow down the position of the original cut site (Figure 2-

8). Analysis of these fragments suggested the Moorella cut site lay betwen base pairs

810 and 1279. Amplification of this region by PCR, followed by digestion with crude

extracts and size determination by BioAnalyzer, more precisely identified the cutsite

location, and identified ApaI as a likely isoschizomer of the Moorella enzyme. In

support of this, digestion of the PCR fragment with ApaI produced bands of almost

identical size to the digestion product of the crude lysate (Figure 2-9). To provide

further confirmation of the cut site, intact plasmid was digested by crude extract,

blunt-ended with Klenow, and religated. Sequencing of the ApaI site in plasmids
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Figure 2-8: Isolation of Cut Site Region by Sequential Digest. Red circles
are potential cut site positions based on fragment sizes obtained from digestion with
commercial nucleases (green triangles).

derived from transformed cells revealed the expected missing bases, confirming the

specificity of the endonuclease.

Protecting plasmid from Apal digestion by PAMS

Having identified the specificity of at least one endonuclease in Moorella, we sought a

cognate methyltransferase to provide protection against its activity. Inspection of the

genome of M. thermoacetica reveals the presence of multiple putative methyltrans-

ferase enzymes (Figure 2-10). Of these, only two could be definitively identified as

DNA methyltransferases based on the presence of a a cognate endonuclease down-

stream. Moth_2280-2281 encodes a putative Type II methylase/endonuclease, and

Moth_1672 encodes a putative Type I system. Following the PAMS strategy [143],

the methyltransferase regions of these operons were cloned into an arabinose-inducible

plasmid with a p15a origin to generate pMETH1. This vector was designed to be com-

patible with the shuttle vector for transformation of Moorella. The transformation

plasmid pMTK1 was isolated from E. coli DH10# with or without the methylating
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Figure 2-9: Precise Identification of Moorella Cut Site. The 461bp region con-
taining the cut site as identified by sequential digest was amplified by PCR, digested
with crude lystates from M. thermoacetica, and analyzed by BioAnalyzer to precisely
determine product size and identify cut site location. Red: undigested control. Blue:
amplicon digested with crude lysate. Green: amplicon digested with ApaL.

plasmid pMETH1. DH10# was chosen as a cloning host because it does not consume

arabinose, which ensures the concentration of the inducer remains constant through-

out growth. Both plasmids were linearized by PciI to avoid the presence of multiple

isoforms during electrophoresis. After linearization, the reaction was separated into

two aliquots, and ApaI was added to one aliquot, and the reaction allowed to proceed

for another hour. Since ApaI was identified as an isoschizomer of an endonuclease

from Moorella, we hypothesized that premethylation of pMTK1, which contains a sin-

gle ApaI site, should retard the rate of digestion by this enzyme. Indeed, as shown in

Figure 2-11, the majority of the plasmid thus isolated remained undigested (Columns

6 and 7), compared to the plasmid isolated from a strain lacking pMETH1, which was

completely digested (Column 5). Interestingly, the plasmid was protected regardless

of whether arabinose was added. This probably indicates leaky expression from this

promoter in rich LB medium in the absence of glucose. Protection of pMTK1 was
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Figure 2-10: Methyltransferases and Endonucleases in M. thermoacetica

not complete, as indicated by the faint digestion bands in Columns 6 and 7. The

reason for this is unclear, but could be due to low activity of the methyltransferases

under these conditions. Regardless, that the majority of the plasmid remained intact

confirms the active expression of at least one of these enzymes.

2.4.4 Conclusions

In this section, a plasmid was generated to allow methylation of co-purified vectors

for transformation into M. thermoacetica, and the activity of at least one of the

methyltransferases was verified by showing protection against ApaI digestion. The

activity of the second could not be verified, as the cognate recognition site is presently
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Figure 2-11: Protection of pMTK1 from ApaI via premethylation. Column 1:
NEB 2-log ladder. Columns 2-4: Plasmids treated with PciI. Columns 5-7: Plasmids
treated with Peil and Apal

unknown. The ApaI methyltransferase is not commercially available, therefore the

strategy developed here for pre-methylation is the best option in cases where the

ApaI recognition site cannot be conveniently deleted from the transformation vector.

As this strategy may also provide protection against the other endonuclease, its use

is recommended for purification of all vectors designed for Moorella transformation,

regardless of whether they contain an Apal site.

2.5 Transformation of Moorella with Replicative and

Integrative Plasmids

2.5.1 Introduction

With the ability to deliver plasmid DNA to Moorella confirmed, and a system in

place for partially protecting that DNA from digestion, we turned out attention

to the design of vectors and selectable markers. To maximize our chances of suc-

cess, we investigated both replicating vectors that could exist autonomously from

the chromosome, and suicide vectors designed to integrate cargo into the genome

via homologous recombination. After determining the MIC of several antibiotics and
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comparing these against resistance genes whose proteins had been reported to work

well in thermophiles, we settled on kanamycin as the antibiotic to work with. Due

to the ubiquitous use of 5-fluoroortic acid (5-FOA) as a counter-selectable marker in

Clostridial genetic engineering [145], and the publication during this work of a trans-

formation protocol for M. thermoacetica using this marker [98], one of the integration

vectors was targeted to the pyrF locus. The locus of the endonuclease Moth_2280

was chosen as a second integration site, in an effort to improve future transformation

efficiencies. In all, five vectors were constructed, and purified from a strain containing

pMETH1 (as described in Section 2.4), and electroporated into M. thermoacetica. In

this section, I describe the construction of these vectors, the results of their transfor-

mation into Moorella thermaocetica, and analysis of the resulting recombinant strains.

2.5.2 Methods

Plasmid Construction

Strains and plasmids used in this study are shown in Table 2.5, and primers are

shown in Table 2.6. Plasmid pMTBW1 was constructed in three steps. First, a 500bp

region upstream of the endonuclease Moth_2280 was amplified using EcoRI-2280-5-

F and Xma-2280-5-F, digested, and ligated into pUC19 linearized with EcoRI and

Xma to generate pUC19-2280UP. Next, the 500 bp region downstream of the same

endonuclease was amplified using PstI-2280-3-F and HindIII-2280-3-R, digested, and

ligated into pUC19-2280Up digested with the same enzymes, generating pUC19-2280.

To generate pMTBW1, a DNA fragment containing the codon optimized thermostable

kanamycin resistance gene from pUCG18 [133] downstream of the putative GAPDH

promoter from M. thermoacetica was synthesized with flanking XmaI and BamHI sites

(BlueHeron Biotech, see A.2 for full sequence), digested, and ligated into pUC19-2280

linearized with XmaI and BamHI. To clone GAPDH:kanR into the replicative vectors

pUCG18 and pIKM1, the fragment was amplified from pMTBW1 with primers Sac-

kanR-F/R, digested, and ligated into vectors linearized with the same restriction

enzymes. pQexp-kanR was generated in the same manner, but using the BamHI
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version of the same primers. All constructs were verified by Sanger sequencing.

Cell Growth and Competent Cell Preparation

M. thermoacetica was cultivated and prepared for electroporation as described in

Section 2.3. To determine the MIC, N-SCM medium was supplemented with various

concentrations of antibiotic, transferred to Hungate tubes, and inoculated at 1% (v/v)

with WT cells in late exponential phase. To determine the working concentration of 5-

FOA, a minimal version of N-SCM was used in which yeast extract and tryptone were

omitted. 5-FOA was added in powder form at various concentrations and dissolved

by vigorous agitation at 55°C, before inoculation at 1% (v/v) with WT cells grown in

the same medium. For antibiotics and 5-FOA, resistance was assessed by measuring

culture turbidity after 7 days by spectrophotometer at 600 nm.

Transformation, Outgrowth and Selection

Electroporation of M. thermoacetica was performed as described in Section 2.3, but

with 2 pg plasmid DNA. Cells were recovered in 10 mL N-SCM or N-SCM-Minimal

at 55°C with agitation for 24-72 hours post-electroporation, then 0.5 mL was trans-

ferred into anaerobic vials with 5 mL semi-solid medium (N-SCM or N-SCM-Minimal

amended with 0.3% agar), supplemented with 2 mg mL-- 5-FOA and 10 pg mL-1

uracil or 200 pg mL-1 kanamycin. Vials were capped and incubated anaerobically

without shaking at 55°C. Colonies typically formed within 4 days, and were inoculated

into liquid media by carefully pipetting the colony. After growth to an approximate

OD of 0.1, potential transformants were cryopreserved in anaerobic vials by combin-

ing 1 mL of culture with 1 mL of 50% glycerol, capping the vials with rubber septa

and hungate caps, and storing them immediately at -80°C.

Genotype Analysis

Genomic DNA was extracted from saturated liquid cultures using the DNeasy Ultra-

Clean Microbial Kit (MOBIO). Insertion into the pyrF locus was evaluated using
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Name Description Reference
Strains
E. coli DH10# Cloning strain NEB
M. thermoacetica ATCC 39073 Wild-type strain ATCC
Plasmids
pUC19 Cloning vector. pColEl-MCS-bla NEB
pMETH1 Methylation vector Section 2.4
pMTK1 Integration into pyrF locus Section 2.4
pUCG18 Geobacillus thermoglucosidasius shuttle vector [133]
pIKM1 Thermoanaerobacteria sp. shuttle vector [146]
pQexp Clostridium ljungdahlii shuttle vector [91]
pUCG18-kanR pUCG18 with GAPDH:kanR This study
pIKM1-kanR pIKM1 with GAPDH:kanR This study
pQexp-kanR pQexp with GAPDH:kanR This study
pUC19-2280UP pUC19 with 500bp homology region upstream of Moth_2280 This study
pUC19-2280 pUC19-2280UP with 500bp downstream of Moth_2280 This study
pMTBW1 pUC19-2280 with GAPDH:kanR This study

Table 2.5: Strains and plasmids used for Moorella transformation
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Primer Name Sequence
EcoRI-2280-5-F ATTATTGAATTCATTACCCTGTTGCCGTGGCC
XmaI-2280-5-R ATTATACCCGGGACACGATGGTTTCGCGCCTC
PstI-2280-3-F ATTATTTTAGAACGCCGGTACCCCAA
HindIII-2280-3-R ATTATTAAGCTTATTACCCAGGAAAAAGCCGC
SacI-kanR-F TAATAAGAGCTCACCATTTGTGTTGAATAGATAGT
SacI-kanR-R TAATAAGAGCTCCTAAAAGGGGATACGTTTCGAGA
BamHI-kanR-F TAATAAGGATCCACCATTTGTGTTGAATAGATAGT
BamHI-kanR-R TAATAAGGATCCCTAAAAGGGGATACGTTTCGAGA
pyrF-F1 GTCCTCCAGTCCCTGAAGTC
pyrF-RI CGATTTGCCTGGTATCCCTG
pyrF-mod-F GCTTCTGGCCTGCGAATTC
pyrF-mod-R AGCAGGCCGAAGTTAGTCGA
kanF CTTGCTGGATTATGCCTCCC
kanR GTTTCTCACTGTCGCTCAACTG

Table 2.6: Primers used in Moorella transformation

PCR and combinations of the pyrF primers listed in Table 2.6. Presence of the kanR

gene was evaluated using the primers kanF and kanR.

2.5.3 Results and Discussion

Working concentrations of antibiotics and 5-FOA

Four antibiotics were evaluated for their ability to prevent growth of wild-type M.

thermoacetica: Erythromycin, Chloramphenicol, Thiamphenicol, and Kanamycin.

Exponential phase cells were subcultured at 1% (v/v) at antibiotic concentrations

between 0.1 and 60 pg mL- 1, and the effectiveness was evaluated after 7 days based

on culture turbidity. The results are shown in Figure 2-12. All the chosen antibiotics

were effective at reasonable concentrations. As kanamycin is the most thermostable

of these antibiotics [133], it was chosen for further investigation, and we cloned a

codon-optimized thermostable kanamycin resistance [1331 under the control of the

putative M. thermoacetica GAPDH promoter into each of the replicating vectors to

be screened. 5-FOA itself is not toxic. Its decarboxylation via OMP decarboxylase,

an enzyme in the uracil biosynthesis pathway encoded by pyrF, produces the an-

timetabolite 5-fluorouracil (5-FU), which is highly toxic. Deletion of the pyrF gene
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Antibiotic concentration (pg/ml)
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Key

Strong growth* OD 00 >0.5

Low growth 0.05 < OD60 0 9 0.5

No growth OD600 0.05

Figure 2-12: Evaluation of antibiotics for M. thermoacetica. Top to Bottom:
Erythromycin, Chloramphenicol, Thiamphenicol, Kanamycin.

therefore provides resistance against 5-FOA, but also converts the strain into a uracil

auxotroph. This marker is highly useful for multi-step strain construction, because

the presence can be selected for via uracil prototrophy, and the absence selected for by

5-FOA. Following a similar protocol as for the antibiotics above, we tested the MIC

of 5-FOA in Moorella. 5-FOA is available both in powder form and as a 100 mg mL-1

solution in DMSO (Zymo Research). In preliminary experiments, it was found that

DMSO in the solution became toxic at concentrations lower than the 5-FOA, and we

therefore switched to using solid 5-FOA despite the inconvenience of dissolving the

relatively insoluble powder. Concentrations between 0 and 3 mg mL -1 were screened,

and 2 mg mL-1 was found to be sufficient to completely prevent growth (Figure 2-13).

Two vectors reported to function in other Gram positive thermophiles were chosen

as promising candidates to screen in M. thermoacetica: pUCG18 from Geobacillus

thermoglucosidasius, and pIKM1 from Thermoanaerobacteria sp.. In addition, we

screened pQexp, which had recently been reported to function in the related aceto-

gen Clostridium ljungdahlii. To restrict differences between these vectors as much as

possible to their replication machinery, we cloned the same GAPDH:kanR resistance

cassette into each one. After construction and purification of the various vectors from

the methylating E. coli strain, multiple attempts were made to transform them into
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Figure 2-13: Evaluation of FOA inhibition of M. thermoacetica growth

M. thermoacetica over the course of approximately 6 months. In these experiments,

aliquots of cells from recovery media were inoculated into selective media at several

time points: typically 8 hours, 24 hours, 48 hours, and 72 hours post-electroporation.

Negative controls (no plasmid) were always included to rule out contamination or

breakdown of kanamycin or 5-FOA. The majority of experiments yielded no colonies.

On two occasions, resistant colonies were obtained: One after transformation with

pMTK1, targeting deletion of the pyrF gene, and one with the replicating plasmid

pQexp-kanR. Analysis of these transformants is described below.

Analysis of the pyrF locus following transformation with pMTK1

In one experiment, FOA-resistant colonies arose after transformation with pMTK1

pre-methylated with pMETH1. 10 of these colonies were picked, grown in selective

media, and genomic DNA extracted for PCR analysis. Wild-type cells, as well as

purified pMTK1 plasmid were used as controls. The pyrF locus was amplified using

primers pyrF-F1 and pyrF-R1, and size analyzed via gel electrophoresis (Figure 2-

14). Deletion of the pyrF gene should yield a band of 726 bp, whereas the unmodified

gene yields a 1.5 kb amplicon. Plasmid and WT controls amplified as expected. For

all the colonies tested, a band corresponding to the full-length product was detected,
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Figure 2-14: PCR analysis of pyrF locus in potential transformants

indicating that complete deletion of the gene had not occurred. To further investigate

this difference between phenotype and genotype, the amplicons were purified and

sequenced. In 8 out of the 10 colonies, the same 36-bp in-frame deletion was detected

(Figure 2-15). Though distal from the active site of the cognate enzyme, this 12 AA

deletion is likely the reason for the loss of decarboxylase function. In the remaining

2 colonies, the pyrF sequence was intact. While resistance of 5-FOA is therefore

unexplained in these clones, the lack of the targeted deletion in any of the analyzed

clones suggests the ineffectiveness of the homologous recombination-based strategy

used in this experiment.

Frmr TGGCCCGCTGGCGCCTCCT CC A---------------- _V L CV CCGGGAGGCcR PrimerrTGGCCCGCTGGCGCTCTGGCCCGAAG ------------------------------- ACCGGGCCATCCGGAGGCCTj

Figure 2-15: Sequencing of pyrF mutants

Analysis of transformants resulting from electroporation of pQexp-kanR

In another experiment, electroporation of pQexp-kanR led to kanamycin-resistant

colonies. To verify resistance was conferred by the vector, and not a spontaneous

mutation, a single colony was grown, and DNA isolated. PCR with primers kanF

and kanR confirmed the presence of the kanamycin resistance gene (Data not shown),

and transformation of chemically competent E. coli DH5a resulted in erythromycin-

resistant colonies, indicating the plasmid was maintained in circular form. To pro-

vide further evidence for autonomous replication, primers were designed that would

amplify fragments of pQexp-kanR in overlapping fashion all the way around the plas-

mid, such that linearization and insertion of the plasmid backbone into the Moorella
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genome would result in unsuccessful amplification in at least one primer set. Amplifi-

cation of the extracted DNA with these primer sets resulted in successful amplification

in all cases, confirming autonomous replication and the functionality of the pQexp

replication origin in Moorella. Emboldened by this success, we set out to replicate

this result. However, despite multiple attempts over the course of several months, we

were unable to establish resistant colonies in a controllable manner. In the majority

of experiments, no resistant colonies arose.

2.5.4 Conclusions

With optimized electroporation conditions established, and a method to methylate

DNA prior to transformation, we set about constructing and screening several vectors

for transformation into Moorella. While we were occasionally successful in generating

FOA-resistant mutants, full length deletion of pyrF was not achieved. Likewise, we

showed that pQexp-kanR could be stably maintained as an autonomus replicon, but

with limited reproducibility.

The quest for robust transformation of M. thermoacetica consumed two years of

my PhD work, and resulted in sparse glimmers of success. During the course of

these experiments, another group published a transformation protocol based on 5-

FOA resistance [98]. Despite incorporating a transformation vector almost identical

to theirs (pMTK1) in our panel of plasmids, and pre-methylating vectors via the same

PAMS strategy, we were unable to consistenly reproduce this result: The only pyrF

mutants isolated were partial deletions, not useful for the insertion of heterologous

genes. We had occasional success with one of the replicating vectors that we designed

(pQexp-kanR), but again, positive results were sporadic. At around the same time, a

highly optimized transformation protocol for the related acetogen C. ljungdahlii was

published [91]. Since the ultimate focus of my thesis work was to be the metabolic

engineering of syngas-fermenting organisms, the choice of host was largely immaterial,

and the ability to easily reproduce C. ljlungdahlii transformation convinced us that

efforts should instead be focused on that organism. The flow-cytometry assay for

detection of fluorescent plasmid delivery developed during this work is nevertheless a
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useful technique that could be harnessed in the development of transformation tools

for other organisms.
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Chapter 3

Development of a CRISPRi System

for Clostridium ljungdahlii

3.1 Summary

Clostridium ljungdahlii has emerged as an attractive candidate for the bioconversion

of synthesis gas (CO, C0 2 , H 2 ) to a variety of fuels and chemicals through the Wood-

Ljungdahl (WL) pathway. However, the lack of robust tools for generating gene

deletions and inducible knockdowns in this organism limits the ability to both divert

carbon flux away from acetate toward higher-value products, and to assign gene func-

tion in the poorly annotated genome. To address this need, in this chapter I describe

the development of a CRISPRi system for C. ljungdahlii that allows for the controlled

knockdown of specific genes using the deactivated Cas9 nuclease (dCas9) targeted to

the coding region of the gene of interest by a single-guide RNA (sgRNA). Expres-

sion of dCas9 from a lactose-inducible promoter using a variety of different ribosome

binding sites was first verified by Western analysis, and expression of the sgRNA from

an engineered promoter for C. cellulolyticum in the same plasmid was confirmed by

RT-PCR. qRT-PCR analysis of strains carrying derivatives of these plasmids with

sgRNAs for several genes with proposed roles in energy conservation and carbon flux

revealed up to 30-fold downregulation of the target transcript. To address leaky ex-

pression of dCas9 from the lactose promoter, which was found to lead to constitutive
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downregulation, we screened the ptet promoter developed for C. acetobutylicum, and

demonstrated tighter regulation of expression of both a reporter gene (gusA) and

dCas9. The improved system significantly reduced background downregulation of

pta, resulting in a 5-fold difference in expression between uninduced and inducing

conditions. The regulated strain grew much more slowly than the uninduced strain,

but interestingly, the loss of PTA activity did not result in increased ethanol yield,

suggesting a yet unidentified regulatory system in C. ljungdahlii for controlling pro-

duction of acetate and ethanol. The results demonstrate the utility of the CRISPRi

strategy as a tool to interrogate native regulatory networks and divert carbon flux,

and highlight the complexities of autotrophic fermentative metabolism which must

be overcome to enable industrially revelant production in these strains. As a proof

of concept to test the ability of the CRISPRi system to divert flux to heterologous

product synthesis in an engineered strain, compatible plasmids were constructed that

enabled 3-hydroxybutyrate (3HB) synthesis.

3.2 Introduction

Synthesis gas (syngas) fermentation by anaerobic bacteria is a novel method for the

biological production of fuels and chemicals from gaseous substrates such as carbon

monoxide (CO), carbon dioxide (C0 2 ), and hydrogen (H 2). These substrates can

be renewably produced via biomass gasification, thus the biological gas-to-liquids

(GTL) process represents a sustainable platform that will be important for reducing

dependence on fossil fuels. However, the range of products available by syngas fer-

mentation, as exemplified by the commercial processes of LanzaTech, Coskata and

INEOS, is currently limited to ethanol by the absence of well-established metabolic

engineering tools for the organisms capable of metabolizing the gases in question.

Clostridium ljungdahlii has emerged as a potential platform organism for syngas

fermentation. Its genome sequence and preliminary genetic tools that enabled low

titers of butanol production were reported in 2010 [901. More robust genetic tools,

including several plasmids with compatible origins of replication and a scheme for gen-
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erating knockouts via homologous recombination followed in 2013 [91]. The first in-

ducible promoter followed in 2014 [93], along with an extensive metabolic engineering

effort to produce butyrate [95]. The generation of a genome-scale model (GSM) [147]

and its combination with spatio-temporal reactor models [148] have allowed insight

into the range of products available from syngas. The recent report of CRISPR-cas9

tools for more efficient knockout generation [149], as well as a temperature-sensitive

origin of replication and fluorescent protein [92] have further expanded the scale of

genetic engineering possible. At the same time, the biochemistry of acetogenesis and

ethanol production in this host and its close relative C. autoethanogenum is being

worked out at the enzymatic level [61, 150], and by targeted knockout of genes with

putative roles in these processes [151, 152].

Missing from this growing list of technologies is the ability to make conditional

knockouts - or multiple conditional knockouts simultaneously - rapidly and with

minimal cloning. Such a tool would enable the interrogation of essential genes without

the tedium associated with curing temperature-sensitive plasmids. There is still a

lot that we don't understand about the fundamentals of acetogenesis [41], and this

knowledge is critical to the rational engineering of strains to produce high titers of

value-added products. Improved genetic methods for assessing fundamental questions

in metabolism are therefore called for [39]. Inducible downregulation can also support

dynamic metabolic engineering strategies for manipulating carbon and electron flux

in engineered strains. This is an emerging theme in metabolic engineering [153] that

recognizes that, while increasing product yield, static downregulation of pathways

that compete for carbon flux but are essential for growth, such as acetate, can limit

overall productivity.

Recently, CRISRPi has emerged as a powerful technique for gene downregulation.

Leveraging the programmabilty and specificity of the protein-DNA binding medi-

ated by CRISPR-cas9, this approach uses a nuclease-deficient cas9 (dCas9) to block

transcription of a gene specified by the N20 region of a single-guide RNA (sgRNA).

This approach was first demonstrated in E. coli for the control of a fluorescent re-

porter gene [154]. Since then, it has been multiplexed to allow simultaneous control

83



of multiple genes, and used to improve naringenin production in engineered E. coli

[155]. It has also been adapted for use in a variety of other organisms, including

Corynebacterium glutamicum [156], Saccharomyces cerevisae [1571, and many others.

The implementation of this approach is conceptually simple, as it relies only on the

expression of two components, the dCas9 and the sgRNA, which is feasible with the

tools already described for C. ljungdahlii. C. ljungdahii also does not have a native

CRISPR system, further simplifying the development.

In this work, we therefore adapted CRISPRi for use in C. ljungdahlii, with the aim

of assessing targets whose downregulation lead to increased acetyl-CoA flux to het-

erologous products. We demonstrate the ability to reduce expression of three enzymes

thought to be involved in energy conservation and carbon flux - Phosphotransacety-

lase (PTA), Aldehyde/alcohol dehydrogenase (AdhEl), and Aldehyde Ferredoxin Ox-

idoreductase (AOR) - by up to 97%. Screening of a tet promoter for control of dCas9

expression improved the difference between inducing and non-inducing conditions,

and enabled characterization of physiological effect of PTA downregulation. The re-

sults establish CRISPRi as a potent strategy for the manipulation of transcription in

C. ljungdahlii, an important contribution to the genetic toolkit.

3.3 Materials and Methods

3.3.1 Reagents

Unless specified, all chemical reagents were purchased in the highest grade available

from Sigma. LB, BACTO Agar, and casamino acids were purchased from BD. Trace

Elements (MD-TMS) and Vitamin Solution (MD-VS) were purchased from ATCC.

3.3.2 Strains and Plasmids

Strains and plasmids used in this study are shown in Tables 3.1 and 3.2, respec-

tively. C. ljungdahlii PETC was obtained from the American Type Culture Collection

(ATCC #55383). E. coli DH5a was used for general cloning, and E. coli NEBEx-
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Name Description Reference
C. ijungahlii ATCC 55383 Wild-type strain ATCC
C. ijungahlii ATCC 55383 AAdhE1 Wild-type strain with AdhEl [91]

knocked out
E. coli DH5a Cloning strain NEB
E. coli NEBExpress Plasmid purification strain NEB

Table 3.1: Strains used in this work

press was used for preparation of plasmids for transformation into C. ljungdahlii.

Both were purchased as competent cells from NEB. The adhE1 knockout strain [91]

was a generous gift from Derek Lovley. The pMTL modular plasmid system [158]

was a gift from Nigel Minton. Plasmid pdCas9-bacteria was a gift from Stanley Qi

(Addgene #44249) [154]. Genomic DNA from Clostridium acetobutylicum 824 was a

generous gift from Terry Papoutsakis. pAH2 was a gift from Stephen Melville [159].

pBbS2k-RFP was a gift from Jay Keasling (Addgene plasmid #35330). R. eutropha

was provided by Anthony Sinskey. Plasmid pJIR750ai was purchased from Sigma.

3.3.3 Cloning

Primers used in the construction of CRISPRi vectors and 3HB vectors are shown in

Tables 3.3 and 3.4, respectively. Q5 Polymerase (NEB) was used for all amplifications,

and all amplicons were digested with DpnI before PCR purification. Gibson Assem-

bly (GA) Master Mix (NEB) was used for construction of plasmids. All restriction

endonucleases were purchased from NEB. Assembled vectors were transformed into

DH5a chemically competent cells (NEB), and verified by Sanger sequencing before

being transformed into NEBExpress (NEB).

pdCas9x variants were constructed by amplifying dCas9 with dCas9_fwd_X and

dCas9_rev using pdCas9-bacteria as template, and assembling the purified fragment

with pAH2 digested with PstI and SacI. pEG100 was constructed by amplifying the

evoglow gene with primers 100EGfwd/100EGrev and assembling with them with

the same digested pAH2 backbone. sgRNA under control of the P4 promoter [1611

was synthesized as a gBlock by IDT with overhangs to mediate gibson assembly with

either pdCas9B or pEG100. The sequence of the PTA GBlock is shown in Appendix

85



Name Description Reference

pAH2

pdCas9-Bacteria
pMTL82254
pBbS2k-RFP
pCL2
pdCas9A
pdCas9B
pdCas9C
pEG100
pdCas9B-sgRNApta
pdCas9B-sgRNAadhEl
pdCas9B-sgRNAaor2
pEG-sgRNApta
pEG-sgRNAadhEl
pEG-sgRNAaor2
pBbS2k-2tetOl-RFP
pMTL822542tetOlgusA
pMTLdCas9-sgRNApta

p3HB100
p3HB130

p3HB160
p3HB131

pCL2pta3HB131

Lactose-inducible shuttle vector. pColE1 (E. coli), pIP404 (C. ljungdahlii), catP,
bgaR-PbgaL:gusA
p15A, catP, pLtetO-1:dCas9
pColE1 (E. coli), pBP1 (C. ljungdahlii), ermB, catP reporter

pSC101 tetR pTet-RFP KnR
Derivative of pJIR750ai. pColE1 (E. coli), pIP404 (C. ljungdahlii), catP

pAH2 with dCas9 from pdCas9-bacteria and RBS from gusA

pAH2 with dCas9 from pdCas9-bacteria and RBS from C. ljungdahlii ack

pAH2 with dCas9 from pdCas9-bacteria and RBS from C. ljungdahlii buk

pAH2 with anaerobic fluorescent protein derived from P. putida (evoglow-Ppl)

pdCas9B with sgRNA for pta (CLJU_c12760) driven by C. cellulolyticum P4 [161]

pdCas9B with sgRNA for adhEl (CLJU_c16510) driven by C. cellulolyticum P4 [1611
pdCas9B with sgRNA for aor2 (CLJU_c20210) driven by C. cellulolyticum P4 [161]
pEG1O with sgRNA for pta
pEG100 with sgRNA for adhEl
pEG100 with sgRNA for aor2
pBbS2k with pminiThltetR and p 2tetoiRFP from [1621
pMTL82254 with pminiThltetR and p 2tetoigusA

pMTL82254 with pminiThltetR and p2tetoidCas9 and sgRNA for pta driven by C.

cellulolyticum P4
pAH2 with phaA and phaB from R. eutropha, ptb and buk from C. acetobutylicum

pAH2 with phaA from R. eutropha, hbd from C. acetobutylicum, and tesB from E.
coli
pAH2 with thl and hbd from C. acetobutylicum, and tesB from E. coli
p3HB131 with optimized RBSs and genes codon optimized for expression in C. ijung-

dahlii
pCL2 with putative pta promoter from C. jungdahlii and 3HB operon from p3HB131

Table 3.2: Plasmids used in this study

[1591

[154]
[158]
[160]
[91]
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

This work
This work

This work
This work

This work

00



A.3 as an example, and the variable N20 region used for each gene is shown in Table

3.5.

The tet promoter system was constructed in two steps. First, a fragment with

the mini Pth promoter from [162] was generated by annealing primers miniPthlF

and miniPthl_R, and a fragment containing p2TetO1 was generated by annealing

2tetO1_F and 2tetOR. Annealing was carried out in IDT Duplex Buffer following

the manufacturer's recommendation. 1 These fragments were combined in a triple liga-

tion with pBbS2k digested with XbaI and EcoRI to generate plasmid pBbS2k-2tetOl-

RFP, where tetR expression is driven by the Pthl promoter, and RFP is under control

of the 2TetO1 promoter. To clone this promoter construct into pMTL82254 along

with gusA or dCas9B, the construct was amplified with p2TetO1_fwd/p2TetO1_rev.

gusA was amplified from pAH2 with gusA _fwd/gusA_rev, and dCas9 along with the

pta sgRNA was amplified with dCas9B-SalI_fwd/dCas9B-SalI_rev using pdCas9B-

sgRNA-pta as template. These fragments were assembled with pMTL82254 digested

with NdeI and MluI to generate constructs pMTL822542tetOlgusA and pMTLdCas

9-sgRNApta, respectively.

p3HB100, 130, and 160 were constructed by amplifying each gene with the rele-

vant primers in Table 3.4, and assembling them with pAH2 digested with PstI and

SacI. To generate p3HB131, a codon usage template was generated for C. ljungdahlii,

and used to optimize codon usage for phaA and tesB with software provided by

BlueHeron. The resulting fragments were synthesized as GBlocks by IDT, ampli-

fied along with hbd with the listed primers, and again assembeld into the digested

pAH2 backbone. pCL2pta3HB131 was constructed to mirror the design of similar

constructs in [95]. First, pCL2 was generated from pJIR750ai (Sigma) as described

in [91]. Then, the pta promoter was amplified from genomic DNA of C. ljungdahlii

using PTA Prom_fwd/PTA Promrev. The p3HB131 operon was amplified from

plasmid template with primers 131_Opfwd/131_Oprev. The purified fragments

were assembled with pCL2 digested with KpnI and BamHI.

'IDT Oligo Annealing Protocol: https://www.idtdna.com/pages/decoded/decoded-
articles/pipet-tips/decoded/2012/06/15/annealing-oligonucleotides
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Primer Name Sequence
dCas9 expression in pAH2
dCas9_fwdA aataccatgaagatactgcagaaataaggagatgttaattataatATGGATAAGAAATACTCAATAG

GCTTAGC
dCas9_fwdB aataccatgaagatactgcaGAAATAAGGAGGAATATTAAACATGGATAAGAAATAC

TCAATAGGCTTAGC
dCas9_fwdC aataccatgaagatactgcaGAAATAGTGGAGGAATGTTAACtATGGATAAGAAATA

CTCAATAGGCTTAGC
dCas9_rev tgtaaaacgacggccagtgccgagctgtcgacAACGCAGAAAGGCCCACC
EvoGlow expression in pAH2
100EGfwd aataccatgaagatactgcagaagggaggaaatgaacatgATAAATGCTAAACTTTTACAACTT

ATG
100EG rev tgtaaaacgacggccagtgccgagctettaatggtgatgatgatggtgATGTTTTGCTTGTCCTTG
tet promoter construction
miniPthlF CTAGTcatcatTCTAACTAACCTCCTAACAACTTAATTATACCCACTATTATT

ATTTTTATCAATATATTTTATTCTCCAGTGTTATATACTATAGGGGa
miniPthlR CCGGTCCCCTATAGTATATAACACTGGAGAATAAAATATATTGATAAAAA

TAATAATAGTGGGTATAATTAAGTTGTTAGGAGGTTAGTTAGAatgatga
2tetO1_F CCGGTACTCTATCATTGATAGAGTTTGAAACTCTATCATTGATAGAGTAT

AATATCTTTGTTCATTTAGAGCGATAAACTTGAATTTG
2tetOlR AATTCAAATTCAAGTTTATCGCTCTAAATGAACAAAGATATTATACTCTA

TCAATGATAGAGTTTCAAACTCTATCAATGATAGAGTA
2tetOl:dCas9B-sgRNApta and gusA
pMTL82254_rev CATATGGATACAGCGGCC
p2TetOlfwd geggccgctgtatccatatgTTAAGACCCACTTTCACATTTAAG
p2TetO1_rev aattcaagtttatcgctctAATGAACAAAGATATTATACTCTATCAATG
dcas9B-SalI_fwd tttgttcattagaggataaacttgaatttGAAATAAGGAGGAATATTAAACATGGATAAG

AAATACTCAATAG
dcas9B-SalI_rev cgagatctccatggacgcgtAAGGCGATTAAGTTGGGTAACGC
gusA_fwd tttgttcattagagcgataaacttgaatttgaaataaggaggaatattaaacATGTTACGTCCTGTAGAA

AC
gusA_rev cgagatctccatggacgcgtTCATTGTTTGCCTCCCTG
pMTL82254 fwd ACGCGTCCATGGAGATCTC

Table 3.3: Primers used for construction of CRISPRi vectors
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Primer Name Sequence
p3HB100
phaABfwd 1 ataccatgaagatactgcagtttaagggaggaaagcatATGACTGACGTTGTCATCGTATC
phaABrev1 ctcctaaatttTCAGCCCATATGCAGGCC
ptb/buk-fwdl tatgggctgaaaatttaggaggtttaaaatgATTAAGAGTTTTAATGAAATTATCATGAAG
ptb/buk rev1 ccagtgccgagctcaagcttTTATTTGTATTCCTTAGCTTTTTCTTC
p3HB130
phaA_fwd aataccatgaagatactgcagTTTAAGGGAGGAAAGCATATG
phaA_rev ctaaatttaaaTTATTTGCGCTCGACTGC
hbd_fwd gcgcaaataaTTTAAATTTAGGGAGGTCTGTTTAATG
hbdrev cattttaaacctcctaaatttTTATTTTGAATAATCGTAGAAACCTTTTC
tesBfwd2 attcaaaataaaaatttaggaggtttaaaATGAGTCAGGCGCTAAAAAATTTAC
tesB rev tgtaaaacgacggccagtgccgagctcTTAATTGTGATTACGCATCACC
p3HB160
thilfwd aataccatgaagatactgcagtttaagggaggaaagcatATGAGAGATGTAGTAATAGTAAGTG
thilrev2 ctaaatttaaaTTAGTCTCTTTCAACTACGAG
hbdfwd2 aagagactaaTTTAAATTTAGGGAGGTCTGTTTAATG
hbdrev cattttaaacctcctaaatttTTATTTTGAATAATCGTAGAAACCTTTTC
tesBfwd2 attcaaaataaaaatttaggaggtttaaaATGAGTCAGGCGCTAAAAAATTTAC
tesB rev tgtaaaacgacggccagtgccgagctcTTAATTGTGATTACGCATCACC
p3HB131
phaA-EOfwd aataccatgaagatactgcagaagggaggaaatgaacATGACAGATGTAGTTATAGTGAG
phaA-EOrev tttaatattcctccttttaaaTTATTTTCTTTCTACTGCTAATGC
hbdfwd aaagaaaataatttaaaaggaggaatattaaacATGAAAAAGGTATGTGTTATAGG
hbd rev aactaacctcctgaaatttTTATTTTGAATAATCGTAGAAACCTTTTC
pCL2pta3HB131
PTAPromfwd cagctatgaccatgattacgaattcCATTTGTCAACTATAGATGGTG
PTAPromrev catctgtcatGTTCATTTCCTCCCTTTAAATTTAAC
131 Opfwd ggaaatgaacATGACAGATGTAGTTATAGTG
131_Oprev cctgcaggtcgactctagaggatccTTAATTGTGATTCCTCATAACTC

Table 3.4: Primers used for construction of 3HB vectors
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Gene Target N20 Sequence
pta TTACCTTTTCATTCCCTACA
adhEl TTTGTTATATATATATTCTG
aor2 TATTTGACGAAGTAGATCCA

Table 3.5: N20 Sequences in sgRNA for C. ljungdahlii Genes

3.3.4 Cell Cultivation

E. coli was cultivated in LB medium according to standard procedures, supplemented

with appropriate antibiotics (Chloramphenicol, 25 pg mL- 1 ; Erythromycin, 250 pg

mL-'). For general cultivation, C. ljungdahlii was grown anaerobically on YTF

medium [91] (Per liter: Yeast Extract 10g, Bacto Tryptone 16g, NaCl 4g, Fructose

5g, Resazurin 0.5 mL of 0.2% stock solution, Cysteine-HCl 0.3g), supplemented with

appropriate antibiotics (Thiamphenicol, 5 pg mL- 1 ; Clarithromycin, 5 pg mL-1).

For physiological experiments, qRT-PCR analysis, and enzyme assays, cells were

grown heterotrophically on PETC 1754 medium (Per liter: NH 4 Cl 1g, KCl 0.1g,

MgSO4 -7H200.2g, NaCl 0.8g, KH2 PO4 0.1g, CaCl2 .2H20 20 mg, Yeast Extract 1g,

ATCC Trace Minerals (MD-TMS) 10 mL, ATCC Vitamins (MD-VS) 10 mL, NaHCO 3

2g, Fructose 5g, Resazurin 0.5 mL of 0.2% stock solution, Cysteine-HCl 0.3g). Cells

were inoculated from mid-log starter cultures at 2-5% (v/v). C. ljungdahlii freezer

stocks were prepared by combining an equal volume of culture and 50% glycerol in

anaerobic vials and storing at -80°C.

3.3.5 C. ljungdahlii Transformation

Electrocompetent cells were prepared as described by Leang et al [91]. Cells were

subcultured at least twice in YTF medium, before being inoculated at 2% (v/v) into

200 mL YTF supplemented with 40 mM DL-threonine. After overnight growth to an

OD of 0.2-0.3, cells were cooled on ice for 30 minutes, then centrifuged at 7,000 RCF

for 10 minutes. Cells were washed twice with ice cold 50 mL SMP buffer (272 mM

sucrose, 1 mM MgCl 2 , 7 mM sodium phosphate, pH 6.0), and resuspended in 180 AL

SMP buffer, to which 20pL DMSO was added. 25 pL aliquots were transferred into

pre-cooled Eppendorf tubes and stored at -80°C for up to one month. All steps apart
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from cell growth were conducted in an anaerobic chamber with an atmosphere of 5%

H 2 , 20% C0 2 , balance N2 (Coy Labs).

For electroporation, aliquots of competent cells were thawed on ice, and 1-5 pg

plasmid added before transferring the mixture to 1 mm electroporation cuvettes. The

cells were electroporated with a single exponential pulse (0.625 kV, 600 Q, 25IF),

and 1 mL pre-warmed YTF immediately added. The cells were diluted 10-fold into

pre-warmed YTF medium in Hungate tubes, and recovered for 9-12 hours at 37°C,

before being diluted 10-fold into pre-warmed YTF medium containing the relevant

antibiotics. Successful transformation was indicated by robust growth after 3-5 days,

compared to a negative control in which cells were electroporated in the absence of

plasmid. To isolate individual colonies, 1 mL of the outgrowth culture at different

dilutions was mixed with 24 mL of YTF with 1% agar and poured into petri dishes.

3.3.6 Product Quantification

Extracellular metabolites were analyzed using an Agilent 1200 HPLC system with a

G1362A RID detector with isocratic flow of 14 mM sulfuric acid (0.7 mL min - 1, 500 C)

through a BioRad Aminex HPX-87H ion exchange column (300 mm x 7.8 mm). 500

pL culture was withdrawn and filtered through 0.2 pm syringe filter into HPLC vials,

and 10 pL injected into the HPLC. Product identity and concentration was confirmed

by comparison to standard curves generated from pure compounds (Sigma).

3.3.7 dCas9 Expression Verification

Cell lysis and protein denaturation were achieved by boiling cell pellets in Laemmli

buffer in a thermocycler for 10 minutes. 10-45 pL were loaded in a 4-20% pre-cast

SDS gel (BioRad) and separated by electrophoresis at 150V for approximately one

hour. dCas9 expression was examined via Western blot with polyclonal rabbit Anti-

CRISPR-cas9 (AbCam, #ab204448) as primary, and HRP-conjugated goat Anti-

Rabbit (SantaCruz Biotechnolog, #sc2030) as secondary. Detection was performed

with Western Lightning ECL substrate (PerkinElmer) and imaged by a Sony A5
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camera.

3.3.8 RNA Isolation and Quantification via qRT-PCR

To isolate RNA, 1 mL of culture (approximate OD6 0 0 0.6-1.0) was mixed with 2 mL

RNA-Protect (Qiagen), and collected by centrifugation at 3,250 RCF for 15 min at

room temperature. Cell pellets were stored at -80°C until extraction. Pellets were re-

suspended in 100 pL of lysozyme/TE buffer (20 mg/mL lysozyme, 10 mM Tris, 1 mM

EDTA, pH 8), vortexed for 10 sec and incubated for 10 min at 37°C, with frequent

mixing. RNA was then harvested using an RNeasy Mini Kit (Qiagen). DNA was

digested with the DNase I (NEB) for 10 min at 37°C, according to the manufactuer's

protocol. The RNA was re-purified with the RNeasy Mini Kit, eluted in RNase free

water, quantified by NanoDrop, and stored at -80°C for no more than one month

prior to cDNA synthesis.

qRT-PCR was performed with commercially available kits, QuantiTect Reverse

Transcription (Qiagen) and RT2 SYBR Green qPCR Master Mix (Qiagen), following

the provided protocol. Primers used for RT-PCR analysis in CRISPRi strains are

shown in Table 3.6, and those used for 3HB strains are shown in Table 3.7. Reactions

were carried out in 96-well PCR plates (VWR) and sealed with BioRad Microseal B

seals. For each biological replicate, there were 3 technical replicates and 1 'minus RT'

control. qPCR cycles were performed on a BioRad iCycler using iQ3 software. The

raw data was analyzed in BioRad iQ5 to determine the Ct number; the Ct number was

quantified as copies/pg total RNA with a logarithmic standard curve generated from

linear DNA fragments of the gene of interested. These linear fragments contained

the whole gene of interest, were generated by PCR, purified with gel electrophoresis

and quantified with a NanoDrop. The standard curve allowed for the calculation of

the qPCR primer efficiency, which was generally greater than 90%. Melt curves were

generated after each qPCR reaction cycle to ensure the specificity of the primers to

the target gene.

For non-quantitative RT-PCR, cDNA synthesis was performed as above. Presence

of transcript was detected by amplification with Q5 polymerase using 1 L of cDNA
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as template, with annealing temperatures specific to the primer pairs used and 40

total cycles. Products were analyzed by electrophoresis with 2% agarose gels.

3.3.9 Histochemical Glucuronidase Assay

Qualitative assay of glucuronidase activity was conducted with whole cells of C. ijung-

dahlii. A volume of culture equal to 1 OD-mL was spun down at 20,000 RCF and

resuspended aerobically in 400 pL 50 mM NaH 2 PO4. Cells were permeabilized by

addition of 25 pL chloroform, and 5 pL X-gluc stock solution (50 mg mL- 1 in DMF)

was added at the same time. Cells were incubated with periodic shaking at 37°C,

and color development documented by photography after approximately 1 hour.

3.3.10 Crude Lysate Preparation and PTA Assay

To prepare crude lysates, C. ljungdahlii strains were grown in 100 mL PETC medium

with relevant antibiotics and inducing compounds until an approximate OD of 0.7-0.8.

Cultures were spun down at 7,000 RCF for 10 minutes, resuspended in 7 mL ice-cold

lysis buffer (20 mM Tris-HCl pH 7.5, 0.1 mM PMSF, 25 U mL -- Benzonase) and lysed

aerobically by three passages through a High Pressure Homogenizer (EmulsiFlex-C5).

The soluble fraction was separated by centrifugation at 20,000 RCF for 20 minutes

at 40 C, and kept on ice until use.

PTA activity was measured in the acetyl-phosphate forming direction by mea-

suring the liberation of coenzyme A (CoA) by Ellman's reagent at 412 nm. The

assay mixture consisted of 50 mM Tris-HCl (pH 7.5), 50 mM KCl, 5 mM KH 2 PO4 ,

1 mM Ellman's Reagent (from a 10 mM stock in DMSO), 1 mM acetyl-CoA, and

was initated by the addition of crude lysate. Activity was normalized to the protein

concentration of the lysate, as determined by BCA assay.
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Primer Sequence Purpose
dCas9
dCas9-q-F1 AAACCCTATTAACGCAAGTGGA qRT-PCR
dCas9-q-R1 ATGACAAAGCAATGAGATTCCC
pAH2-F TAAAAGATTAATTTACATATTAACATTTAATTATGG DNA Standard

G
pAH2-R AAGGCGATTAAGTTGGGT
gusA
gusA-q-F1 AAGTGTGGGTCAATAATCAGGA qRT-PCR
gusA-q-R1 CCAGTTCAGTTCGTTGTTCAC
gusAfwd ATGTTACGTCCTGTAGAAAC DNA Standard
gusArev TCATTGTTTGCCTCCCTG
pta
PTA-q-F1 AGGTGCGGTTCATACTACAG qRT-PCR
PTA-q-R1 GGATTTACAGCACAATCAGCA
PTA-FULL-F1 CTACTCCATTTAGAAGTGCCA DNA Standard
PTA-FULL-R1 AAATTGAACCGTCCATTCCT
adhEl
AdhE1-q-F1 TGGTTAGGTCAGGTGGATTTG qRT-PCR
AdhEl-q-R1 CCTTGGGATGAAGGTGTGTTA
AdhE1-FULL-F1 CCCAATTTAGCATACTAGGCA DNA Standard
AdhE1-FULL-R1 TGTCTTCTACAATTCCCATTCC
aor2
AOR2-q-F1 GGATTAGATACCATTACAGCAGGA qRT-PCR
AOR2-q-R1 GTCTCCAAATCCTTCTCTAAGTC
AOR2-FULL-F1 AAGATGGAACAGTTTGCTTGG DNA Standard
AOR2-FULL-R1 GCAGGTGTTACAGGATCGTC
sgRNA-pta
PTA-T1-q-F1 TTACCTTTTCATTCCCTACAGTTTTAG RT-PCR
gRNA-q-R1 AAGCACCGACTCGGTGCCAC
recA
recA-q-Fl ATGTGGATGCCATTTCAACA RT-PCR
recA-q-Rl TGCCACCGTAGTCTTACCTG

Table 3.6: Primers Used in RT-PCR Analysis of CRISPRi Strains



Primer Sequence Purpose
phaA
phaA-q-F1 CACGATCAAGAGCTATGCCA qRT-PCR
phaA-q-R1 CCGTTCACATTGACCTTGGA
hbd
hbd-q-F1 GCAATTCAAATGAGCCTTCC qRT-PCR
hbd-q-R1 AAATAGCAATTCTGCCCGT
tesB
tesB-q-F1 GAGTGAAGATTTAGGTTTACGCCA qRT-PCR
tesB-q-R1 TGTGAAACGAATGTACCAGCC
pta
pta-q-F1 GCTCCAGGTACATCAGTAGTTTC qRT-PCR
pta-q-R1 TCACTATCTGGGCATGGATTTAC

Table 3.7: Primers Used in RT-PCR Analysis of 3HB Strains



3.4 Results and Discussion

3.4.1 Western analysis and RT-PCR confirm expression of

dCas9 and sgRNA

CRISPRi requires two components: deactivated cas9 (dCas9) that acts as a tran-

scriptional blockade, and a single-guide RNA (sgRNA) to direct the nuclease to the

targeted site on the genome [154]. We therefore sought promoters to drive expression

of these two pieces independently. Since some of the genes being targeted for downreg-

ulation may be essential, we wanted expression of dCas9 to be tightly controlled by an

inducible promoter. When this work began, there was only one such promoter charac-

terized for C. ljungdahlii - the lactose-inducible promoter from pAH2 that consists of

the regulator-promoter pair bgaR-PbgaL [159, 93]. We therefore cloned the dCas9 from

S. pyogenes into pAH2 with three different RBS sequences to generate pdCas9A-C,

and assayed for inducible expression by Western Blot (Figure 3-1). Full-length dCas9

dCas9
158 kDa

pdCas9A pdCas9B pdCas9C

Figure 3-1: Western Analysis of dCas9 Expression from pAH2 in C. ijung-
dahlii. Expression of dCas9 was induced with varying concentrations (0-20 mM) lac-
tose in early exponential phase, and expression was analyzed after 8 hours. pdCas9A-
C represent three different RBS sequences: A, original sequence in pAH2. B, C. ijung-
dahlii ack. C, C. ljungdahlii buk. E. coli carrying pdCas9-bacteria induced (+) or
uninduced (-) with aTc was used as a control. Rabbit anti-Cas9 polyclonal antibody
was the primary, and HRP-conjugated goat anti-rabbit was the secondary antibody.

was detected in all constructs, and the intensity increased with increasing concentra-
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tion of lactose. Some background expression was detectable in the absence of lactose,

compared to the uninduced E. coli control. Cells carrying pdCas9B showed the high-

est level of expression, therefore this strain was chosen for implementation of the full

CRISPRi system. That expression of dCas9, a large 158kDa protein, was detectable

even with suboptimal codon usage bias was encouraging.

The ideal promoter for sgRNA expression is a small, constitutive one with well-

defined transcription start site, so that many sgRNAs can be multiplexed without

significantly increasing plasmid size, and so that the 5' end of the RNA sequence

does not have extra bases that may impede target recognition. In C. ljungdahlii

there are no well characterized constitutive promoters. Therefore we chose to use

an engineered promoter that had been used for successful expression of sgRNA in

the related organism Clostridium cellulolyticum [161]. To facilitate multiplexing,

the sgRNA expression construct was designed using a BioBricks strategy with the

enzymes XhoI, SaI, and XbaI (Figure 3-2a). Here, multiple sgRNA fragments can

be built up by ligating an XhoI-XbaI fragment into an existing construct opened

with SalI-XbaI, generating a fused XhoI-Sal site and allowing multiple iterations. An

EV +sgRNA

a b

PTA sgRNA

N20 Handl

Xhol p4 Sall Xbal
recA

+RT -RT +RT -RT

Figure 3-2: Western Analysis of dCas9 Expression from pAH2 in C. ijung-
dahlii. a) A BioBricks strategy using XhoI, SalI, and XbaI was designed to allow the
iterative addition of multiple sgRNA expression units to multiplex gene control. b)
RT-PCR verification of expression of sgRNA from P4 promoter. Top panel, primers
for PTA sgRNA. Bottom panel, control primers for recA. +RT = with reverse tran-
scriptase (RT). -RT = gDNA control with no RT step. EV = empty vector control
(pdCas9B). +sgRNA = pdCas9B-sgRNA-pta.

sgRNA construct with an N20 region for pta (Table 3.5) was synthesized as a GBlock
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and cloned into pdCas9B, to generate pdCas9B-sgRNA-pta. The N20 sequence was

chosen by searcing for the PAM site (NGG) on the non-template strand closest to the

beginning of the coding sequence, that showed no similarity to other regions of the

genome. Expression of the sgRNA was assessed qualitatively by RT-PCR on cells in

late exponential phase (Figure 3-2b). The expected band was clearly present only in

cells carrying pdCas9B-sgRNA-pta, and only after reverse transcriptase treatment,

confirming expression of the sgRNA.

3.4.2 The CRISPRi System Downregulates pta, adhEl and

aor2 to Different Extents

Having confirmed that both components of the CRISPRi system were successfully

expressed, we next asked if the full system could mediate knockdown of C. jung-

dahlii genes. Three target genes were chosen, that have putative roles in carbon flux

and energy conservation: pta, adhEl, and aor2 (Figure 3-3). pta encodes phospho-

transacetylase, which catalyzes the conversion of acetyl-CoA to acetyl-phosphate, in

the first of two steps from the central intermediate acetyl-CoA to acetate. Acetate

production represents a major carbon flux under both heterotrophic and autotrophic

conditions, and contributes to ATP generation through substrate-level phosphoryla-

tion. Therefore, the disruption of pta expression could be expected to have significant

physiological effects. In addition, in strains engineered to produce value-added prod-

ucts, flux must be diverted away from acetate synthesis, and pta is therefore a logical

target for regulatory interference. ack, the gene that encodes acetate kinase activity

that converts acetyl-phosphate to acetate, forms an operon with pta. While we did

not target ack directly, reduced transcription of the pta gene may also lead to reduced

ack expression.

adhEl encodes a bifunctional alcohol/aldehyde dehydrogenase that has been shown

to contribute to ethanol production, the other major fermentative end-product under

heterotrophic conditions [91]. Deletion of this gene reduces ethanol titer to about 15%

that of the WT. This gene is one of only two characterized knockouts of a metabolic
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gene in C. ljungdahlii (the other being the RNF complex [33]), thus we were in-

terested in whether downregulation of this gene could confer the same phenotype.

Again, ethanol production represents an undesired side flux in engineered strains, so

targeting this gene may be of value in metabolic engineering efforts.

aor2 encodes an aldehyde ferredoxin oxidoreductase. One of several aor genes in

C. ljungdahlii, aor2 is the most highly expressed under heterotrophic conditions [163].

This enzyme catalyzes the ferredoxin-dependent interconversion of acetaldehyde and

acetate. Under autotrophic conditions and high acetate concentration, it is thought to

reduce acetate to acetaldehyde as the first step toward ethanol biosynthesis to obviate

the toxicity associated with acetate. Importantly, this is the only proposed pathway

for autotrophic ethanol production that supports ATP conservation [164]. Under het-

erotrophic conditions, the thermodynamically favorable oxidation of acetaldehyde to

acetate could represent another mode of pta-independent acetate production that is

still coupled to energy conservation: The reduced ferredoxin generated under these

conditions can be reoxidized at the RNF complex with NAD as electron acceptor,

leading to generation of proton motive force and approximately 0.5 ATP [41]. To-

gether, these three genes encode enzymes that are thought to carry high flux under

a variety of conditions, and thus the ability to regulate their expression could lead to

both interesting insights into their functionality, and novel ways to mediate carbon

flux to heterologous produts in engineered strains.

We therefore synthesized sgRNA fragments with N20 sequences for each of these

genes (Table 3.5), and cloned them into pdCas9B. As controls, we also generated

plasmids carrying the sgRNA sequences, but not the dCas9 (pEG110-sgRNAxxx).

All plasmids were transformed into C. ljungdahlii. Downregulation of target genes

was assessed first by qRT-PCR. At early exponential phase (OD60 0 0.3-0.4), cells

carrying CRISPRi strains were induced with 1 mM lactose, and RNA was harvested

8 hours later. The low concentration of lactose was chosen since only a stoichiometric

amount of dCas9 is required for downregulation, and overexpression of dCas9 can

cause toxic effects unassociated with the regulation of the target gene. Gratifyingly,

for all three targeted genes, the mRNA level was significantly reduced only in the
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Figure 3-3: Schematic of Metabolic Interconversions Mediated by pta, ahdEl, and
aor

presence of both dCas9 and the specific sgRNA (Figure 3-4). The pta transcript
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Figure 3-4: qRT Analysis of CRISPRi Downregulation of pta, adhEl and
aor2. Error bars represent standard deviation of three biological replicates

was most reduced, by a factor of 27, or 96%, relative to the pEG110 control. For

adhEl and aor2, the reduction was 88% and 93%, respectively. We cannot currently

explain the aberrantly high level of aor2 and adhEl expression in the pdCas9B strain

compared to the other controls, but it could represent a response to the expression

of dcas9, which is known to be toxic at high levels. That this response is not seen

in strains carrying pdCas9B-sgRNA-aor2 is likely due to the repression caused by
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the CRISPRi system. For all other targets, there was no discernable difference in

expression level between the three controls (p=0.05). These results demonstrate that

the CRISPRi system functions as expected, and can be easily targeted to a number

of different genes in C. ljungdahlii with high efficiency.

3.4.3 Metabolic Effects of pta and adhEl Downregulation

Having demonstrated the power of the CRISPRi system to downregulate genes in C.

ljungdahlii, we were next interested in the effect of this repression on cell physiology.

Specifically, we asked if the growth rate and extracellular product distribution was sig-

nificantly changed. Given the low expression of aor2 in control strains and the lack of

a clear contribution of the cognate enzyme under heterotrophic conditions, we focused

our analysis of pta and adhEl. Cells carrying either pEG110, pdCas9B-sgRNA-pta,

or pdCas9B-sgRNA-adhEl were grown on PETC medium to OD6 0 0 0.3-0.5, and ei-

ther induced with 1 mM lactose or left untreated. Growth and product formation

(ethanol and acetate) was followed over the remainder of the fermentation by spec-

trophotometer and HPLC (Figure 3-5). Induction only elicited a reduction in growth

in the strains carrying pdCas9B-sgRNA-pta, and pdCas9B-sgRNA-adhEl, although

in the latter case it was a small reduction and the final ODs were almost identical.

Acetate titers were almost identical across strains at around 3-3.5 g L-1, except for

the induced strain carrying pdCas9B-sgRNA-pta, which produced roughly one third

as much acetate. Given that PTA catalyzes the first step of acetate formation from

acetyl-CoA, reduced acetate titer is consistent with the inactivation of this enzyme.

Since the production of acetate also leads to ATP production, it is not surprising that

the inability to produce acetate also led to a reduction in growth rate and final OD

in this strain. We had hypothesized that the reduction in PTA activity would lead

to increased flux of acetyl-CoA through the ethanol pathway, thus we were somewhat

surprised that this strain produced less ethanol than the control strain (0.13 g L-1

vs. 0.25 g L- 1). These data are consistent with fermentation results in a recently

published Apta mutant of C. ljungdahlii [149], and could simply reflect the overall

unhealthiness of the cell due to the reduced ability to produce ATP. Consistent with
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Figure 3-5: Growth and Production in Regulated Strains. Left: Growth was
followed by OD after induction at early exponential phase. Dashed lines represent
strains induced with 1 mM lactose. Solid lines are uninduced strains. Right: Final
titers of acetate (left axis, light color) and ethanol (right axis, dark color). Error bars
represent standard deviation of three biological replicates.

this interpretation, although the ethanol titer was lower, the yield on fructose was

higher for the induced strain compared to the uninduced strain (0.037 g g-1 vs 0.019

gg-1).

Interestingly, downregulation of adhEl had almost no effect on end-product con-

centration. Acetate titers were almost identical, and the ethanol titer was actually

slightly higher in the repressed strain. One possible explanation for this is that, de-

spite an 88% reduction in mRNA level, there is still sufficient AdhEl enzyme present

to allow the continued production of ethanol, especially if the enzyme is stable in vivo

such that inactivation of transcription does not lead to a significant loss of activity.

Owing to the technical challenge of assaying the oxygen-sensitive AdhEl enzyme, ac-

tivity data to support this claim are currently unavailable. Another possibility is that

AdhEl is not the major source of ethanol production under these growth conditions.

Although Leang and co-workers reported a significant defect in ethanol production

in a AadhEl strain [911, knockout of the same gene in the almost identical strain C.

autoethanogenum led to only a marginal drop in ethanol titer [151]. This hypothesis

is further discussed below in the context of 3HB production. Taken together, these

data highlight the ability of the CRISPRi system to effect change at the metabolic

level, which can be leveraged to gain fundamental insight into the metabolism of C.
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ljungdahlii.

3.4.4 Assessing Leaky dCas9 Expression from Lactose Pro-

moter

Given the background dCas9 detected in Western blots (Figure 3-1), we next asked if

this was sufficient to lead to downregulation even in the absence of induction, which

would significantly reduce the utility of the system for implementing downregulation

of critical genes. To examine this possibility, we used qRT-PCR to reanalyze aor2

downregulation in non-inducing conditions (Figure 3-6a). The repression of aor2 was
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Figure 3-6: Analysis of Leaky CRISPRi Induction. Left: qRT-PCR analysis
of aor2 expression with and without induction. Right: qRT-PCR analysis of dCas9
induction at different lactose concentrations. Error bars represent standard deviation
of three biological replicates.

equally strong regardless of whether or not lactose was added to the cells, suggesting

that low level of dCas9 expression under non-inducing conditions was sufficient. This

is reasonable, since theoretically only a single molecule of dCas9 is necessary to bind to
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the genomic target and inhibit transcription. qRT-PCR analysis of dCas9 expression

under these conditions confirmed that, although there is 52-fold more dCas9 transcript

present with 1 mM lactose than 0 mM, there is still a significant amount of dCas9

expression under non-inducing conditions (Figure 3-6b). There was also no difference

in transcript level between 1 mM and 5 mM lactose.

This analysis further complicates the interpretation of the results in Figure 3-5.

Assuming leaky dCas9 expression was also present in the pta and adhEl strains, then

the similarity between the uninduced controls and the empty vector is surprising, as

is the difference between inducing and non-inducing conditions for pta. As mentioned

before, one explanation for the adhEl data could be the physiological insignificance of

this gene under these cultivation conditions. An explanation for the pta strain is less

clear. One possibility is that, since the downregulation is constitutive, the transformed

strain could have had multiple generations to adapt to the reduction in pta level. After

transformation, the culture seed train consists of outgrowth, selection in liquid media,

plating on solid media, and three subcultures in PETC medium before inoculating

the experiment, during which mutations could have arisen or the native regulatory

network otherwise adapted. Full analysis of this hypothesis would require RNAseq

to address changes across the genome, but in partial support of this, we measured

the expression level of adhEl in pta-regulated strains (and vice versa), and found a

significant degree of adhEl downregulation when pta was targeted (Figure 3-7). This

co-regulation, coupled with incomplete abolishment of PTA activity, could explain

the similarities between the empty vector control and the uninduced pta strain. An

explanation for the difference between inducing and non-inducing conditions in this

strain remains elusive. Attributing this to the burden of dCas9 expression is likely

incorrect, since the same effect would be expected in the AdhEl strain.

3.4.5 Establishing a Stringent Promoter for dCas9 Expression

These results clearly demonstrate that leaky dCas9 expression confounds the inter-

pretation of physiological results obtained with the CRISPRi system. We therefore

sought an alternative promoter to drive dCas9 that would have lower background.
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Figure 3-7: Co-Regulation of pta and adhEl. Transcript level of pta (blue) or
adhEl (orange) when different genes were targeted, comparedto the empty vector
control. Error bars represent standard deviation of three biological replicates.

The tetracycline promoter (ptet) is known to be tightly controlled, and background

expression can be further tuned by modulation of the number of repressor binding

sites and their position relative to the core promoter region [165]. Recently, a ptet

promoter was described for the related microbe Clostridium acetobutylicum, whose

low background expression enabled the promoter to drive the expression of genes

toxic to this organism [162]. To test whether this promoter could function in C.

ljungdahlii, first we used it to drive expression of the glucuronidase reporter, encoded

by gusA [159]. The so-called '2tetOl' promoter was cloned upstream of gusA in

pMTL82254, generating pMTL822542tetOgusA as described in the methods sec-

tion. Cells containing this plasmid or pAH2, which encodes gusA under control of

the lactose inducible promoter, were grown in YTF medium under inducing (100 ng

mL-1 aTc or 20 mM lactose) or non-inducing conditions. GUS activity was quali-

tatively assessed after overnight growth, in permeabilized cells (Figure 3-8). Strong

GUS activity is clearly visible for both strains upon induction, and is much stronger

for pAH2 than for the new 2tetOl promoter. Gratifyingly, under non-inducing con-

ditions 2tetOl showed almost no blue color, compared to the clearly visible blue in

pAH2. To obtain a more quantitative comparison of these strains, gusA transcript
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Figure 3-8: Qualitative Comparison of GUS Activity with tet and Lactose
Promoters. Activity of GUS was measured by cleavage of X-gluc, which generates
an insoluble blue color, in cells permeabilized with 25 pL chloroform.

was determined by qRT-PCR (Figure 3-9). Under non-inducing conditions there was
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Figure 3-9: Quantitative Comparison of GUS Activity with tet and Lac-
tose Promoters. qRT-PCR analysis of gusA transcript after overnight growth with
or without induction. Error bars represent standard deviation of three biological
replicates.

14-fold more gusA transcript from pAH2 than from pMTL822542tetOlgusA, showing
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Plasmid aTe (ng mL- 1 ) OD at RNA Harvest
pMTL822542tetOlgusA 0 0.61±0.03
pMTL822542tetOlgusA 100 0.85±0.03
pMTLdCas9-sgRNApta 0 0.59±0.01
pMTLdCas9-sgRNApta 100 0.41±0.02

Table 3.8: OD at RNA Harvest in ptet Strains

much tighter control of transcription in the new promoter. When the latter strain

was induced with 100 ng mL-1 aTc the transcript level increased 28-fold, but was

only marginally higher (2-fold) than in uninduced pAH2. However, since the base-

line dCas9 expression from pAH2 is sufficient to mediate downregulation, comparable

expression from 2tetOl should enable the same extent of regulation.

To assess the impact of tighter control of dCas9 expression, dCas9 and the sgRNA

for pta were placed under control of the tet promoter, generating plasmid pMTLdCas9-

sgRNApta. Cells carrying this plasmid or pMTL822542tetOlgusA were grown in

PETC medium. To minimize the risk that residual PTA produced before induction

of the CRISPRi system would mask a phenotype in the regulated strain, in this exper-

iment, cells were induced at inoculation, with 100 ng mL-1 aTc. Uninduced controls

were included for each strain. Growth and production were assessed throughout the

fermentation, and RNA was harvested at mid-exponential phase (Table 3.8) to assess

pta expression. The results are shown in Figure 3-10. qRT-PCR revealed that the

induced strain carrying pMTLdCas9-sgRNA-pta showed a 37-fold reduction in pta

transcript compared to the strains carrying pMTL822542tetOlgusA, which is similar

to the level of repression seen with pdCas9B-sgRNA-pta, despite a much lower level of

dCas9 expression. This confirms the expectation that, above a critical threshold con-

centration, increasing amounts of dCas9 do not affect the extent of downregulation.

Gratifyingly, the uninduced strain carrying pMTLdCas9-sgRNA-pta showed only 6-

fold reduction in pta expression. Though this is still a significant downregulation,

the new system allows for differential downregulation in inducing and noninducing

conditions, whereas the previous lactose-based iteration did not (Figure 3-6). In-

duction in the gus-expressing strains caused a slight growth defect, likely due to the

known toxicity of aTc in Clostridia [162, 166], but the final OD was similar to the
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Figure 3-10: Analysis of Strains Carrying tet-based CRISPRi System. a)

Growth. b) qRT-PCR analysis of pta transcript. -: no induction, +: 100 ng mL'

aTc added at inoculation.

uninduced control. In the uninduced pta strain, growth was further retarded, and the

cells reached a lower final OD than the gus strains (0.6 vs 0.85). This could either

be due to the burden of dCas9 expression, or the response to a partial knockdown of

pta. In contrast, cells carrying pMTLdCas9-sgRNA-pta and induced with aTc showed

a dramatic growth defect, with virtually no growth detected until approximately 60

hours. The final OD of these cells was lower still, reaching a maximum after 107 hours

of 0.4. The growth defect observed in this experiment is similar to that observed in

the lactose-induced system post-induction.

Taken together, these data show that the revised CRISPRi system is more control-

lable than the prototype. The stringent control of expression by the 2tetOl promoter

results in very low background expression of dCas9, allowing for differential target

downregulation upon induction with aTc.

3.4.6 Establishing a Heterologous 3HB Pathway

Having established a CRISPRi system for regulating gene expression, we were next

interested in whether this system could be used to divert flux to heterologous products

in engineered strains of C. ljungdahlii. To answer this question, we needed a heterolo-

gous pathway that competed for acetyl-CoA flux to serve as a testbed to examine the
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effect of downregulation. Here we chose 3-hydroxybutyric acid (3HB). 3HB is an in-

dustrially relevant compound used as a building block for the production of optically

active vitamins, antibiotics, pheromones, and flavor compounds [167]. Biosynthesis of

3HB begins with the condensation of two molecules of acetyl-CoA to form acetoacetyl-

CoA, and is shown in Figure 3-11. This intermediate is then reduced with either

NADH or NADPH to generate the (S)- or (R)-entantiomer, respectively. Cleavage

of the CoA ester affords 3HB either by direct hydrolysis, or through the promiscu-

ous action of phosphotransbutyrylase (PTB) and butyrate kinase (BUK). The latter

pathway functions only with the (R)-entantiomer, and produces one molecule of ATP

per molecule of 3HB. The former pathway is not energy-conserving.

NAD S-3-hydroxybutyrl-CoA S-3-hydroxybutyrate

Acetyl-CoA thil Acetoacetyl-CoA<
phaA phaB

NADPH R-3-hydroxybutyrl-CoA -• R-3-hydroxybutyrate

b buk ATP

R-3-hydroxybutyr

phosphate

Figure 3-11: Pathways for 3HB Production. Red genes are derived from C.
acetobutylicum. Green genes are from E. coli, and purple from R. eutropha H16.

Synthetic operons expressing the relevant enzymes were constructed and placed

under control of the lactose-inducible promoter through Gibson assembly, to gener-

ates plasmids p3HB100, p3HB130, and p3HB160. p3HB100 expresses the NADPH-

dependent 3-hydroxybutyryl-CoA dehydrogenase from Ralstonia eutropha and ptb

and buk from Clostridium acetobutylicum, and should therefore produce the (R)-

entantiomer. p3HB130 and 160 both express the NADH-dependent 3-hydroxybutyryl-

CoA dehydrogenase from C. acetobutylicum and the thioesterase (tesB) from E. coli,

and thus produce (S)-3HB. They differ in the thiolase enzyme used for the con-

densation of acetyl-CoA: p3HB130 uses the phaA gene from R. eutropha, whereas

p3HB160 expresses the thiolase thl from C. acetobutylicum. All three plasmids were

transformed into C. ljungdahii, grown in PETC medium, and induced with 20 mM
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lactose 2 at early exponential phase (OD60 0 0.3-0.4), after which growth and produc-

tion was followed until cessation of growth.

The results are shown in Figure 3-12. Cells carrying the empty vector control

(pAH2) produced no detectable 3HB, whereas all the other strains produced small

amounts, ranging from 0.7 mM (p3HB160) to 2.8 mM (p3HB130). This represents a

maximum of 14% of the total carbon in fermentation product. The majority of the

carbon flux went toward the native products acetate and ethanol. Acetate production

was similar throughout all the tested strains. Ethanol production was also similar,

except with cells carrying p3HB160, which produced almost twice as much as any

other strain. The reason for this is unclear.

2 HPLC analysis confirmed that lactose used as inducer was not metabolized
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To understand the basis of the low 3HB titer in these strains, several lines of inves-

tigation were followed: First, qRT-PCR analysis was used to confirm the expression

of the heterologous genes (Figure 3-13). This analyis revealed that the plasmid-borne

pathway genes were expressed at a level roughly 100-fold higher than the genomic pta

gene, confirming strong activity of the lactose promoter. Next, we analyzed codon

1.OOE+08

1.OOE+07

1.OOE+06

1.OOE+05
FA

c5.1.OOE+04
0
U

1.OOE+03

1.OOE+02

1.OOE+01

1.OOE+00
phaA hbd tesB pta (Genome)

Transcript

Figure 3-13: qRT-PCR Analysis of 3HB-Producing Strains. qRT-PCR was
used to assess the relative transcript abundance of 3HB pathway genes (phaA, hbd
and tesB) compared to the native gene pta. Blue bars: pAH2 (empty vector control).
Orange bars: p3HB130 (best producing strain).

usage bias in the heterologous genes. In general, genes from R. eutropha and E. coli

were found to preferentially use rare codons in C. ljungdahlii, whereas genes from C.

acetobutylicum were well-adapted. A sample analysis of phaA from R. eutropha is

shown in Figure 3-14, clearly indicating a large number of rare codons near the begin-

ning of the coding sequence, which is thought to lead to reduced translation [168]. To

overcome any barrier to expression linked to poor codon usage bias, we synthesized

codon-optimized variants of phaA and tesB, and assembled these with hbd from C.

acetobutylicum. We took advantage of the gene synthesis to simultaneously encode

ribosome binding sites and 5' spacer regions that had previously been shown to be

effective in C. ljungdahlii [95] (Table 3.9). The resulting plasmid (p3HB131) contains

the same genes as p3HB130, but with optimized codon usage and RBS sequences.

p3HB131 performed approximately 40% better than p3HB130, producing 3.8 mM

3HB, compared to 2.7 mM (Figure 3-15), showing the effectiveness of the optimized
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Gene RBS Source Sequence
phaA C. ljungdahlii pta AAGGGAGGAAATGAACATG
hbd C. ljungdahlii ack AGGAGGAATATTAAACATG
tesB C. ljungdahlii thl AAATTTCAGGAGGTTAGTTAGAATG

Table 3.9: RBS Sequences in p3HB131. Start codon denoted by italicized letter-
ing.
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Figure 3-14: Codon Usage Analysis of phaA. Codon usage was analyzed by
the Graphical Codon Usage Analyser [169] (http://gcua.schoedl.de/). The x-axis
represents the first fifty codons in phaA beginning at the start codon, and the y-axis
shows the relative adaptiveness, ranging from 0 (rare) to 100 (common). Red bars
represent extremely rare codons (<10%) and gray bars represent rare codons (<20%).

In all our strains up to this point, ethanol was a major byproduct. Since NADH

is necessary for 3HB biosynthesis in p3HB131, we reasoned that knocking out adhEl

may both reduce ethanol production and also increase the availability of NADH for

3HB production (although the preference of AdhEl for NADH/NADPH has not yet

been determined). We therefore acquired the adhEl mutant [91], transformed it with

p3HB131, and assessed its fermentation characteristics. While the final ethanol yield

was reduced by a factor of two, 3HB production remained unchanged, and carbon was

instead diverted to acetate production (Figure 3-15). Similar results were observed in

heterologous butyrate production in C. ljungdahlii [95]. Interestingly, in our hands,
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Figure 3-15: Comparison of 3HB Production Metrics in Engineered Strains.
Yellow line: 3HB titer (right axis). Stacked bars: Final distribution of fermentation
carbon (left axis). Blue = acetate, Orange = ethanol, Gray = 3HB. Data points
represent averages of three biological replicates.

knockout cells containing the empty vector pAH2 showed no difference in the ratio

of acetate:ethanol compared to the WT strain with the same plasmid. This result

contrasts with the findings in [91], but is in agreement with the lack of phenotype

associated with CRISPRi-mediated knockdown of adhEl described above, and casts

doubt on the role of AdhEl in ethanol production under the conditions used here.

To reduce the complexity of the 3HB experiments and eliminate the need for in-

duction with lactose, which would not be economically viable in an industrial process,

we tested the ability of the pta promoter from C. ljungdahlii to drive 3HB biosyn-

thesis. This promoter was cloned upstream of the p3HB131 3HB operon into the

plasmid pCL2, in a manner similar to that described previously [95]. This plasmid

has the same origin of replication and resistance marker (catP) as pAH2, but has

the added advantage of being significantly smaller. WT cells transformed with the

plasmids pCL2pta131 produced 3HB without the need for induction (Figure 3-15).

The titer was lower than with the strain carrying p3HB131 (2.6 mM vs 3.8 mM),

114



but the yield was the same. Interestingly, this strain diverted a significantly greater

fraction of the carbon flux to ethanol formation. A possible explanation for this could

be the reduced burden of expression with the weaker pta promoter, that causes less

stress to the cells and reduces the need for ATP from acetate production.

The end result of these engineering efforts is two plasmids, one inducible, and

one constitutive, for the production of 3HB. These plasmids are compatible with the

pMTL82254 vector used in the CRISPRi system, and will therefore enable the future

assessment of effect of targeted knockdown of specific genes on 3HB production.

3.5 Conclusions and Outlook

The ability to generate conditional deletions is useful both for probing gene function-

ality, and for manipulating carbon flow to improve the production of heterologous

compounds. The CRISPRi system described in this chapter can fulfill this need.

Critical to the success of this approach is the tight regulation of dCas9 expression

by the tet promoter that ensures controllable downregulation and minimizes the risk

of adaptation before physiological characterization. Even with the low background

of the tet promoter, some downregulation was still observed in the absence of in-

duction. This is a general problem with CRISPRi technologies, where only a very

small amount of dCas9 is needed to cause repression. One potential solution would

be to control sgRNA expression from the same inducible promoter, such that even

with background levels of dCas9, the low expression level of the sgRNA would limit

repression. In C. ljungdahlii, where the native homologous recombination machinery

is still intact, the repeated use of the same promoter can lead to unexpected recombi-

nation events, therefore this approach should be used cautiously. Another intriguing

possibility would be to make dCas9 expression autoregulated by using a sgRNA to

target dCas9, and therefore further reduce the background protein level.

For each of the genes examined in this work, RNA downregulation was greater

than 88%. That high repression of pta did not improve the ethanol yield in WT

cells was surprising. A possible explanation is that the rate of ethanol synthesis is
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controlled by the availability of reducing equivalents (NADH/NADPH), such that

changes in the expression level of PTA relative to AdhE1 have minimal impact on

this flux. Metabolomic analysis of the regulated strain would provide insight into

this. An alternative possibility is that C. ljungdahlii has a native regulatory mecha-

nism to balance the production of acetate and ethanol according to cellular demands.

Some support for this comes from the finding that in the pta downregulated strain,

adhEl was also significantly downregulated. This result highlights the potential of

the CRISPRi system to aid in the probing of regulatory networks.

The CRISPRi system is highly scalable, such that construction of sgRNA libraries

in combination with next-generation sequencing can provide unparalleled insight into

these questions. For this to be implementable in C. ljungdahlii, the chief barrier is the

low transformation efficiency, which currently limits library size. Transformation in

this work was accomplished via electroporation protocols reported to give efficiencies

of 104g- 1 [91] (compared to 10 g-' for E. coli)3 . Recently, other groups working

with C. autoethanogenum have begun to use bacterial conjugation for DNA delivery

[166]. Though efficiencies were not reported, conjugation has been the method of

choice for the generation of transposon libraries [1701, and may well be suitable for

large-scale CRISPRi approaches in C. ljungdahlii.
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Chapter 4

Evaluation of anaerobic

methanotrophy for the conversion of

methane to liquid fuel

4.1 Summary

It has been estimated that the proven natural gas reserves in the U.S. could provide

enough energy to meet the country's transportation energy demand for the next 50

years [111. However, the infrastructure to use natural gas directly (either as CNG

or LNG) has not been developed, and so natural gas must first be converted to a

liquid fuel. Chemical conversion processes suffer from high capital costs and low

yields, which has led to significant interest in developing alternative processes for the

high-efficiency conversion of methane to a drop-in transportation fuel [101]. Various

microorganisms have evolved to grow on methane using a variety of different enzymes

and pathways, thus with the application of metabolic engineering, it is conceivable

that a strain capable of producing a liquid fuel from methane could be developed.

Before embarking on this undertaking, it is critical to establish the inherent potential

and limitations of the various pathways to select the most attractive candidate for de-

velopment. To this end, in this chapter we develop stoichiometric models to estimate
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theoretical yields for the conversion of methane to n-butanol via the canonical aerobic

methane pathways based on Methane Monooxygenase (MMO), and the less under-

stood anaerobic pathways based on Methyl Coenzyme M Reductase (MCR). These

yields, combined with thermodynamic and kinetic consideration of the pathway steps

involved, are used to gauge the relative merits of each pathway. Ultimately, we con-

clude that while the energy efficiency of methane oxidation via MCR is higher than by

MMO, other features of the anaerobic pathway preclude improvements in the overall

carbon and energy yield compared to the aerobic pathway. This, combined with the

superior genetic tractability, physiological understanding, and biochemical character-

ization of aerobic methanotrophs, suggests that these organisms and their pathways

should be the focus of efforts to engineer the biological conversion of methane to liquid

fuel.

4.2 Introduction

Over the last decade, widespread implementation of hydraulic fracturing (fracking)

has increased the availability of unconventional natural gas in the United States. On

an energy basis, this resource could meet the demands of the transportation industry

for the next 50 years [5]. However, conversion of natural gas to a fuel of sufficient

energy density remains problematic. Chemical conversion through the capitally in-

tensive Fischer-Tropsch synthesis is economically viable only at large scale [61, and

incompatible with the distributed nature of the resource [7]. Compression to LNG

and CNG is an expensive endeavor, further mired by a lack of refueling infrastructure

[8]. In the absence of an economically viable alternative, up to 32% of the natural

gas produced in some areas of the country is currently flared as a waste product

[9]. A low-capital process for converting methane to a liquid fuel, compatible with

existing engine design, can therefore be a disruptive technology, with the potential

to tap this underutilized resource and reduce the environmental impact of fracking

[10]. A biotechnological process using an engineered microbe to produce fuel from

methane could meet this need [111. Biological processes are generally less capital-
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intensive than chemical alternatives, and provide other benefits in their use of am-

bient temperatures and pressures, and their avoidance of harsh solvents and energy-

intensive separation operations. However, to date, no commercial process exists for

the bioconversion of methane to liquid fuels. In recognition of this market potential,

and the burgeoning biochemical and genetic understanding of aerobic and anaero-

bic methanotrophic metabolism [171, 172], the DOE's Advanced Research Projects

Agency-Energy (ARPA-E) division announced a $30MM program for research into

this area, 'Reducing Emissions using Methanotrophic Organisms for Transportation

Energy (REMOTE)' [173].

Various microorganisms have evolved enzyme systems to metabolize methane.

With the application of metabolic engineering then, an organism capable of produc-

ing a liquid fuel from methane could be developed. Before embarking on such an

undertaking, the inherent potential and limitations of the chosen pathway must be

established to maximize the likelihood of developing a commercially viable process.

Selecting an organism, pathway, and fuel product from the huge diversity in the

published literature is no easy feat and depends upon many factors. Principal among

these in the case of fuel production, where the margins are typically low and substrate

wastage must be avoided, is the expected yield - defined as the total percentage of

chemical energy input as methane captured in the final product. This was highlighted

in a recent perspective [101], in which the authors proposed several hypothetical path-

ways for methane bioconversion. With sufficient knowledge of the biochemical steps

connecting substrate to product, it is possible to calculate the maximum theoreti-

cal yield for a given pathway. These simple estimations are inevitably higher than

could be achieved experimentally, but are a useful starting point for making decisions

about what organism and pathways to investigate for a particular process, and have

been used extensively for this purpose [174, 175]. The robustness of the estimations

is improved by balancing the important cofactors (ATP, NADH, etc.), and relating

their production back to the substrate through stoichiometric equations. Including

the ATP maintenance requirements of the organism further improves the confidence

in the estimation, and provides a link between the process yield and the rate of sub-
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strate conversion. In this chapter, I use this approach to estimate theoretical yields

for the conversion of methane to a fuel via the canonical aerobic methane pathways

(based on MMO) and the less understood anaerobic pathways for methane oxidation

(based on MCR), considering a number of permutations within those categories.

The specific motivation for this comparison was to understand whether using

an MCR-based process could lead to a higher energy yield than an MMO-based

process. Based purely on comparison of the two enzymes, this should be the case:

As shown in Figure 4-1, the oxidation of methane to methanol via MMO requires

stoichiometric reducing equivalents, generating water as a byproduct and effectively

wasting 50% of the energy content of the methane. By contrast, oxidation of methane

to methyl-coenzyme M by MCR requires no input of reducing power, and the electrons

removed from methane are conserved in the thiol of coenzyme B. However, analyzing

a single enzyme in the pathway is insufficient - understanding the efficiency of the

process requires a global analysis of all the reactions involved in methane metabolism,

motivating the development of such a model in this work. Butanol was chosen as

the target molecule as it is a preferred biofuel, but in principle the methodology

could be used to calculate the yield for any molecule for which the biosynthetic steps

are characterized. This chapter begins with a review of the pathways and enzymes

involved in these conversions, and then presents the results of the yield calculations.

These results, which are purely derived from stoichiometry, are then discussed in the

context of additional thermodynamic and kinetic considerations.

4.3 Results and Discussion

4.3.1 Aerobic Methane Oxidation

The pathways in aerobic methane metabolism are shown in Figure 4-2. The key

enzyme in aerobic methane oxidation is Methane Monooxygenase (MMO), which

catalyzes the oxygen-dependent oxidation of methane to methanol, with reduction of
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a. Aerobic activation of methane via MMO

CH4 + 02 + CH 20 + H20

NAD(P)H CH 20

NAD(P)+ CH 30H NAD(P)+
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b. Anaerobic activation of methane via MCR and HDR
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Figure 4-1: Enzymes Catalyzing the Oxidation of Methane. Left: Methane
Monooxygenase (MMO). Right: Methyl Coenzyme M Reductase (MCR). Y repre-
sents an unknown electron carrier in anaerobic methanotrophy
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Figure 4-2: Pathways in Aerobic Methane Metabolism

the second oxygen atom to water:

CH4 +0 2 +AH 2 -CH 3 OH+H2O+A
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There are two variants: the soluble version (sMMO) which uses NADH as electron

donor, and the membrane bound version (pMMO). Methanol is then oxidized by

a PQQ-dependent methanol dehydrogenase (MDH) to formaldehyde. Though the

electron donor for pMMO is unknown, experimental growth yield data and CH4/02

values support the existence of an electron transport chain between MDH and the

pMMO [80, 67].

In Type I methanotrophs, formaldehyde represents a node at the split point of

biosynthesis (through the ribulose monophosphate (RuMP) pathway) and energy

conservation (through complete oxidation toCO 2 via the NAD-dependent enzymes

formaldehyde dehydrogenase and formate dehydrogenase.) In the RuMP pathway,

formaldehyde is condensed with ribulose-5-phosphate (Ru5P) through an aldolase

enzyme, then isomerized to fructose-6-phosphate. Three turns of this cycle and re-

arrangements carried out by various combinations of enzymes of glycolysis and the

pentose phosphate pathway regenerate the Ru5P acceptor and produce a 3-carbon in-

termediate that can be used for biosynthesis. Several variants of the RuMP pathway

are known, that differ in their requirements for NADH and ATP, and which pro-

duce 3-carbon outputs at different oxidation states [64, 103]. In the models reported

here, all these pathways are normalized to the production of acetyl-CoA. Oxidation

of pyruvate to acetyl-CoA via pyruvate dehydrogenase results in the loss of carbon

asC0 2 , which lowers the overall carbon yield. Recent work in the Liao lab [176, 177]

has demonstrated the potential of a synthetic pathway called non-oxidative glycolysis

(NOG) to bypass this loss, converting two molecules of formaldehyde to acetyl-CoA

without involvement of NADH or ATP.

By contrast, Type II methanotrophs use the Serine Cycle for biosynthesis, with

formate as the node between biosynthesis and energy conservation [65]. Formate is re-

duced in an ATP-dependent manner to the formaldehyde oxidation level with NADPH

and tetrahydrofolate (THF). In the serine cycle, carbon enters from formaldehyde and

CO2 . The pathways for regenerating the serine vary based on the methanotroph, and

have only been recently fully elucidated and demonstrated [66].

Butanol biosynthesis requires the condensation of two molecules of acetyl-CoA,
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followed by their stepwise reduction with 4 molecules of NADH. These reducing equiv-

alents are primarily derived from dissimilatory metabolism, with some being provided

in the RuMP pathway. In our calculations, we include an ATP maintenance require-

ment. This ATP, as well as that needed in the serine cycle, is generated by reoxidation

of NADH in the electron transport chain, where we assumed a P/O ratio of 3 ATP per

mol NADH [178]. Some additional ATP is provided in the Emden-Myerhof-Parnas

(EMP) variant of the RuMP pathway.

4.3.2 Butanol Yields from Aerobic Methane Oxidation
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Figure 4-3: Maintenance-Adjusted Butanol Yields With Aerobic Methane Oxidation

The carbon conservation efficiencies for the production of butanol using the aerobic

pathways discussed above are shown in Figure 4-3. Use of the serine cycle results in

the lowest efficiency of 48%, due to the increased requirement for ATP and NADH

for carbon fixation. The two natural variants of the RuMP pathway result in yields
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ranging from 56-59%. These pathways differ only in the amount of ATP produced,

thus the small difference in yield between these two scenarios is in agreement with

the established notion that methanotrophs are generally reducing equivalent-limited,

not ATP-limited. Interestingly, use of non-oxidative glycolysis (NOG) to convert

formaldehyde to acetyl-CoA quantitatively, does not result in improved carbon yields

compared to the natural variants. This is because this assimilation pathway does not

generate any NADH or ATP, and therefore more formaldehyde has to be oxidized

to provide these cofactors for butanol production and maintenance. Indeed, in the

NOG case, the model predicts that 44% of the methane is completely oxidized, vs.

11% in the RuMP(EMP) case. As direct electron flow from MDH to pMMO is leaky,

and requires additional NADH from formaldehyde oxidation [80], one could consider

the alternative strategy of using the sMMO (which requires NADH), and the NAD-

dependent methanol dehydrogenase characteristic of the Gram-Positive methylotroph

Bacillus methanolicus [73]. This changes the net NADH cost of methane oxidation

from 0.2 to 0 per mol methane oxidized, resulting in an improved yield of 62% when

NOG is used.

4.3.3 Anaerobic Methane Oxidation

The exact details of anaerobic methane oxidation are unknown, though it is thought

to proceed at least in part by a reversal of the canonical methanogenesis pathway

[171]. In support of this, all of the required genes have been found in ANME-2

genome drafts [180], and a thermodynamically consistent model based on these reac-

tions was recently put forward [179], that serves as the basis of our analysis (Figure

4-4). By this model, methane is first oxidized to methyl-coenzyme M (CH 3 -S-CoM)

by methane coenzyme M reductase (MCR), with its electrons transferred to the thiol

of coenzyme B (CoB-SH). The methyl group is then transferred to the carrier tetrahy-

dromethanopterin (H 4MPT), driven by the import of two sodium ions (Na+), and the

liberated CoM-SH is reoxidized with CoB-SH by heterodisulfide reductase (HDR) to

form the mixed disulfide CoM-S-S-CoB, the cosubstrate for MCR. The electron accep-

tor for the HDR-catalyzed reaction is hypothesized to be the membrane-bound elec-
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Figure 4-4: Pathways in Anaerobic Methane Metabolism, as presented in [179]

tron carrier methanophenazine (MP + 2H+ + 2e- - MPH 2 ). In the methanogenic

direction, reduction of CoM-S-S-CoB with MPH 2 has been shown to be coupled to

the electrogenic translocation of two protons from the cytoplasm [181]. This is pre-

sumed to be scalar proton transport: Two protons are consumed in the cytosol to

form the thiol groups of CoM-SH and CoB-SH, and the oxidation of MPH2 occurs

on the periplasmic side of the membrane, releasing two protons into the periplasm,

while the electrons are funneled back through the cytochrome to the active site of

the HDR on the cytoplasmic face of the membrane. Under standard conditions this

reaction is not exergonic enough to allow proton translocation, thus it is hypothesized

that a higher intracellular concentration of CoM-S-S-CoB, driven by the activity of

MCR, provides the necessary drivig force. In the reverse direction, we must therefore

assume that reduction of MP with CoM-SH and CoB-SH by membrane-bound HDR

is coupled to the net import of two protons.

CH3-H 4MPT is then oxidized in a stepwise manner to the formate level by the

successive action of Mer and Mtd, with the electrons from each step transferred to
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the soluble carrier F 4 20 , and the carbon transferred to another carrier, methanofuran

(MFR). Reoxidation of reduced F 4 20 cofactor with MP as electron acceptor by the

membrane-bound Fpo catalyzes the export of two protons, acting as a coupling site

for energy conservation. The final oxidation toCO 2 is sufficiently exergonic to reduce

ferredoxin (Fd). Reoxidation of the Fd at the membrane-bound RNF complex, again

with MP as the oxidant, is coupled to the export of two to four Na+ ions. The impact

of this stoichiometry is examined later.

The overall result of complete methane oxidation is therefore the reduction of four

molecules of MP, and the net export of approximately two protons. ATP is generated

via the downhill flow of these protons through an ATPase, which is assumed here to

require four protons to catalyze the conversion of ADP- ATP. The reduced MPH 2

must be reoxidized to allow metabolism to continue. In sulfate-linked AOM, ANME

organisms exist primarily in aggregates with sulfur-reducing bacteria (SRB), leading

to the hypothesis of direct intercellular electron transport [182]. Consistent with this

notion, recent evidence has demonstrated the presence of a network of extracellular

cytochrome 'wires' on the ANME surface [179, 183]. Reoxidation of MPH2 on the

outer face of the membrane with electron transfer to the cytochrome results in non-

electrogenic proton translocation, and is thus not coupled to energy conservation.

AOM has also been reported with nitrate [172], nitrite [184], manganese and

iron [185] as terminal electron acceptors. Nitrite-linked AOM is actually thought

to use pMMO and other pathways from aerobic methanotrophy, with the required

oxygen being produced intracellularly via a hypothetical NO dismutase [184], and

is therefore not considered here. Nitrate-linked AOM has been demonstrated with

ANME-2d [172], and will be discussed below for its potential to provide ATP through

respiration. Iron-dependent anaerobic methane oxidation has been claimed in an

engineered Methanosarcina acetivorans [186], and several possible mechanisms put

forth [187, 188, 189]. The differences between these mechanisms and the one used in

our analysis, and their effects on the calculated process yield, are discussed below.

Electron transfer to managanese is not well understood, and not considered here.

Biosynthesis in ANMEs most likely starts from acetyl-CoA. The source of the
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methyl group is CH3-H 4MPT, and the CO moiety is derived from the ferredoxin-

dependent reduction of CO2 . Both the reduction and synthase reactions are car-

ried out the ACS/CODH complex. To model the conversion of acetyl-CoA into

biomass, we take the approach used in 1175], using the generic biomass equation

CH 2 . 0 8 00.53 NO. 2 4, an ATP yield of 10.7 gDCW mol ATP-, and F 4 2 0 as the source of

reducing equivalents.

4.3.4 Model Validation and Maintenance Energy

To validate the proposed anaerobic methane oxidation metabolism, first the biomass

yield was calculated in the absence of a fuel pathway. The simulation predicted

that 9.7% of the methane flux would go toward biomass, with the remainder being

fully oxidized toCO 2. Experimentally, it has been demonstrated that only 1% is

captured as biomass 1190, 191]. One possible source of the overestimation is the

omission of a maintenance term. Though a maintenance coefficient has not been

reported for ANME consortia, one can be estimated by introducing a non-zero ATP

accumulation term in the model, such that the predicted biomass yield agrees with the

experimentally observed value. Here, using the value 0.45 mol ATP mol CH4 resulted

in the correct biomass yield. Using a doubling time of 7 months, and a biomass yield

of 0.6 gDCW mol CH [1 11911, this corresponds to a maintenance coefficient of 0.093

mmol ATP gDCW- 1 hr-'. This value is two orders of magnitude lower than E. coli

(7 mmol ATP gDCW-- hr- 1), and thus does not represent an inefficiency of ANME

metabolism, but simply reflects the fact that, for a given maintenance coefficient, a

lower specific substrate uptake rate results in a higher proportion of the substrate

being used for ATP generation, as opposed to biosynthesis. As the assignment of this

maintenance coefficient is somewhat speculative, in the results that follow we use the

maintenance-free and maintenance-adjusted models as upper and lower bounds for

the calculated yields.

The carbon conversion efficiencies for a variety of different metabolic scenarios

are shown in Figure 4-5. Using the base case AOM model described above, the

efficiency ranges from 3.2-33%, with or without maintenance, respectively. The large
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Figure 4-5: Butanol Yields With Anaerobic Methane Oxidation. Dotted line repre-
sents maximum yield achievable with MMO

difference between these upper and lower bounds suggests that the yield is limited

by ATP production. We therefore examined alternative pathway and enzyme choices

that could bolster ATP production. First, in the butanol pathway we considered

implementing ferredoxin-dependent direct reduction of butyric acid to butyraldehyde,

catalyzed by an aldehyde oxidoreductase (AOR). This allows the production of one

ATP from the conversion of butyryl-CoA to butyric acid via phosphotransbutyrylase

and butyrate kinase, compared to the prototypical pathway in which butyryl-CoA is

directly reduced to butyrylaldehyde without ATP production [175]. This resulted in

efficiencies of 4-40%, a modest improvement.

Second, one of the most costly steps in the reversal of methanogenesis is the

methyltransferase (MTR) cascade, converting CH 3-S-CoMtoCH 3-H 4 MPT. This re-

action as written is endergonic, and is driven by the influx of sodium ions down a
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gradient. As the sodium ion gradient can alternatively be used for ATP production

(via an H+/Na+ antiporter), this reduces the amount of ATP that can be produced.

If the membrane bound, sodium-dependent MTR enzyme were replaced with the

soluble variant, the transformation could be accomplished without the sodium ion

gradient, allowing greater ATP production per mol methane. This increases the ef-

ficiency range dramatically, to between 37% and 67%, with or without maintenance.

However, without involvement of the sodium gradient, the AG of the reaction is

+30 kJ mol-1 [192]. This would only be thermodynamically feasible if the ratio of

CH3 CoMtoCH 3-H 4 MPT were kept above 180,000:1. While there are instances of

reactions this endergonic under standard conditions occurring in nature, the preced-

ing reaction, conversion of CH4 to CH3CoM by MCR is also endergonic, with a AG

of +30 kJ mol- 1. Combined, these two steps represent a practically insurmountable

thermodynamic barrier of +60 kJ mol 1 [26].

The thermodynamics of anaerobic methane oxidation coupled to sulfate reduction

are close to the thermodynamic limit of life. However, using an alternative electron

acceptor such as nitrate or ferric iron could increase the amount of energy that could

be captured in ATP from methane oxidation (Table 4.1). In the case of nitrate, the

reduction of one mol of nitrate to nitrite on the cytoplasmic side of the membrane by

a reductant at the redox potential of methanophenazine can be coupled to the export

of at most two protons [193, 194]. To accomplish this, nitrate must first be imported

to the cell. The most efficient way to do this would be via nitrate/nitrite antiport

catalyzed by NarK [195]. Thus, the oxidation of four mol of methanophenzine could

theoretically be coupled to the export of a maximum of four protons. This drastically

increases the efficiency above the base case, to between 68% and 83%. Excitingly,

these yields are above those predicted for aerobic methanotrophy and, in combination

with the other modifications mentioned above, allow for 100% conversion of methane

to butanol. A way to directly couple the reduction of ferric iron to ATP conservation

is less clear. Iron-dependent growth is not well characterized, but in all cases the re-

duction is carried out extracellularly. As such, to maintain electroneutrality both the

protons and electrons must cross the membrane, in a process that is not electrogenic
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and thus cannot be used for ATP production by the ATPase.

There are a number of caveats to respiring nitrate in this approach: First, the

nickel co-factor F 4 30 of MCR is labile, with a redox potential of -0.6V between the

Ni(I) form and the inactive Ni(II) form, and is slowly oxidized even under strict

anaerobic conditions. The rate of this inactivation has been shown to increase with

increasing redox potential of the enzyme environment [196]. The nitrate/nitrite re-

dox potential is +0.43V, therefore F430 would likely oxidize rapidly in the presence

of intracellular nitrate. Since the reactivation of F 4 30 is ATP-dependent 11971, this

would offset the benefit of respiring nitrate. Because of this, it has been hypothe-

sized that MCR could not function in the presence of nitrate [198]. How then do

the ANME-2d couple AOM to nitrate reduction? The nitrate reductase contains

a twin arginine translocase (TAT) signal peptide for translocation to the outer cell

membrane, suggesting that nitrate is reduced extracellularly, without influencing the

redox state of the cytoplasm. By this model, nitrate reduction would not be energy

conserving, which is consistent with the observation that ANME-2d do not have sig-

nificantly faster growth rates or higher yields than ANME catalyzing sulfate-linked

AOM [172], which would be expected if ATP could be derived from the process. So,

it is highly unlikely that MCR-catalyzed AOM coupled to nitrate respiration could

be implemented.

Given that the anaerobic methane oxidation is ATP limited, the butanol yield is

highly sensitive to the stoichiometry of sodium translocation by the RNF complex.

In the base case model, we assumed a value of two sodium ions. Under standard

conditions, the reduction of methanophenazine (E 0 = -0.165 V) by reduced ferredoxin

(E° = -0.41 V) 1 gives a free energy change of -47.3 kJ mol- 1, according to

AGO = -nFAE 0 = -nF(E°cceptor- Eno,) (4.1)

where n is the number of electrons transferred and F is the Faraday constant. The

movement of two sodium ions across the membrane has a AGO of 30 kJ mol-1 [192],

'A table of midpoint potentials used in this thesis is provided in the appendix
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Electron Acceptor Eo (V) Overall Reaction AGO (kJ mol- 1 )
Oxygen (02) 0.816 CH 4 + 202 - CO2 -+ 2H20 -815
Fe3+   0.771 CH4 + 8Fe3+ + 2H20 - CO2 + 8Fe 2+ + 8H+ -780
Mn4+   1.23 CH4 + 4Mn4+ + 2H 20 - CO2 + 4Mn 2+ + 8H+ -1134
Nitrate (NO-) 0.36 CH4 + 4NO- iCO2 + 4NO- + 2H 20 -463
Sulfate (SO2-) -0.22 CH4 + SO'-+ CO 2 + S2- + 2H2 0 -15.4

Table 4.1: Electron acceptors associated with methane oxidation
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thus the free energy change of the RNF-catalyzed reaction could theoretically enable

the transport of three sodium ions. Ferredoxin is thought to be overreduced in a

number of organisms, and values as low as -0.5V have been reported for its potential.

Under these conditions, the RNF reaction is associated with a AG of -64.6 kJ mol- 1,

and could therefore support the translocation of as many as four sodium ions. We

therefore compared the butanol yield expected for each of these stoichiometries, using

the AOR-dependent butanol pathway (Figure 4-6). As expected, increasing the num-

ber of sodium ions translocated led to increases in butanol yield, up to a maximum

of 30% or 57%, with or without maintenance. This value is still below the maximum

attainable with aerobic methanotrophy.
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Figure 4-6: Butanol Yields With Varying RNF Stoichiometry

Besides the MTR, the next most costly step is the HDR-catalyzed reoxidation

of CoM-SH and CoB-SH to the mixed disulfide CoB-S-S-CoM, which results in the

import of two protons. Recently, a soluble bifurcating HDR was characterized that

could couple the oxidation of two F 4 20H2 to the endergonic reduction of Fd and the

exergonic reduction of the CoB-S-S-CoM [1891. In principle, one could imagine using

this enzyme in reverse to complete the pathway, and thus bypass the membrane-

bound HDR and avoid the import of protons. This is shown schematically in Figure

4-7. By this pathway, complete oxidation of methane results in the net export of

six protons, a significant boost compared to the base case scenario. This results in

a favorable carbon conversion efficiency of 100% in butanol production. However,
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once again there exists a problem with pathway thermodynamics: In this direction,

the AG of the soluble HDR reaction is 10.6 kJ mol', even with highly reduced

ferredoxin. For net flux in the forward direction, this value must be negative. In

principle, this could be achieved by keeping the ratio of the reactants (CoB-SH and

CoM-SH) high compared to the product (CoM-S-S-CoB). However, as stated before,

the MCR-catalyzed reaction is endergonic, and requires the opposite ratio to enable

forward-driven flux. Thus, as with the replacement of membrane-bound MTR with

soluble MTR, the replacement of the membrane-bound HDR with soluble HDR leads

to a thermodynamically infeasible situation.

2Na+

2F420 2F42OH2 2Na+ 2

_00/ MFR
H4MPT-CHa MFR-CHO

CoM-S FdaCO2CWH MFR H4MPT dC0
2Na* 2Na*

H4MPT oB-SHCoM-SH

CoM-CH2F

CoM-S-S-CoB

CH4 2F420

8H+

8e-

Figure 4-7: Anaerobic Methane Oxidation Using Soluble HDR

Other models for anaerobic methane oxidation coupled to fuel production have

been proposed. In their work, Nazem-Bokaee et al calculate yields for a variety of com-

pounds from methane using a refined Genome Scale Model (GSM) of Methanosarcina

acetivorans, modified to account for extracellular iron respiration [187]. These ex-

traordinary yields arise from the assignation of electron bifurcation to the RNF com-

plex, an enzyme which they posit to catalyze the methanophenazine-dependent re-

duction of ferredoxin (endergonic) and ferric iron (exergonic). To the best of our

knowledge, there exists no biochemical evidence to support the ability of RNF to

catalyze this bifurcation, so this result should be treated with caution. Indeed, in re-
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porting the discovery of the soluble HDR mentioned above, the same group removed

this reaction in the updated model [189]. This new model is similar to ours, except

that reoxidation of reduced F4 2 0 is mediated by the soluble HDR instead of by FPO.

This results in the need to re-oxidize two molecules of CoM-SH and CoB-SH per

methane oxidized by the membrane-bound HDR. Based on the discussion above, this

is costly because each oxidation is connected to the import of two protons. Indeed,

when we calculated butanol yields by this proposed pathway, we found the cell in-

capable of producing butanol due to an ATP deficit. It should be pointed out that

in their model, these authors show MP reduction by HDR on the cytoplasmic side

of the membrane, which is incongruous with the observation described above that in

the methanogenic direction this enzyme is associated with energy conservation.

4.4 Conclusions

The calculations presented above show that, in the absence of pathway modifications

that we have argued to be thermodynamically infeasible, the maintenance-adjusted

yields achievable by anaerobic methane oxidation are significantly lower than those

from aerobic methane conversion. This is interesting from a theoretical standpoint,

given that the thermodynamic calculations suggest that similar amounts of energy

could be extracted from methane with oxygen as with nitrate or iron (Table 4.1).

This may be due to an inherent penalty associated with using an extracellular elec-

tron acceptor: In aerobic methanotrophy, the electrons removed from methane are

retained intracellularly through the reduction of oxygen. By contrast, in anaerobic

methanotrophy, they are deposited outside of the cell. To preserve electroneutrality,

this transfer of electrons must be accompanied by the transfer of the same number of

protons. If the protons are transported separately from the electrons, this is energet-

ically costly because of the opposing proton-motive force, and results in the synthesis

of less ATP. This has been documented for Geobacter sulfurreducens growing with

ferric iron as the electron acceptor instead of fumarate [199]. If the protons are trans-

ferred together in a neutral molecule (as in reduced methanophenazine), there is no
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direct cost for transport, but the reduction of the extracellular acceptor is associated

with a decrease in pH, e.g.

MPH2 +2FeCl 3 -+ 2FeCl2 + MP+2HC1 (4.2)

The acidification of the media results in increased cost for the electrogenic export

of subsequent protons. Regardless of the exact mechanism, an important conclusion

that can be drawn from this work is that thermodyanmic evaluation of a process, in

the absence of a proposed pathway, is not a good indicator of theoretical yield.

Another important finding is that, although MCR allows more efficient conser-

vation of the electrons from methane than MMO, this efficiency is nullified by the

requirement for the input of energy to drive downstream reactions that are uphill,

such as the MTR reaction. The benefit of MCR becomes even more questionable

in light of the fact that its redox-sensitive cofactor, F 4 30 prohibits the use of highly

oxidized internal electron acceptors for energy conservation. One could make the

assertion that the maintenance coefficient used in this work is an overestimation.

However, even the maintenance-free yields are lower than the aerobic ones, with the

exception of the cases using the soluble methyltransferase system- which brings the

additional problem of two consecutive reactions with AG' values greater than +30kJ

mol- 1, and nitrate respiration- the feasibility of which is questionable due to F430

oxidation.

The astute reader will have realized that the arguments presented up to this point

have drawn almost exclusively on support from principles of thermodynamics, and

that kinetic considerations have been ignored. This is deliberate. One can always

argue that through protein engineering, adaptive evolution, etc. the kinetics of a

process can be improved. By contrast, the thermodynamic constraints of a pathway

cannot be obviated by engineering (short of using an entirely different pathway with

different chemistry). Thus, by casting our arguments in the context of the immutable

thermodynamic constraints of the pathways, we avoid the counterargument that the

scope of our analysis is limited by the current state of the art in metabolic engineer-
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ing of ANMEs. This is not to say that kinetic considerations are not also important.

A particularly glaring difference between anaerobic and aerobic methane oxidation is

the rates of growth and methane oxidation that have been observed thus far. Methan-

otrophs of the gamma proteobacteria have growth rates on the order of 0.3 hr 1 , or

a doubling time of 2.3 hours 2. By contrast, growth rates of anaerobic methanorophs

(ANMEs) are on the order of months. This may be due to the low activity of MCR in

the reverse direction, which has been measured at 11.4 nmol min1 mg-- [200]. We

have argued that yield is a critical parameter in establishing the economic viability of

a biofuel process, but so too is productivity. So, in addition to the yield constraints,

the expected slow rate of methane oxidation in an anaerobic setting provides further

motivation to develop an aerobic process.

In light of these results, the utility of the extensive efforts and resources that

will be needed to implement the anaerobic system heterologously seems questionable.

This is especially true given the need for stoichiometric supplementation of sulfate or

nitrate as electron acceptors, which adds an additional raw material cost of $450 or

$850 per ton methane converted (based on ICIS historical pricing) in the absence of

a cost-effective method for their recycling. This, coupled with the relative simplicity

of working with aerobic methanotrophs and significant advances that are continually

being made in understanding their metabolism [80, 12], manipulating their genetics

[105], and engineering them for biochemical production [201], suggest that an aerobic

system is a more viable candidate for development.

4.5 Theory and Detailed Model Equations

Aerobic Pathways

pMMO and MDHPQQ

CH4 +O2+ AH 2 -> CH3 OH+H20+A (4.3)

CH30H + PQQ -- CH20 + PQQH2 (4.4)
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PQQH2 +0.2NADH - AH2

The combination of these three steps yields the overall stoichiometry:

CH4 +O2 ± 0.2NADH + A - CH3OH+H20 (4.6)

The additional 0.2 NADH represents leaky electron flow between MDH and pMMO,

as discussed in [80].

sMMO and MDH NAD

CH4 +O 2 + NADH - CHOH+H 20 (4.7)

(4.8)CH3 OH - CH20 + NADH

The sum of these equations gives the overall stoichiometry:

CH4 +02 -+ CH20+H20 (4.9)

RuMP Pathway

Formaldehyde is either oxidized to C02 to provide reducing equivalents, or assimilated

via the following equations:

CH20 -+ CO 2 + 2NADH (4.10)

(4.11)3CH20 - AcCoA +C02+ xATP + 2NADH

In the EMP variant, x = 1. In the EDD variant, X = 0.

Serine Cycle

Formaldehyde is transferred to the methyl carrier H 4MPT via the formaldehyde-

activating enzyme (FAE), then oxidized in an NADP-dependent reaction to formate:

CH20+H4MPT -+ CHOO- + NADPH (4.12)
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Formate is then either oxidized to produce reducing equivalents, or reduced in an

ATP-dependent reaction to the formaldehdye level for incorporation via the serine

cycle.

CHOO- C02+ NADH (4.13)

CHOO-+ ATP+ NADPH +THF CH2 = THF (4.14)

CH2 = THF +C02+3AT P+2NADH - AcCoA (4.15)

The combination of Equations 4.12, 4.14 and 4.15 gives us the stoichiometry of the

serine cycle starting from formaldehyde to directly compare to the RuMP pathway:

CH2 0+C02+3ATP+ 2NADH -* AcCoA (4.16)

Non-oxidative Glycolysis

In addition to the natural formaldehyde assimilation pathways described above, we

also consider the synthetic Non-oxidative glycolysis (NOG) pathway designed and

demonstrated in the Liao lab [176, 177]. This pathway allows for the stoichiometric

conversion of formaldehyde to acetyl-CoA, with no carbon loss:

2CH20 - AcCoA (4.17)

Butanol Biosynthesis

Under aerobic conditions, NADH is the electron donor for butanol synthesis from

acetyl-coA:

2AcCoA + 4NADH -- C4H1 00 (4.18)

Electron Transport Chain

Apart from that generated in the EMP variant of the RuMP pathway, ATP is pro-

duced in the electron transport chain, with an assumed P/O ratio of 3:

NAD(P)H +02 -+ 3ATP + H 2 0 (4.19)
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Maintenance

The maintenance requirement is estimated based on the E. coli maintenance coeffi-

cient (n) of 7 mmol ATP gDCW-' hr-1 . This is converted to a per methane basis

(7n) via:
mn mY

rM = (4.20)

Based on a doubling time (p) of 0.37hr- and yield (Y) of 1.2 gDCW gCH41 , we

derive a maintenance coefficient of 0.369 mmol ATP gCH41.

Model Closure

The equations described above are converted to matrix-vector form Sv = b, where S

is the stoichiometry matrix and b = 0 except for the row corresponding to the ATP

maintenance requirement, and the row corresponding to the substrate, for which a

basis of 1 mol CH 4 is used. The solution vector v therefore represents the coefficients

of the linear combination of the equations that describes the conversion of 1 mol CH 4 .

From this, the carbon efficiency is calculated as

(iol C4 H100 producedN
Ceff = 4 molOH0coued)(100%) (4.21)

(mol C H4 consumed

Anaerobic Pathways

For simplicity, generally only the reduced form of each electron carrier is shown in

the equations below

Methane Oxidation

CH4 + CoM-S-S-CoB -+ CH3 -CoM + CoB-SH (4.22)

CH3-CoM + xNa+ -+ CH3-H4MPT + CoM-SH + xNa- (4.23)

x = 2 for membrane-bound MTR, or 0 for soluble variant, as discussed in the text.

CH3-H4MPT - CH2 = H4MPT + F42 0 H2 (4.24)
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CH2 = H4MPT - CH - H4MPT + F42 0 H2

CH - H4 MPT -+ CHO-MFR

CHO-MFR 0+C02+ Fdred

(4.25)

(4.26)

(4.27)

Cofactor Regeneration

CoM-SH + CoB-SH + MPH2 + 2H;-+ CoM-S-S-CoB + 2H;t

Fdred +MP + 2Nat 4MPH2 + Fdox + 2Na+

F420 H 2 + MP+ 2HQ- MPH2 + F420+ 2H+ut

MPH2 + A+x H& - MP + AH2 +xH+t

In the case of sulfate reduction, A is extracellular cytochrome, and x = 0.

(4.28)

(4.29)

(4.30)

(4.31)

With

nitrate reduction, A is nitrate, and x = 1.

ATP Production

ATP is generated through the membrane-bound ATPase, with an assumed stoichiom-

etry of 4H+/ATP:

4H+t+ ADP -4H& + ATP (4.32)

ATP can also be generated indirectly from the sodium gradient via a H+/Na+ an-

tiporter, with an assumed stoichiometry of 1:1

(4.33)

Biosynthesis

Carbon is assumed to be assimilated through the Wood-Ljungdahl pathway, with CO

generated by ferredoxin-dependent reductionof CO 2.

C02+ Fdred -+ CO
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CH3-H4MPT +CO -+ AcCoA

As discussed in the text, biomass production is assumed to follow the stoichiometry

0.5AcCoA + 4ATP + 0.3Fdred -4 Cm, Biomass (4.36)

Anaerobic butanol synthesis is most ATP-efficient when crotonyl-CoA reduction is

coupled to ferredoxin reduction using electron bifurcation [35]. The overall stoi-

chiometry for butanol production, assuming F 420H 2 as the source of reducing power,

is therefore

2AcCoA +5F420 H2 + C4 H 10 0 + Fdred+ xATP (4.37)

where x is 0, except when the AOR-dependent pathway is used, as described in the

text.

Maintenance and Model Closure

The anaerobic model is solved in the exact same way as described for the aerobic

models, except with a different maintenance coefficient. As values are not available

for ANME cultures, we consider both the case of no maintenance, and a value of 0.45

that results in a biomass yield in line with those reported in the literature.
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Chapter 5

Engineering E. coli to Metabolize

Methanol

5.1 Summary

Methanol is an attractive substrate for biochemical production, but is not widely

used in industrial biotechnology, largely because the microbes capable of metabo-

lizing methanol remain poorly characterized and are not amenable to the scale of

metabolic engineering required to develop a commercial process. One approach to

overcome this barrier is to engineer the methanol assimilation pathway into a mi-

crobe that is already well characterized, and for which there is significant expertise

in metabolic engineering for the production of biochemical products. To that end,

in this chapter I describe the engineering of the canonical host E. coli to metabolize

methanol. First, various isoenzymes catalyzing the three heterologous reactions were

screened, and a combination was determined that allowed the robust incorporation

of "C methanol into resting cells. These strains could also direct methanol into the

heterologous product 3-hydroxybutyrate. Second, a combination of theoretical anal-

ysis and experiments with various labeled tracers was used to establish the primary

limitations in the pathway. This work revealed that insufficient ribulose 5-phosphate

(Ru5P) leads to the accumulation of formaldehyde, which reduces pathway flux by

reducing the driving force for methanol oxidation. In strains where Ru5P regenera-
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tion was addressed, either by the feeding of pentose precursors, or the inhibition of

glycolysis by a combination of chemical and genetic techniques, the pathway becomes

limited by the activity of the first enzyme, methanol dehydrogenase. The insight

gained in this work forms the foundation for the design of metabolism control strate-

gies to rewire Ru5P regeneration, and motivates efforts to evolve kinetically superior

MDH variants, ultimately enabling the growth of E. coli on methanol as the sole

carbon and energy source.

5.2 Introduction

One of the principle motivations for industrial biomanufacturing is the desire to

increase the sustainability of the production of chemicals that have typically been

produced from non-renewable petroleum resources by producing them instead from

renewable feedstocks. Up to this point, however, most biotechnological processes

have relied on easily accessible sugars from plants such as corn or sugarcane as a

substrate. While these simple sugars can be produced renewably by photosynthesis,

their increased use in biofuels and biochemicals production may lead to disruption

in food supply. This so-called 'food vs fuel' debate has led to increased interest

in finding other renewable feedstocks for biomanufacturing. Methanol represents a

promising candidate for biochemical production [15]. Its current price is comparable

to that of glucose, despite being more energy-dense, with 50% more electrons per

carbon. Methanol can be produced renewably from municipal solid wastes and bio-

gas through syngas as an intermediate, as expemlified by Enerkem'. It can also be

produced using renewable electricity fromCO2, for instance in the process of CRI in

Iceland 2 . Conversion of methane to methanol as a starting material for value-added

processes has also been proposed as a way to monetize stranded natural gas, the

availabillity of which has increased dramatically due to the technological advances in

hydraulic fracturing, and a large fraction of which is currently flared in the absence
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of an economically viable alternative. For these reasons, the concept of a 'Methanol

Economy', advocated by George Olah, has received considerable attention [14].

The use of methanol in bioprocessing presents several challenges. Though it has

been used extensively for the production of single-cell protein (SCP), until recently,

gaps in the fundamental understanding of the biochemistry of methylotrophy and the

lack of robust tools for metabolic engineering in methylotrophs limited the ability to

engineer these organisms to produce alternative products. Genetic tools for methan-

otrophs have improved significantly in recent years [105], and our knowledge of the

biochemical pathways has increased [121, but the ability to divert carbon flux to het-

erologous products remains limited [201, 111]. Because of these difficulties, significant

interest has arisen in importing methanol assimilation into the more tractable host

E. coli. This concept, dubbed 'synthetic methylotrophy' [2021, aims to combine the

advantages of methanol as an attractive carbon substrate for fermentation with the

robust engineering tools and range of downstream heterologous products available in

E. coli.

The first step in methanol metabolism in native organisms is the oxidation of

methanol to formaldehyde (Figure 5-1). In Gram negative methylotrophs, methanol

is oxidized in the periplasm by a PQQ-dependent methanol dehydrogenase. The elec-

trons are transferred into the electron transport chain by way of a cytochrome, and

there contribute to ATP production. Methylotrophic yeast use an alcohol oxidase to

convert methanol to formaldehyde while simultaneously reducing molecular oxygen

to peroxide. Because of the toxicity of peroxide, this process occurs in special intra-

cellular vesicles called peroxisomes, where catalase is expressed to disproportionate

the peroxide to water and oxygen. In both of these cases, the electrons derived from

methanol are unavailable for the biosynthesis, limiting the theoretical yield of a variety

of reduced molecules. In Gram positive methylotrophs, typified by the thermophile

B. methanolicus, methanol oxidation is linked to NAD reduction in the cytosol. This

feature makes this enzyme advantageous for synthetic methylotrophy, because NADH

is a universal electron carrier in E. coli and therefore increases the theoretical yield by

allowing for more of the energy of methanol to be conserved in the product. However,
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this benefit comes with a cost: NAD-dependent methanol oxidation is unfavorable

(AG° = +34.2 kJ mol'), imposing an uphill thermodynamic barrier in the first step

of the pathway.

Gram Negative Methylotroph Methylotrophic Yeast Gram Positive Methylotroph
CH0H EeIon CH 3 OH CH 3OH NAD+

mdh Electrons -\ 02 d
from AOX

CH20 pQQ methanol H CH2( NADH
used for ATP CH O 2 02

cyt generation Peroxisome
Electrons from methan

Electrons from methanol conserved in NADH and
ETC wasted in peroxide available for othe

Periplasm Cytosol generation metabolic reactio:

AGO = -24.8 kJ/mol AGO = -99.2 f 10.4 kJ/mol AGO = +34.2± 6.5 k/mol

Figure 5-1: Enzymes for the Oxidation of Methanol to Formaldehyde

In native methylotrophs, formaldehyde acts as a node between assimilation into

biomass, and further oxidation to provide energy for the cell. Because of the toxi-

city of formaldehdye, these processes are highly co-ordinated and the concentration

of formaldehyde tightly regulated. The two best-known pathways for formaldehdye

assimilation are the ribulose monophosphate (RuMP) pathway [64], and the serine

cycle [66]. The latter incorporates carbon at the redox level of formaldehyde andCO 2

and is energetically costly. In the RuMP pathway (Figure 5-2), formaldehyde is con-

densed with ribulose 5-phosphate through an aldolase, hexulose phosphate synthase

(HPS), to generate d-arabino-3-hexulose-6-phosphate. This molecule is then isomer-

ized via phosphohexulose isomerase (PHI) to provide fructose 6-phosphate (F6P).

Several variants of the regenerative portion of the RuMP pathway are known, and

each uses or generates varying amounts of the cofactors ATP and NADH in a cy-

cle involving enzymes of the non-oxidative pentose phosphate pathway to regenerate

Ru5P from F6P to allow further formaldehyde assimilation. The FBP aldolase /

transaldolase (FBP/TAL) version of the pathway is the most energetically efficient

[64], and uses enzymes found in E. coli. This pathway therefore represents an ideal

starting point for engineering a methylotrophic E. coli, as it requires the expression
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of only three heterologous enzymes: MDH, HPS, and PHI.

D-arabino-3-Hexuose 6P Fructe 6-P

Formaldehyde OH 0 OH OH OH OH

HPS CH2 PHI CH2

CH 2  opoH OH OPOiDH 0
NADH

MDH OH 0

CH3oH .. - Rearrangements in PPP
Methanol opo3 o OH

Riblmose 5-P

Figure 5-2: Schematic Representation of the Ribulose Monophosphate (RuMP) Path-
way

Several groups have attempted this before. In the seminal work in this field,

Mller and co-workers demonstrated the ability of resting E. coli cells expressing the

heterologous enzymes to incorporate 3C methanol into central carbon metabolites

[203]. Recently, Whitaker and co-workers showed that supplementation of methanol

during growth on yeast extract could allow a similarly engineered strain to reach

higher cell densities than with yeast extract alone, and could produce the heterologous

product naringenin with a significant amount of the carbon derived from methanol

[204]. To date, however, no group has been able to demonstrate growth of E. coli on

methanol as a sole carbon source. Similar efforts in Corynebacterium glutamicum have

met with the same results [205]. Various hypotheses for this have been put forth, chief

among these being the relatively poor kinetics and thermodynamics of heterologously

expressed MDH. This has led to efforts to find and engineer more active variants

of this enzyme [206], and a strategy involving the co-localization of MDH and HPS

through a SH3-ligand interaction pair to prevent the build-up of formaldehyde [207].

However, the effects of these modifications on the incorporation of methanol into

central metabolism have not been characterized. More broadly, there has been no

systematic attempt to quantitatively address the limitations of the pathway. Such an

analysis is critical in the design-build-test workflow, but is complicated by the slow

rate of methanol oxidation and its volatility, which together make measuring the rate

of methanol consumption difficult.
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To address this need, in this work we engineered strains with similar performance

to the previously reported strains, and then developed quantitative assays to system-

atically characterize several hypothesized limitations, with the aim of establishing

the most effective targets for further metabolic engineering. Our analysis revealed

the depletion of Ru5P as the primary limitation to high methanol flux, followed by

the kinetics of MDH. These results provide direction for subsequent work in this field.

In addition, the assays developed here are generalizable, and can be used to evaluate

the removal of these bottlenecks in improved strains in the future.

5.3 Methods

5.3.1 Strains and Plasmids

Strains and plasmids used in this study are shown in Table 5.1. MG1655(DE3) was

the base strain for methanol metabolic engineering [208]. E. coli DH5a was used as a

general cloning host, and BL21(DE3) was used for the purification of proteins. Both

were purchased as competent cells from NEB. pCas9 and pTargetF were gifts from

Sheng Yang (Addgene plasmids 62225 and 62226) [209].
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Table 5.1: Strains and plasmids used in E. coli methanol

assimilation

Description Reference

Cloning strain NEB

Protein expression and purification NEB

F- A- ilvG rfb-50 rph-1 (DE3) [208]

MG1655(DE3) with gshB knocked out This work

MG1655(DE3) with frmA knocked out This work

MG1655(DE3) with frmA and rpe knocked out This work

MG1655(DE3) with frmA and rpiA knocked out This work

MG1655(DE3) with frmA and rpiA and rpiB knocked out This work

ColEl lacI pT7 KnR

pET28 carrying B. methanolicus MGA3 mdh and act, M. gastrii hps and phi

pET28 carrying B. methanolicus MGA3 mdh2 and act M. gastrii hps and phi

pET28 carrying B. methanolicus MGA3 mdh2, M. capsulatus hps and phi

pET28 carrying B. methanolicus MGA3 mdh2 and act, M. capsulatus hps and phi

pETMEOH140 with optimized RBS for hps and phi

Novagen

This work

This work

This work

This work

This work



pETMEOH140 with adhA from C. glutamicum replacing B. methanolicus mdh2

pETMEOH300 with optimizd RBS for hps

pETMEOH300 with B. methanolicus hps in place of M. capsulatus hps

pETMEOH320 with G. stearothermophilus mdh in place of adhA

pETMEOH320 with C. necator mdh2 V4-1 [210] in place of adhA

pET28 carrying with C. necator mdh2 V4-1

pET28 carrying hps from M. capsulatuswith N-terminal HIS tag

pET28 carrying phi from M. capsulatuswith N-terminal HIS tag

pET28 carrying rpiA from E. coliwith N-terminal HIS tag

p15a lac pT7 CmR

pACYC-Duet1 carrying E. coli rpe, tktA, talB, rpiA

pACYC-Duet1 carrying E. coli glpX

pACYC-Duet1 carrying S. pyogenes NADH oxidase (nox)

pACYC-Duet1 carrying catalytically inactviated S. pyogenes NADH oxidase (nox)

pACYC-Duet1 carrying R. eutropha phaA, C. acetobutylicum hbd, and E. coli tesB

pMB1 aadA sgRNA-pMB1

repA101(Ts) kan Peas-cas9 ParaB-Red lacP Ptc-sgRNA-pMB1

pTargetF with homology for frmA

pTargetF with homology and N20 for frmA

This work

This work

This work

This work

This work

This work

This work

This work

This work

Novagen

This work

This work

This work

This work

This work

[209]

[209]

This work

This work



5.3.2 Reagents

Unless specified, all chemical reagents were purchased in the highest grade available

from Sigma. DIFCO M9 salts and LB, BACTO Agar, and casamino acids were

purchased from BD. Methanol-free formaldehyde (16% v/v) was purchased as 1 mL

ampules from ThermoFisher (Catalog # 28906), and dilutions for cellular assays were

prepared fresh each day. Trace Elements (MD-TMS) and Vitamin Solution (MD-VS)

were purchased from ATCC. Isotopically labeled substrates were purchased in the

highest grade available from Cambridge Isotope Laboratories.

5.3.3 Cell Growth

LB was used in cloning and for growing cells for protein purification. For all other

studies, cells were grown in M9+ medium (DIFCO M9 amended with 1% MD-TMS

and MD-VS) as follows: three colonies were inoculated from fresh transformation

plates into M9+ medium supplemented with the desired carbon source, 0.1 % casamino

acids, and the relevant antibiotics (Kanamycin, 50 pg mL-1 ; Chloramphenicol, 25 pg

mL- 1 ) and grown overnight. In the morning, fresh M9+ medium containing the de-

sired carbon source and antibiotics but no casamino acids was inoculated at 1-2%

(v/v) from the overnight cultures, grown at 37°C, and then treated as described

below for the relevant assays.

5.3.4 Cloning

Heterologous genes were codon-optimized for E. coli and synthesized as GBlock frag-

ments by IDT. All plasmids were assembled via Gibson assembly using primers shown

in Tables 5.2, 5.3, 5.4, 5.5, and 5.6.E. coli DNA fragments were amplified using Q5

Polymerase (NEB) and 0.5 pL culture as a template in a 30 pL reaction. Deletion

of gshB was accomplished by the method of Datsenko and Wanner [211]. All other

deletion strains were generated using the CRISPR-Cas9 method described by Jiang

et al [209], with the modification of curing the pCas9 plasmid at 42°C. The pTarget

vectors for the knockouts are listed in Table 5.1. These vectors were constructed
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in two steps: First, Gibson assembly was used to insert approximately 500 bp ho-

mology regions upstream and downstream of the target gene into pTargetF digested

with Xho. The homology regions were designed to make the exact deletion described

in the KEIO collection 1212]. Next, the N20 region for the specific gene was in-

corporated by amplifying the vector containing the homology region with a forward

primer containing this sequence (xxx-sg-F) and a common reverse primer (pTarget-

sg-R), and assembling the linear fragment after DpnI digest and purification. To

generate a triple mutant of nox, the gene was amplified in two segments with nox-

upfwd/nox-up rev and nox-dn_fwd/nox-dn rev, which encode the mutations in

the GA homology regions. These fragments were then assembled with pACYCDuet-1

amplified with pACnox_rev/pACnox_fwd.

5.3.5 Flux Balance Analysis

FBA simulations were carried out in MATLAB 2016b with the CobraToolbox (v 2.0)

and the Gurobi optimization package, using the core E. coli model iAF1260 [213],

amended with the heterolous reactions catalyzed by MDH, HPS, and PHI, and their

associated metabolites. For modeling growth on ribose, substrate uptake was assumed

to be ATP-dependent, and a reaction corresponding to ribose kinase was added to

allow conversion of ribose to ribose-5-phosphate. Methanol uptake was assumed to

be mediated by passive diffusion. A complete list of the reactions added to the model

is found in Appendix A.4. To compare flux maps across different substrates, growth

was first simulated with 10 mmol gDCW-1 hr -1 glucose, and a growth rate of 0.86

hr -1 was determined. For growth on methanol and ribose, the substrate uptake rates

were varied until the growth rate was within 2% of the glucose growth rate, resulting

in a rate of 42 mmol gDCW-1 hr -1 methanol, and 11 mmol gDCW- 1 hr -1 ribose.

5.3.6 Resting Cell Experiments

Resting cell experiments were performed essentially as described by Muller et al 2141.

Briefly, cells were grown in in M9+ medium until early exponential phase (OD60 0 0.5),
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Fragment Source Primer Primer Sequence
pETMEOHi00
Bm MGA3 mdh GBlock N/A
Bm MGA3 act GBlock N/A
Mg HPS, PHI GBlock N/A
Backbone pET28 pET28_fwd CCCGGGAGGAGGAATTAAC

pET28 rev GGTATATCTCCTTCTTAAAGTTAAAC
pETMEOH110
Bm MGA3 mdh2 GBlock N/A
act, HPS, PHI pETMEOH100 pET100_rev GGTATATCTCCTTCTTAAAGTTAAAC

pET100 fwd CCCGGGAGGAGGAATTAAC
pETMEOH140
Bm MGA3 mdh2 pETMEOH110 mdh2F-140 actttaagaaggagatataccATGACTAACACCCAGTCTG

mdh2R-140 actttaagaaggagatataccATGACTAACACCCAGTCTG
Mc HPS, PHI GBlock N/A
Backbone pET28 pET28_fwd CCCGGGAGGAGGAATTAAC

pET28_rev GGTATATCTCCTTCTTAAAGTTAAAC
pETMEOH150
mdh2 and act pETMEOH110 mdh2actF-150 actttaagaaggagatataccATGACTAACACCCAGTCTG

mdh2actR-150 ggcgggccatGGTTAATTCCTCCTAATAATTTATTTG
Mc HPS and PHI GBlock N/A
Backbone pET28 pET28_fwd CCCGGGAGGAGGAATTAAC

pET28 rev GGTATATCTCCTTCTTAAAGTTAAAC
pETMEOH160
mdh2 pETMEOH140 pET140_rev tgtatacctectattataTTACATGGCGTTTTTGATGATC

pET140_fwd CGAATTCGAGCTCCGTCG
Mc HPS pETMEOH140 hps(mc)F160 atcaaaaacgccatgtaatataataggaggtatacaATGGCCCGCCCGTTAATC

hps(mc)R160 gttaatacctcctaatattaaTCATGCGCTTGCAGCTAC
Mc PHI pETMEOH140 phi(mc)F160 gcgcatgattaatattaggaggtattaacATGCATCAGAAACTCATTATC

phi(mc)R160 cggagctcgaattcgTCATTCCAAATTAGCGTGAC

Table 5.2: Primers used for construction of initial methanol assimilation vectors pETMEOH100-160
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Fragment Source Primer Primer Sequence
pETMEOH300
Cg adhA GBlock N/A
Mc HPS, PHI pETMEOH140 pET140_fwd ATTATTAGGAGGAATTAACCATGG

pET140_rev GGTATATCTCCTTCTTAAAGTTAAAC
pETMEOH302
Cg adhA GBlock N/A
Mc HPS pETMEOH140 hpsmc(302)_fwd gtgtggcaattcgctactaaagaacaaaacaagctaaggaggtaagaaaATGGCCCG

CCCGTTAATC
hpsmc(302_rev ggttaattcctcctggatccTCATGCGCTTGCAGCTAC

Mc PHI pETMEOH140 pET140_fwd ATTATTAGGAGGAATTAACCATGG
pET140_rev GGTATATCTCCTTCTTAAAGTTAAAC

pETMEOH320
adhA, PHI pETMEOH300 pET300_fwd GGATCCAGGAGGAATTAAC

pET300_rev TTAGTAGCGAATTGCCAC
Bm HPS GBlock N/A
pETMEOH400
Gs mdh GBlock N/A
HPS, PHI pETMEOH320 pET320_fwd CGAAGAACCAAGAAACGAG

pET320_rev GGTATATCTCCTTCTTAAAGTTAAAC
pETMEOH500
Cn mdh2 4-1 GBlock N/A
HPS, PHI pETMEOH320 pET320_fwd CGAAGAACCAAGAAACGAG

pET320_rev GGTATATCTCCTTCTTAAAGTTAAAC

Table 5.3: Primers used for construction of second generation methanol assimilation vectors pETMEOH300-500
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Fragment Source Primer Primer Sequence
pACRuMP
Ec rpe gDNA rpe_fwd ctttaataaggagatataccATGAAACAGTATTTGATTGCC

rpe_rev attgtatacctcctattataTTATTCATGACTTACCTTTGC
Ec tktA gDNA tktAfwd gtaagtcatgaataatataataggaggtatacaATGTCCTCACGTAAAGAG

tktArev tgttaatacctcctaatattAATTACAGCAGTTCTTTTGC
Ec talB gDNA talB_fwd agaactgctgtaattaatattaggaggtattaacATGACGGACAAATTGACCTC

talB_rev tgttaatacctccttattaaTTACAGCAGATCGCCGATC
Ec rpiA gDNA rpiA_fwd ggcgatctgctgtaattaataaggaggtattaacATGCGTGTGAAATTTCATAC

rpiA_rev cggtttctttaccagactcgagTCATTTCACAATGGTTTTGAC
Backbone pACYCDuet pDuetfwd CTCGAGTCTGGTAAAGAAAC

pDuetrev GGTATATCTCCTTATTAAAGTTAAACAAAATTATTTC
pACriox
Sp nox gBlock N/A
Backbone As above
pACglpX
Ec glpX gDNA glpXfwd ctttaataaggagatataccATGAGACGAGAACTTGCC

glpXrev cagcggtttctttaccagacTCAGAGGATGTGCACCTG
Backbone As above
pAC3HB
Re phaA gDNA phaAfwd tttaactttaataaggagatataccATGACTGACGTTGTCATC

phaArev attgtatacctcctattataTTATTTGCGCTCGACTGC
Ca hbd gDNA hbdfwd cgagcgcaaataatataataggaggtatacaATGAAAAAGGTATGTGTTATAGG

hbdrev gttaatacctcctaatattaaTTATTTTGAATAATCGTAGAAACCTTTTC
Ec tesB gDNA tesBfwd ttattcaaaataattaatattaggaggtattaacATGAGTCAGGCGCTAAAAAATTTAC

tesBrev tcgcagcagcggtttctttaccagaTTAATTGTGATTACGCATCACC
Backbone As above
pACnoxM3
nox 5' frag pACnox nox-upfwd ttgtaggcgcgaatcacgcagcaACCGCGTGCATCAACACG

nox-uprev cgccgatgtatgcACCACCGACCACTGCGATAC
nox 3' frag pACnox nox-dnfwd ggtcggtggtgcaTACATCGGCGTGGAACTG

nox-dnrev ttatcgtaaacagtagcgcatgcACCTACTGCGTACACACC
Backbone pACnox pACnoxf gcaTGCGCTACTGTTTACGATAAC

pACnox r tgcTGCGTGATTCGCGCCTAC

Table 5.4: Primers used for construction of auxiliary expression vectors
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Fragment Source Primer Primer Sequence

pETCNmdh
Cn mdh2 4-1 pETMEOH500 CN4-1_fwd ctttaagaaggagatataccatgcatcatcatcatcatcacACCCACCTGAACATCGCT

AATC
CN4-1_rev ttgttagcagccggatctcaTTACATCGCCGCAGCGAA

Backbone pET28 pET28_fwd TGAGATCCGGCTGCTAAC
pET28_rev gtgatgatgatgatgatgcatGGTATATCTCCTTCTTAAAGTTAAACAAAA

TTATTTC

pETrpiA
Ec rpiA gDNA pETrpifwd ctttaagaaggagatataccatgcatcatcatcatcatcacCGTGTGAAATTTCATACC

AC
pETrpi rev cagtggtggtggtggtggtgctcgagTCATTTCACAATGGTTTTGAC

Backbone As above
pEThps
Mc hps pETMEOH140 hps(MC)_fwd ctttaagaaggagatataccatgcatcatcatcatcatcacGCCCGCCCGTTAATCCAG

hps(MC)_rev caagcttgtcgacggagctcTCATGCGCTTGCAGCTAC
Backbone As above
pETphi
Mc phi pETMEOH140 phi(MC)_fwd tttaagaaggagatataccatgcatcatcatcatcatcacCATCAGAAACTCATTATCG

ATAAAATC
phi(MC)_rev ttgtcgacggagctcTCATTCCAAATTAGCGTGAC

Backbone As above

Table 5.5: Primers used for construction of vectors for protein purification
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Fragment Source Primer Primer Sequence
pTarget-frmA
Upstream homology gDNA frmAUPfwd tattaccctgttatccctacTTCCTTCTGCCGCCCGCT

frmAUPrev ttacggttcgCATCTCTCGCTCTTCCTCAATATGGTAAT
AGATTC

Downstream homology gDNA frmA _DOWN__fwd gcgagagatgCGAACCGTAATTCGTTACTG
frmADOWNrev tgatggagctgcacatgaacACTAAATCCGGCAGCTCG

Backbone pTargetF Digest (XhoI)
pTarget-frmA-N20
N20 pTarget-frmA frmA-sgl-F gtcctaggtataatactagtCTAATTAAAGTCACCCATACgtttta

gagctagaaatagc
pTarget-sg-R ACTAGTATTATACCTAGGACTGAG

Table 5.6: Primers used for generating deletion of frmA
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and induced with IPTG. After 2 hours, cells were harvested by centrifugation at room

temperature, washed once with M9+ medium with no carbon source, and resuspended

again in carbon-free M9+ medium to an OD6 0 0 of 1. Various substrates were then

added as described in the text, and cells were incubated for a further 15 minutes

at 37C before the addition of methanol. Cells were then sampled periodically for

internal metabolites, and supernatants were analyzed for formaldehyde and other

extracellular compounds, as described below.

5.3.7 Formaldehyde Analysis

Formaldehyde concentration was measured in the supernatants assayed by the Nash

reaction [215] modified for 96-well plate format. 200 pL cells were spun down for 1

minute at 13,000 RPM, before transferring 125 pL supernatant to a well. The plate

was kept on ice until all samples had been collected. 125 pL Nash reagent (5 M

NH 40Ac, 50 mM acetylacetone) was added to each well, the plate was incubated at

37°C for one hour, and absorbance was read on a SpectraMax M2e spectrophotome-

ter at 412 nm. A standard curve was prepared fresh daily from 16% formaldehyde

(methanol-free) vials in the range from 200 pM to 0 pM. To measure formaldehyde

labeling, supernatant samples were derivatized with 2,4-DNPH and analyzed by LC-

MS/MS, by a modification of the protocol by Zwiener et al [216]. Briefly, 20 mg

2,4-DNPH-HCl (TCI America) was dissolved in 15 mL of acidifed water/acetonitrile

(HC:H20:ACN 2:5:1) and washed twice with hexanes to remove impurities. 150 pL

of the reagent was mixed with 50pL of sample, and incubated at room temperature

for one hour. For LC-MS analysis, an Agilent 1100 HPLC with a Zorbax SB-C18 col-

umn (3.5 pm, 2.1x100mm) was connected to a SCIEX API 4000 Triple Quadrupole

MS running in negative MRM mode. The mobile phase was 50:50 Acetonitrile:Water

with a flow rate of 0.3 mL min-1 and the run was isocratic, with 10 pL injection.

The MS source parameters were as follows: Collision Gas, 6; Curtain Gas, 40; Gas

1, 20; Gas 2, 80; IonSpray Voltage, -3000V; Temperature, 600°C. Optimal compound

parameters were determined by infusion of a formaldehyde-DNPH standard (Sigma),

and are as follows: Declustering Potential, -36V; Entrance Potential, -10V; Collision
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Energy, -22V; Collision Cell Exit Potential, -10V). The m/z transition for unlabeled

derivatized formaldehyde was 209.0/181.0.

5.3.8 Intracellular Metabolite Extraction and Quantification

Intracellular metabolites were extracted and isotope labeling patterns analyzed as

described in [217]. Briefly, 1-2 mL of liquid culture was filtered through a 0.45 pm

nylon filter, washed with 10 mL room-temperature water, and then the filter was

transferred into a 50 mL falcon tube containing 5 mL of extraction solution (40:40:20

acetonitrile:methanol:water) at -20°C. After 30 minutes, the filter was removed, the

samples were centrifuged, and the supernatants dried overnight under air. The next

morning, dried metabolites were resuspended in 150 pL water, centrifuged at 13,000

RPM for 20 minutes, and injected into the LC-MS. Labeling distributions were cor-

rected for natural abundance using the software IsoCor [218]. For quantification of

internal metabolites, the extraction solution was spiked with "C internal standards

that were previously generated by growing E. coli on U-1 3 C-labeled glucose, and area

of unlabeled peaks was normalized to the area of fully labeled peak, as described in

[219].

5.3.9 Extracellular Metabolite Quantification

Extracellular metabolites were analyzed using an Agilent 1200 HPLC system with

a G1362A RID detector with isocratic flow of 14 mM sulfuric acid (0.7 mL min-1,

50°C) through a BioRad Aminex HPX-87H ion exchange column (300 mm x 7.8 mm).

500 pL culture was withdrawn and filtered through 0.2 pm syringe filter into HPLC

vials, and 10 pL injected into the HPLC.

5.3.10 Crude Lysate Preparation

For small-scale anaylsis of protein in crude lysates, 1 mL of cell culture (OD6 00 0.5-1)

was spun down, and the supernatant removed by aspiration. Pellets were frozen, and

then lysed with 100 tL BPER-Complete at room temperature for 15 minutes. The
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soluble and insoluble fraction were separated by centrifugation at 20,000 RCF for 10

minutes at 4C.

5.3.11 Quantification of MDH Solubility

To estimate the amount of MDH in the soluble and insoluble fraction, first the amount

of MDH in each fraction was calculated by image analysis after SDS-PAGE. 10 pL

of the soluble fraction were mixed with Laemmli buffer. The insoluble fraction was

resuspended by vigorous pipetting in 100 pL BPER, and 10 pL mixed with Laemmli

buffer. Samples were boiled for 5 minutes in a thermocycler, before being run on a

Mini-PROTEAN TGX gel (12%, 15-well comb) at 150V for approximately 1 hour.

Bands were visualized with InstantBlue gel stain (Expedeon) and size was compared

to BioRad Kaleidoscope pre-stained standards. Bands were identified and quantified

using the software Alphalmager HP. To quantify the total amount of protein in the

soluble and insoluble fraction, first the insoluble fraction was re-solubilized using 8M

guanidinium hydrochloride (Gu-HCl), and then diluted 3-fold in water to reduce the

Gu-HCl concentration. Protein concenration was then determined by BCA Assay

(Pierce). The amount of soluble MDH was then calculated as

[MDHsoo]
«soluble [MDHsoi]+ [MDHinsoi]

[Proteinsoi](%Proteinsoi,MDH)

[Proteinsoji](%Proteinoi,MDH)+ [Proteininsoi(%PrOteininsol,MDH)

(5.1)

5.3.12 Enzyme Assays

All enzyme asasys were conducted at 37°C in 96-well plates using a SpectraMax M2e

(Molecular Devices). Each well contained 10 pL of crude lysate in a total of 250

pL reaction mixture. Enzyme activities were normalized to the total soluble protein

concentratino as measured by BCA assay.
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MDH

Methanol dehydrogenase activity was measured by following the methanol-dependent

reduction of NAD+ at 340 nm. The assay consisted of 100 mM glycine-KOH (pH

9.5), 5 mMMgSO4, and 1 mM NAD, and was ininitated by the addition of 500 mM

methanol.

HPS and PHI

Hexulose-6-phosphate synthase (HPS) and phosphohexulose isomerase (PHI) activity

were measured in a coupled assay as described in [177]. For HPS, the assay consisted

of 50 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 0.2 mM NADP+, 5 mM ribulose 5-

phosphate, excess PHI, PGI, ZWF, and RPI, and was initiated by the addition of

formaldehyde (5 mM). For PHI, the assay was the same but with excess HPS instead

of PHI. Enzyme velocities were calculated by monitoring NADP+ reduction after the

reaction reached steady state.

ACT

Nudix hydrolase activity of ACT was measured in a coupled assay with ADP-ribose

as a substrate [220]. Mononucleotide phosphate relased by ACT was hydrolyzed

to orthophosphate by Calf Intestinal Alkaline Phosphatase (NEB), and measured by

Malachite green phosphate assay (Cayman Chemical, #10009325) after termination of

the reaction with sulfuric acid. The reaction was carreid out in 100 mM glycine-KOH

(pH 9.5), 5 mMMgSO 4, and were initiated by the addition of 250 nmol ADP-ribose.

NOX

NADH oxidase activity was measured by following the oxidation of NADH at 340

nm. The assay consisted of 50 mM Potassium Phosphate Buffer (pH 7.0), and was

initiated by the addition of 200 pM NADH [221].
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5.3.13 Large-Scale HIS-tagged Protein Purification

BL21(DE3) cells containing expression plasmids were grown overnight in LB medium,

then subcultured at 1% (v/v) into LB medium in baffled flasks, and grown to early

expontential phase (OD 0.5). Expression was induced with IPTG at 0.1 mM, and

growth continued for 3-5 hours. Cultures were centrifuged, pellets taken up in ice

cold extraction buffer (50 mM Tris-HCl (pH 7.5), 25 U mL-' Benzonase (Sigma),

0.1 mM PMSF), and lysed by three passages through a High Pressure Homogenizer

(EmulsiFlex-C5). The soluble fraction was separated by centrifugation at 20,000 RCF

for 20 minutes at 4C. HIS-tagged proteins were purified using Ni-NTA His-Bind Resin

(EMD Millipore #70666) following the manufacturer's instructions. Imidazole was

removed and protein concentrated by 5 passages through a 3K MWCO Microsep

centrifugal filter (Pall Laboratory #MCP003C41) with ice cold Tris-HCl (20 mM, pH

7.5).

5.4 Results and Discussion

5.4.1 Establishing Methanol Assimilation in E. coli

To generate E. coli strains capable of metabolizing methanol, we cloned candidate

genes for each of the heterologous enzymes (MDH, ACT, HPS, and PHI) as an artifi-

cial operon into the T7 expression vector pET28. The first plasmid, pETMEOH100,

contained the major mdhl and act from B. methanolicus MGA3, and the hps and

phi from M. gastri, since the latter two enzymes had previously been shown to be

functionally expressed in E. coli [112]. To test the functionality of the engineered

strain, MG1655(DE3) AgshB cells carrying this plasmid or the empty vector control

were grown in M9+ medium with 0.4% glucose, and induced with 1 mM IPTG at

early exponential phase. The deletion of gshB results in the absence of glutathione

synthesis (Supplementary Figure A-3), which is required for the native detoxification

system and may reduce flux into central metabolism in WT cells. After 2 hours of

further growth, cells were spun down, washed, and re-suspended in the same medium
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but with no carbon source. After 15 minutes, 50 mM 1 3 C methanol was added, and

samples were taken for metabolite labeling at 0, 30, 60, 90 and 120 minutes. As

shown in Figure 5-3, there was no detectable incorporation of methanol in this strain.

We hypothesized that this could be due to low MDH activity. Switching to Mdh2

in pETMEOH110, which was shown to have an activity 1.5-fold higher than Mdh1

in vitro [73], led to a small improvement, with trace detection of methanol incor-

poration after approximately 90 minutes (Figure 5-3). That significantly increased

MDH activity led to only a small change in methanol incorporation suggested that

perhaps the downstream enzymes were rate-limiting. The HPS from M. gastri has a

markedly higher kat than MDH, but the Km for formaldehyde is high, at 2.96 mM

[112], such that it could be relatively inactive with the low formaldehyde concen-

tration generated by a slow MDH. We therefore looked for HPS candidates with a

lower Km. A detailed characterization of HPS and PHI from M. capsulatus [222], and

HPS from B. methanolicus [2231, showed that both of these enzymes had significantly

lower Km values than the isoenzyme from M. gastri (Table 5.7). As M. capsulatus is

mesophilic, with an optimum growth temperature of 370 C, we reasoned its enzymes

may function better in E. coli than the enzymes from the thermophilic B. methanoli-

cus, and therefore cloned codon-optimized versions of these genes together with mdh2

and act, to generate pETMEOH150. As depicted in Figure 5-3, cells carrying this

plasmid showed substantial incorporation of "C methanol. The time scale and total

fraction of carbon labeled is similar to that reported by Mller et al [214] despite

using a much lower concentration of methanol (50 mM vs. 1 M), and shows that the

pathway for methanol assimilation is functional in E. coli. Further, the presence of

M+2 isotopes of phosphoenolpyruvate shows that there is some regeneration of Ru5P

through the non-oxidative pentose phosphate pathway.

All the plasmids constructed up to this point expressed the MDH activator protein.

Currently, there is no data to support a physiological role for this protein in methanol

metabolism by B. methanolicus. To probe the utility of ACT in E. coli, we generated

plasmid pETMEOH140, which is identical to pETMEOH150 but which lacks the

act gene. As shown in Figure 5-4, expression of the activator protein conferred no
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Figure 5-3: 1 3 CH30H Incorporation in Resting Cells of MG1655(DE3) AgshB Car-
rying pET28, pETMEOH100, pETMEOH110, and pETMEOH150

Organism Km Reference
M. gastri Formaldehyde: 2.96 mM [112]

Ru5P: 1.49 mM [224]
M. capsulatus Formaldehyde: 0.49 mM [222]

Ru5P: 0.083 mM
B. methanolicus Formaldehyde: 0.00147 mM [223]

Ru5P: 0.0045 mM

Table 5.7: Kinetic properties of HPS variants

improvement in 13C label incorporation, despite confirming activity of the protein

in crude lysates (Supplementary Figure A-4), and a 10-fold higher MDH activity in

crude lysates of cells containing pETMEOH150 compared to pETMEOH140 (Figure

5-5). These data could indicate either that NUDIX hydrolase-mediated activation of

MDH is only relevant in vitro, or that the activation is unsuccessful in vivo in E. coli.
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Figure 5-5: MDH Activity in Crude Lysates of pETMEOH140 and pETMEOH150

Given that an improved HPS led to the most significant improvement in methanol

assimilation, we asked if a further increase in HPS activity could further improve
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pathway flux. We used the Ribosome Binding Site (RBS) calculator [2251 to design

an optimized binding site for HPS and PHI to maxmize their expression level, and

cloned these sites upstream of the respective genes in pETMEOH140 to generate pET-

MEOH160. Assays of crude lysates of MG1655(DE3) carrying these vectors revealed

a roughly 9-fold increase in HPS expression level in pETMEOH160 (Table 5.8) To si-

Construct Specific Activity (U mg- 1)
pETMEOH140' 1.04±0.05
pETMEOH160 9.04i4.7

Table 5.8: Activity of HPS in Crude Lysates of pETMEOH140 and pETMEOH160

multaneously investigate the effect of the glutathione knockout, "C labeling analysis

of these constructs was conducted in WT cells, enabling the additional comparison

between pETMEOH140 in WT and AgshB cells. The results are shown in Figure

5-6. Despite the large increase in HPS activity, no significant increase in labeling was

detected between cells carrying pETMEOH140 and pETMEOH160, suggesting that

HPS activity does not control flux. Comparing WT:pETMEOH140 to AgshB:140

(Figure 5-4), we notice a small but significant decrease in the total labeling in the

WT cells, suggesting the native detoxification pathway competes with the RuMP for

methanol flux.

5.4.2 Identification of Bottlenecks in Engineered Strains

Despite the fact that cells showed robust incorporation of "C methanol, indicating

pathway activity, we were consistently unable to obtain methanol-dependent growth.

This same phenomenon was observed by others in this field [214, 226], and likely

indicates either a limitation in the pathway, or the inability of the strain to adapt

to an atypical carbon source. We focused on the first issue, and set about analyzing

potential bottlenecks in methanol assimilation.
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Figure 5-6: 13CH30H Incorporation in Resting Cells of MG1655(DE3) Carrying pET-
MEOH140 and pETMEOH160

Quantifying Methanol Uptake

To analyze pathway limitations, it is critical to quantify the rate of methanol uptake,

or methanol assimilation into central metabolism. For methanol, which is highly

volatile, metabolized relatively slowly, and shows high variability in replicate HPLC

injections, measuring uptake rate by analyzing supernatant concentration presents

a challenge. We therefore sought to analyze methanol assimilation rate using the

high sensitivity of 3 C labeling. Up to this point, all labeling experiments had been

conducted in media containing no additional carbon source beyond methanol, with

unlabeled carbon presumably being derived primarily from glycogen mobilized in

response to starvation conditions. Since 13C labeling data provide relative fluxes,

without accurate quantification of the metabolism of the unlabeled substrate, the la-

167

pETMEOH160

-

.0

0

0

0.G)
00.

0..

0



beling fractions seen in these experiments tell us very little about the absolute rate of

methanol assimilation into central metabolism. We therefore revised the procedure

for assessing methanol incorporation, by adding 50 mM "C methanol at the time

of induction to cells actively growing on glucose, which allowed us to compare the

rate of methanol incorporation to the measured rate of glucose uptake. Preliminary

experiments were conducted to determine the time point for metabolite extraction,

such that the cells had sufficient time to reach isotopic and metabolic steady state,

but not so long that glucose was exhausted and growth ceased. The optimal time was

found to be three hours post-induction. Additional plasmids carrying other variants

of MDH, HPS, and PHI were generated for this experiment to enable a broader com-

parison of enzymes. FBP labeling results and the glucose consumption rates for each

strain are shown in Figure 5-7. The glucose consumption rate varied from 2 mM hr 1

4
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3.5.c
S1.2%-

3 E

E 1.0% 2.5

C 0.8% --wU 2 E

0.6% -1.5 0
-0.4% -1

L.. 0
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0.0% 0 ' ' ' ' ' I
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Figure 5-7: FBP Labeling and Glucose Consumption in Various Methanol-
Metabolizing Strains. Bars indicate FBP labeling, and points indicate glucose
consumption rate. Error bars are standard deviations from three biological replicates.

to 3.5 mM hr-1 (cell growth and glucose consumption were both linear after IPTG

induction). The high variability of glucose consumption prevented robust comparison

of the different pathway variants, but in all cases the mean isotopic enrichment of FBP

was never more than 1%. This indicates roughly a 100-fold lower rate of assimilation
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of methanol than glucose, or 20-35 tM hr-. This slow rate explains a) why the cells

were unable to growth with methanol alone, as this rate is insufficient to generate

even the ATP needed for maintenance, and b) why measuring uptake via HPLC has

been challenging, given that the rate of evaporation in flasks (approximately 1 mM

hr- 1 ) is 50-fold higher than the rate of methanol consumption. The strain carrying

pETMEOH500, which expresses an evolved variant of mdh2 from R. eutropha [2101,

showed the highest FBP enrichment and close to the highest glucose consumption

rate, suggesting this vector is a promising candidate for further work, and further

suggesting that MDH may limit pathway flux, since this is the variant with high-

est in vitro MDH activity (Table 5.9). Plasmids pETMEOH300, 302, and 320 all

carry the adhA from C. glutamicum [2271, and differ only in the expression of HPS

and PHI: pETMEOH300 and pETMEOH302 both contain genes from M. capsulatus.

pETMEOH302 contains the optimized ribosome binding sites used in pETMEOH160

that leads to a roughly 9-fold increase in HPS activity compared to pETMEOH300.

pETMEOH320 expresses HPS and PHI from B. methanolicus. The similarity of la-

beling between all these strains provides further support that the activity of HPS and

PHI do not control pathway flux.

It is important to note that the 13 C labeling approach may underestimate the rate

of methanol assimilation. These experiments were conducted in WT cells with the

endogenous formaldehdye detoxification pathway present, in which formaldehyde is

oxidixed to fomate and not incorporated into central metabolism. However, formate

production was not detected by HPLC. Further, as described above, the difference in

labeling between AgshB and WT cells carrying pETMEOH140 was small. In these

experiments, FBP was analyzed because it is one of the most abundant metabo-

lites in E. coli [2191, whereas with our instrumentation F6P labeling was difficult

to accurately measure. The possibility exists that a significant fraction of the F6P

was consumed via the oxidative pentose phosphate pathway (oxPPP), in which case

the labeled carbon from methanol would be lost as CO 2. To assess this possibility,

we grew cells on 1- 13 C-glucose and analyzed the labeling pattern of 3PG. Complete

catabolism of 1-C-glucose via glycolysis results in retention of the label, leading to
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50% of 3PG being singly labeled, whereas catabolism by oxPPP results in complete

loss of label. In our strains, 3PG was almost exactly 50% labeled 5-8 (compared to

a Apgi control which can only metabolize glucose through oxPPP and showed al-

most completely unlabeled 3PG), indicating almost non-existent flux into the oxPPP

and validating the choice of FBP as a good proxy for F6P labeling. In addition to

Glucose *000OCO2 100%

*0   90% -

G6P OG QD00-- P ' 0'0 P 80% -

9Apgi Ru5P 70% -

F6P P 60%

050%-

FBP P -400 0-P 740%

*30%

P -00 000- P 20%
DHAP G3P 10%

0%
3PG@0- P Apgi
3PG OOO P

Figure 5-8: Analysis of oxPPP Flux in Methanol Strains Using 1- 13C-
Glucose. Left: Schematic of glucose metabolism in WT and Apgi cells. Blue circles
represent 13C, and white represent 1 2 C. In WT cells, glucose metabolized through
glycolysis retains label, whereas glucose metabolized through oxPPP loses label. In
Apgi, glucose is metabolized primarily through oxPPP, resulting in almost complete
lack of labeling of 3PG. Right: Experimental 3PG labeling in WT and Apgi cells.
WT cells show approximately 50% labeling, indicating glucose is almost exclusively
catabolized through the EMP pathway. In the Apgi control, 3PG is almost com-
pletely unlabeled, as most glucose is catabolized through oxPPP (with the remainder
likely mobilized through the Entener-Doudoroff pathway).

asessing internal metabolite labeling, we also examined labeling in cells engineered to

produce 3-hydroxybutyrate (3HB). These strains carried the methanol assimilation

plasmids described above, in addition to the plasmid pAC3HB, which encodes the

three genes required for S-3HB production, phaA from Ralstonia eutropha H16, hbd

from Clostridium acetobutylicum 824 and tesB from E. coli MG1655 under control

of the lac/T7 promoter system. 3HB production titer and isotopic enrichment was
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measured 24 hours post-induction (Figure 5-9). All strains carrying methanol as-
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Figure 5-9: Analysis of 3HB Production and Labeling in Methanol Strains.

Bars indicate 3HB mean isotopic enrichment, as measured by LC-MS/MS after 2-

NPH derivatization. Orange squares indicate 3HB titer measured by HPLC-RID.

Error bars are standard deviations of three biological replicates.

similation plasmids produced similar titers of 3HB (2-2.5 mM). The empty vector

control produced a slightly higher amount (3 mM), probably due to the lower burden

of heterologous expression in this strain. Mean isotopic enrichment was the highest

with methanol plasmid pETMEOH500, at 1.6%. As expected, no 3 C incorporation

was seen in the empty vector control. These results are in good agreement with

the intracellular labeling, and indicate pETMEOH500 as the most promising vector

for enabling methanol assimilation. They also demonstrate the ability to channel

methanol into extracellular products, and not just central carbon metabolites. The

major conclusion from both the intracellular and extracellular carbon labeling is that,

under these conditions, methanol is slowly consumed and contributes very little of

the total cellular carbon.

Theoretical Analysis to Guide Experimental Design

Having identified the slow incorporation of methanol into central metabolism as a

limiting factor, we next sought to understand the mechanism behind this limitation.
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Only by understanding the problem can we design effective engineering solutions to

improve pathway flux. In principle, any of the three heterologous enzymatic steps

could be rate-limiting. The specific activity of MDH2 in vitro is two orders of mag-

nitude lower than HPS or PHI (Tabel 5.9), making this a likely limitation. However,

Enzyme Specific Activity (U mg- 1 ) Reference
B. methanolicus MDH2 0.09 [73]
C. glutamicum AdhA 0.29 [206]
C. necator MDH2 4-1 0.32 [206]
M. capsulatus HPS 69 [222]
M. capsulatus PHI 1560 [222]

Table 5.9: Kinetic Comparison of Methanol Pathway Enzymes

the in vitro activity of the heterologously expressed MDH is similar to that of the

same enzyme in lysates of the native host [214], so estimations of methanol flux based

on the kinetic parameters of MDH must be treated with caution. In addition, the

NAD-dependent oxidation of methanol is thermodynamically unfavorable at stan-

dard conditions, with an estimated 3 AGO' of +34.2 kJ mol- 1. In order to sustain net

forward flux, AG must be <0, per:

J+
AG = -RTin ( (5.2)

(J-)

where J+ is the forward flux, and J- the reverse flux. This can be achieved by

modulating the intracellular concentrations of the reactants and products, according

to:

AG = AG°' + RTinQ (5.3)

where Q is the reaction quotient, defined as:

Q = [H20][NADH]5.4)
[CH3OH][NAD+]

Functionally, this means that the concentration of formaldehyde must be kept low,

and the NAD/NADH ratio high, otherwise insufficient driving force will lead to slow

3Value taken from eQuilibrator 1228] software: http://equilibrator.weizmann.ac.il/
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methanol oxidation, regardless of the kinetic capacity of the enzyme. This concept

is captured quantitatively in the Flux-Force Efficacy (FFE) parameter [229], defined

as:
-AG

FFE = -RT (5.5)
e RT +1

This parameter can take on values from 1 (fully irreversible, forward direction), to -1

(fully irreversible, reverse direction), and describes the thermodynamic driving force

behind a given reaction. To understand the effect of the build-up of formaldehdye on

the driving force of the MDH-catalyzed reaction, in Figure 5-10 the FFE is plotted

against the concentration of formaldehyde, for a given NAD/NADH ratio, methanol

concentration, and temperature. Various estimates for the NAD/NADH ratio in

growing cells have been made, and the most reliable reported is 31.3 [219]. The

entropy of the reaction (ASO) is 0.22 kJ mol K-- , thus the favorability of the

forward direction increases with increasing temperature, according to:

AG = AH - TAS°   (5.6)

From Figure 5-10, it is clear that, with 50 mM methanol, the unfavorable thermody-

namics require a very low formaldehyde concentration of 2 pM to enable forward flux.

The situation is slightly improved at 500 mM methanol, where net flux is forward

until the formaldehyde concentration reaches 22 pM at 37°C. These results highlight

the necessity for a very high flux through the HPS reaction to keep the formaldehyde

concentration low. Increasing the temperature leads to substantial increases in the

permissible formaldehyde concentration, representing a benefit for the thermophilic

B. methanolicus. Still, at 50 mM methanol (a concentration where this organism

grows well), the formaldehyde concentration must remain below 10 PM. This could

explain why the HPS from B. methanolicus evolved to have a much lower Km than

that for M. capsulatus (Table 5.7), where methanol oxidation is coupled to the highly

thermodynamically favorable reduction of pyrroquinoline quinone (PQQ, AG'=-24.8

kJ mol 1 ). One could argue that the comparatively low temperature optimum for

4 Details of this calculation are provided in Appendix A.5
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Figure 5-10: Flux-Force Efficacy as a Function of Formaldehyde Concen-
tration. Flux-force efficacy (FFE) is plotted against formaldehyde concentration for
three different temperatures. Red: T = 45°C, representative of the growth temper-
ature of B. methanolicus. Green: T = 37°C, representing E. coli. Blue: T = 250C,
standard conditions, corresponding to AGO' = +34.2 kJ mol1. The NAD/NADH
ratio was set at 31.3, according to [219]

E. coli poses an insurmountable thermodynamic barrier because of the reduced driv-

ing force available at this temperature compared to the optimal temperature for B.

methanolicus. However, it has been demonstrated that B. methanolicus can grow

at 370C, albeit with a lower specific growth rate (0.14 hr-' vs 0.4 hr-1 ) [76}. The

message from this analysis is that, even though MDH kinetics are poor compared to
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those of HPS, insufficient flux through the HPS-catalyzed reaction could lead to a

thermodynamic limitation. As the rate of this reaction is dependent not only on HPS

kinetics and formaldehyde concentration, but also on the concentration of the aldol

partner ribulose 5-phosphate (Ru5P), high activity of HPS alone may be insufficient

to drive the necessary flux if this compound becomes limiting. This concept of ther-

modynamic vs kinetic control of flux is illustrated in Figure 5-11, in which the effect

of either a 2-fold increase in Vm, (dashed line) or a 2-fold decrease in formaldehyde

concentration (blue, green, red lines) on the rate of methanol oxidation is compared

at different values of AG. In the kinetically controlled regime, where the system is

far from equilibrium, flux is insensitive to changes in the formaldehyde concentration.

Close to equilibrium, in the thermodynamically controlled regime, a 2-fold reduction

in formaldehyde concentration can easily lead to a 10-fold flux improvement. The

three curves represent hypothetical enzymes with different Km values for formalde-

hyde, moving from low (blue) to high (red). When the Km is close to the concentration

of formaldehyde, the effect of reducing formaldehyde concentration has both a ther-

modynamic effect and a kinetic effect, by reducing competition with methanol for the

enzyme active site. This plot illustrates why it is critical to understand whether flux

is under kinetic or thermodynamic control: In the kinetic regime, engineering efforts

designed to improve MDH kinetics will be most effective. In the thermodynamic

regime, approaches designed to reduce formaldehyde (or NADH) concentration will

be more effective. Thus far we have identified MDH kinetics, MDH thermodynam-

ics, HPS kinetics, and Ru5P concentration as potential limitations, while ignoring

HPS reversibility, and PHI kinetics and reversibility. As shown in Table 5.9, PHI is

100-fold more active than HPS, making it highly unlikely that this enzyme could be

rate-limiting. The HPS and PHI reactions are also significantly forward driven, with

a Km of 2.5x10 4 and 188, respectively. However, there is evidence that methanogens

use the HPS-catalyzed reaction in the reverse direction as a means to produce pentose

phosphates for nucleotide biosynthesis [232, 233]. To examine HPS reversibility, we

measured formaldehyde labeling in resting cells experiments with 1 3 C methanol, and

found greater than 95% M+1 enrichment, showing there is very little HPS activity
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Figure 5-11: Kinetic and Thermodynamic Control of MDH Flux. The effect
of doubling Vma, on MDH velocity (dashed line) and the effect of reducing formalde-
hye concentration by a factor of 2 (solid lines) on MDH velocity are compared as a
function of the position relative to equilibrium (Q/Keq) or AG. MDH was modeled
using Michaelis-Menten kinetics for two noncompeting substrate-product couples as
described in Appendix A.7 and [230]. Keqwas calculated from a AGO' of -34.2 kJ
mol'. MDH was assumed to have the following Km parameters: NAD, 7.6 mM;
NADH, 1 mM; MeOH, 25 mM; Formaldeyde, 0.001 mM (Blue), 0.01 mM (Green) or
0.1 mM (Red). Intracellular concentrations were as follows: MeOH, 500 mM; NAD,
2.6 mM; NADH, 0.083 mM [231]. Formaldehyde was varied from 0.0001 mM to 0.027
mM to provide the Q/Keqvalues shown on the x-axis.

in the cleavage direction (Figure 5-12). In light of the irreversibility of HPS, as long

as there is sufficient PHI activity, forward flux is not dependent on the reversibil-

ity of this isomerization. In designing experiments to probe pathway limitations, we

therefore limit ourselves to the four potential limitations listed above.
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Figure 5-12: Labeling of Formaldehyde in Resting Cells with 3 C Methanol.
Left: Resting cells of MG1655(DE3) AfrmA containing pETMEOH500, treated with
250 mM 3 C methanol. Right: 50 iM standard of unlabeled formaldehyde. Formalde-
hyde labeling was measured by LC-MS/MS after derivatization as described in the
Methods. Blue: M+0/M+0, Orange: M+1/M+0, Gray: M+1/M+1, where the first
number is the Q1 (parent) mass, and the second number the Q3 (daughter) mass.

Ru5P Concentration Limits Formaldehyde Assimilation in Resting Cells

Having identified several possible pathway limitations, we set out to experimen-

tally validate them as targets. We started with the concentration of ribulose 5-

phosphate. Insufficient availability of Ru5P, the co-substrate of formaldehyde for

the HPS-catalyzed reaction, would be predicted to lead to increased build-up of

formaldehyde. Previous work [214] established that formaldehyde could be mea-

sured in E. coli strains engineered for methanol metabolism when the glutathione-

dependent formaldehyde dehydrogenase encoded by frmA was deleted. We therefore

generated this knockout in our MG1655(DE3) strain, and assayed formaldehyde levels

under various conditions. As expected, expression of just the methanol dehydroge-

nase (MDH) led to steady levels of approximately 55 uM formaldehyde after addition

of 250 mM methanol in resting cells (Figure 5-13). Surprisingly, this level was not

significantly reduced in cells expressing the full pathway (including HPS and PHI),
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Figure 5-13: Formaldehyde Concentration in Strains Carrying Methanol
Pathway Plasmids. Formaldehyde was determined by NASH assay in
MG1655(DE3) frmA cells carrying various plasmids for methanol assimilation and
with various substrates: Blue: C. necator mdh2 4-1 only. Gray: C. necator mdh2 4-
1, HPS and PHI from B. methanolicus. Solid lines: No additional substrate. Dashed
lines: 6 g L-1 xylose.

despite high levels of enzyme activity. We hypothesized that Ru5P levels might be

low under these conditions. Addition of xylose to the cells 15 minutes before methanol

addition resulted in much lower formaldehyde levels of 5 uM. Analysis of intracellular

metabolites under these conditions showed the pool size of Ru5P was roughly 8-fold

higher in the presence of xylose than in the untreated cells, in agreement with our

hypothesis (Figure 5-14). Since a methanol-consuming strain cannot rely on xylose

as a precursor, we sought to identify enzymatic steps whose up- or down-regulation

could lead to increased flux through the ribulose monophosphate (RuMP) cycle and

thus maintain high concentrations of Ru5P. To do this, we performed FBA using a

model amended with the methanol assimilation pathway to compare the flux pro-

files during growth on glucose, ribose, and methanol. Glucose was chosen because

resting cells survive by consuming glycogen, metabolizing the storage compound in

the same manner as glucose. Ribose was chosen because cells grown on pentoses

express more highly the enzymes of the non-oxidative pentose phosphate pathway,
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Figure 5-14: Normalized Ru5P Concentration in Various Strains.
Ru5P/Xu5P were measured by LC-MS/MS after extraction of metabolites.'13 C stan-
dards spiked into the extraction solution were used to correct for sample degradation,
and all concentrations are normalized to the concentration in the No-Substrate (NS)
control. The peaks for Ru5P and Xu5P could not be fully resolved, thus we report
the total concentration of these two compounds.

which are required for the generation of Ru5P. The analysis revealed two nodes, or

branch points in metabolism, where flux varied significantly between methanol and

the other substrates: Fructose-6-phosphate (F6P) andGlyceraldehyde-3-phosphate

(G3P) (Figure 5-15). During growth on glucose and ribose, the majority of F6P is

consumed through glycolysis, with 94% and 98% of the flux going through phospho-

fructokinase (PFK), respectively. By contrast, during growth on methanol, only 31%

of the flux is predicted tobe carried by PFK, with the majority diverted into the

RuMP pathway via transaldolase (TAL) and transketolase (TKT). Catalyzing one

of the few irreversible steps of glycolysis, PFK is ahighly regulated enzyme, subject

to allosteric activation by AMP, and inhibitionbyATP and phosphoenolpyruvate

(PEP). The Km for F6P for PFK1 is 0.16 mM, compared to 1.1 mM for TKT. Simi--

larly, during growth on glucose and ribose, 97% and 82% of the G3P flux is through

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), compared to 29% for growth
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Figure 5-15: FBA Comparison of Fluxes at the G3P and F6P Nodes
in Glucose- and Methanol-Grown Cells. Thickness of arrows represents flux
through enzymatic step. TAL: Transaldoase, TKT: Transketolase, PFK: Phospho-
fructokinase, GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.

on methanol. To probe whether reducing flux through GAPDH could increase the

concentration of Ru5P, we repeated the resting cell experiment, but treated the cells

with 1 mM iodoacetate (IA), a specific inhibitor of GAPDH, prior to addition of

methanol. Controls were included to ensure the IA had no effect on either the MDH

or the HPS and PHI. Cells treated with IA had significantly increased pool sizes of

some upper glycolytic intermediates, notably DHAP, G3P and FBP (Figure 5-16),

but only limited increases in pentose phosphates (Figure 5-14). PEP and other lower

glycolytic intermediates dropped to almost undetectable levels, demonstrating the

efficacy of the inhibition. Despite these changes, the concentration of formaldehyde

remained essentially unchanged (Figure 5-17). We also tested whether overexpres-

sion of the RuMP pathway enzymes could enable Ru5P regeneration. The four E. coli

genes rpe, tktA, talB and rpiA were assembled into a synthetic operon and cloned into

the pACYC-Duet1 vector, which is compatible with the pET plasmids for methanol

pathway gene expression. Cells co-transformed with these plasmids were measured
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Figure 5-16: Effect of Iodoacetate Treatment on Cell Growth and Metabolite
Concentration. Left figure: Growth of MG1655(DE3) with addition of various
concentrations of Iodoacetate (IA) at 4 hours. Untreated cells continued exponential
growth, whereas even 0.5 mM IA was sufficient to completely inhibit growth. Right
three figures: Normalized metabolite concentrations in cells with no treatment, or 1
mM IA. DHAP: Dihydroxyacetone phosphate, FBP: Fructose 1,6-Bisphosphate, PEP:
Phosphoenolpyruvate. NS = no carbon substrate, IA = no carbon substrate, 1 mM
iodoacetate.
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Figure 5-17: Effect of Iodoacetate Treatment on Methanol Incorporation.
Time course of formaldehyde concentration. Blue: MDH Only, with 1 mM IA. Yellow:
Full pathway, with 1 mM IA. Gray: Full Pathway, with 1 mM IA and 6 g L -1 xylose.

Orange: Full pathway with no IA.

for Ru5P concentration and formaldehyde assimilation, with or without iodoacetate

(Figure 5-18). Overexpression of the RuMP without iodoacetate inhibition made

no change to the Ru5P concentration compared to the control (Figure 5-14), and

181

2 '

I,4

0.4

0.204

60

50

140

.30

320

10

0 I



only slightly reduced the formaldehyde concentration, from 56 to 48 pM. In the pres-

ence of iodoacetate, the Ru5P concentration was no different with or without RuMP

pathway overexpression (Figure 5-14). The steady state formaldehyde concentration

was reduced to 40 pM, a modest decrease of 30%. Since the conversion of F6P to
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Figure 5-18: Effect of RuMP Pathway Overexpression on Methanol Incorpo-
ration. Time course of formaldehyde concentration. Blue: pETMEOH500. Orange:
pETMEOH500 with pACRuMP. Gray: pETMEOH500 with pACRuMP and 1 mM
IA.

FBP by PFK is irreversible, we reasoned that, in the absence of a gluconeogenic

FBPase, increases in DHAP, G3P and FBP would be unlikely to lead to increases in

F6P, one of the entrance metabolites of the RuMP pathway. We therefore explored

the co-expression of the minor FBPase encoded by glpX to attempt to equilibrate

F6P and FBP. The choice of this FBPase was motivated by its lack of regulation by

AMP, compared to the major E. coli FBPase, and lack of activity on sedoheptulose

bisphosphate [234]. Gratifyingly, cells overexpressing FBPase and treated with IA

showed dramatic 7-fold increase in F6P, and a 4-fold increase in Ru5P concentration

(Figure 5-14), and a significant reduction of the formaldehyde level in the absence

of any substrate (Figure 5-19) of 72%. The labeling in glycolytic intermediates was

also significantly greater than in the control strain without glpX, as exemplified by

FBP (Figure 5-19), with a mean isotopic enrichment of 27.5±2.2%, compared to

15.2±0.5%.
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Figure 5-19: Effect of glpX Overexpression on Methanol Assimilation. Left:
Time course of formaldehyde concentration. Blue: Full pathway, with pACglpX. Pink:

Full pathway, with pACglpX and 1 mM IA. Right: FBP isotopomer distribution.
Pink: Full pathway with pACglpX and 1 mM IA. Yellow: Full pathway with 1 mM
IA.

Given the dramatic effect of glpX overexpression, and the fact that homologs

of GlpX act as SBPases in some methylotrophic and photosynthetic organisms, we

sought additional confirmation that E. coli glpX was not an SBPase. To test this,

we purified a HIS-tagged version of the enzyme, and examined its activity on SBP in

enzyme assays. Since SBP is not commercially available, this substrate was prepared

enzymatically by the aldol reaction between E4P and DHAP catalyzed by purified

E. coli FbaA. Upon incubation of E4P and DHAP with FbaA and GlpX, a clear

S7P peak became visible by LC-MS/MS, along with complete depletion of DHAP

(Figure 5-20). These data show that, in contrast to previous studies [234], glpX from

E. coli is active as an SBPase. Further examination of metabolite levels revealed

that, upon addition of iodoacetate, levels of intracellular SBP in cells not express-

ing glpX rose by a factor of 5.5 (Figure 5-21). Expression of glpX under the same

conditions restored SBP to baseline levels. Further, in cells expressing glpX, levels of

S7P were dramatically elevated regardless of whether iodoacetate was added or not

(Figure 5-21). These results provide in vivo evidence for the activation of the SBPase

variant of the RuMP pathway in cells treated with iodoacetate and expressing glpX.

Iodoacetate treatment leads to increases in G3P concentration, and glpX expression
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increases S7P. Together, we hypothesize that this provides increased driving force for

the transketolase reaction that produces R5P and Xu5P, which are in turn converted

to Ru5P. At this point, we cannot conclude how much of the increase in Ru5P con-

centration is due to this pathway compared to the originally hypothesized FBP-F6P

equilibration. A combination of transaldolase deletion (which would inactivated the

transaldolase variant of the RuMP pathway) and well designed labeling experiments

would answer this question.

No enzyme

DHAP

E4P

Time

FbaA

SBP

10 26 30
Time

GlpX

10 2 2
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FbaA + GpX

S7P

10 20 V
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Figure 5-20: LC-MS/MS Analysis of E. coli GlpX SBPase Activity. Chro-
matograms of enzyme assay mixtures with various enzymes and substrates. Black
trace - DHAP, Red trace - E4P, Blue Trace - SBP, Pink Trace - S7P.

Highly Active Formaldehyde Assimilation Ensures Methanol Oxidation is

not Thermodynamically Limited

In the theoretical analysis in section 5.4.2, it was shown that steady state formalde-

hyde accumulation above a critical threshold concentration of approximately 20 pM

would dissipate the driving force for methanol oxdiation via MDH. However, in the

experiments described above, concentrations in the range of 50 pM were routinely

measured. The discrepancy between these two values is most likely due to error asso-

ciated with the estimation of AG', which is derived from group contribution theory
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Figure 5-21: Effect of GlpX on SBP and S7P Concentrations. IA = iodoac-
etate. Error bars represent standard deviation from triplicate biological replicates.

and has not been measured experimentally [228]. For example, a reduction in AG'

of 2 kJ mol-1 increases the critical formaldehyde concentration to 60 IM at 500 mM

methanol. Regardless, the proximity of the measured formaldehyde concentration to

equilibrium suggests that methanol oxidation in our strain may be thermodynamically

constrained.

To probe this possibility experimentally, we generated a plasmid for the overex-

pression of the NADH oxidase from S. pyogenes (pACnox). This enzyme catalyzes

the oxygen-dependent oxidation of NADH:

H++ NADH +1/202 -+ H20 + NAD+ (5.7)

and has been used extensively to modulate the NAD/NADH ratio in engineered E. coli

strains for a number of applications [221, 235, 236]. We hypothesized that, if methanol

oxidation were thermodynamically constrained, increasing the NAD/NADH ratio by

co-expression of Nox with MDH would lead to higher levels of formaldehyde at steady

state. To minimize variation in MDH expression between the experimental strain and

the control strain due to the burden of NOX overexpression, we generated a plasmid

carrying an active site mutant of NOX (pACnoxM3) to use in the control. Assays

of NOX activity in crude lysates of AfrmA cells carrying pETCNmdh/pACnox and
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pETCNmdh/pACnoxM3 showed that NADH oxidation was significantly elevated in

the former strain (1.2+0.2 U mg-'), and virtually undetectable in the latter (Figure

5-22, left). Formaldehyde production in these strains after treatment with 250 mM

methanol was measured as before. As shown in Figure 5-22 (right), the steady state

concentration was approximately 32% higher in the strain expressing active NOX,

suggesting that, in the absence of the formaldehyde assimilation pathway, methanol

oxidation is under thermodynamic control, and the so-called steady state formalde-

hyde concentration is more likely the equilibrium formaldehyde concentration.
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Figure 5-22: NOX Activity and Impact on Formaldehyde Concentration.
Left: Measurements of NOX activity. NADH oxidation was measured at 37°C in
50 mM Sodium Phosphate Buffer (pH 7.5). Bars are mean oxidation rate of three
biological replicates after subtraction of background oxidation from empty vector
control strain, and error bars represent one standard deviation. Right: Formaldehyde
timecourse in NOX+ and NOX" cells. Blue: NOX+. Gray: NOX". Error bars
represent standard deviation from three biological replicates.

Having shown that in the absence of a formaldehyde assimilation pathway, formalde-

hyde rapidly reaches its equilibrium concentration, we wanted to understand to what

extent this would reduce methanol flux in strains expressing the full pathway. The

most direct way to answer this would be to calculate the AG under these conditions.

This would require an accurate value of AG', and knowing the intracellular concen-

trations of all the reactants and products. While we can measure NAD and NADH,

accurately measuring methanol and formaldehyde is more difficult. We can reason-

ably assume that formaldehyde diffuses freely across the membrane, given that we can
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measure its appearance in the supernatant very shortly after its production begins

intracellularly. However, it is unlikely that the methanol concentration in the super-

natant is the same as that intracellularly - at 250 mM, methanol would be 2.5-fold

more concentrated than glutamate, the metabolite with highest measured concentra-

tion in E. coli [231]. To avoid the uncertainty in AGO' and methanol concentration

in the calculation, we can use the differences in the concentrations of the relevant

measurable metabolites between cells expressing only MDH, and cells expressing the

full pathway, treated in exactly the same way, to determine AG as follows:

AG 1 = AG°' + RTlnQ1  (5.8)

AG2 = AGO'+ RTinQ2  (5.9)

where the subscript 1 refers to MDH-only, and subscript 2 refers to the full pathway.

If we assume that the system is at equilibrium in the MDH-only case, then AG1 = 0,

then AGO' = -RTlnQi, and

AG 2 = -RTnQ 1 + RTnQ2 = RT1n 2 (5.10)
(Qi)

Since the methanol concentration is the same for both cases, we have

[NADH] [CH20]2 -

AG2 = RTlri[ [NADI 2 (5.11)
- [NDH][C H20]1-

If the NAD/NADH ratio is the same in both cases, this reduces to

[C H2O ]'
AG 2 = RTn [CH20] (5.12)

In reality, the system is likely not exactly at equilibrium with MDH only, such that
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AG 1 0. Propagating this change through the analysis leads to

, ([NAH C H20]2-
AG 2  RTn AD][2 (5.13)

[NAD] 20]1

and

AG 2 < RTn [012012 (5.14)
[C H20|11

Thus, by measuring the difference in concentration of formaldehyde, and the NAD/NADH

ratio with and without HPS and PHI, we can place an upper bound on AG2.

As shown in Figure 5-23, the NAD/NADH was unchanged between cells expressing

MDH and cells expressing the full pathway, allowing the use of equation 5.14 for AG

calculation. This likely reflects the limited contribution of methanol oxidation to

the total NADH pool due to the comparatively low activity of the enzyme. Using

this method, the AG and reversibility of the MDH reaction was determined for a

variety of different conditions described in the previous section for the regeneration

of Ru5P, by measuring the formaldehyde concentration in cells expressing MDH or

the full pathway. The results of the analysis are shown in Figure 5-23. Addition of

xylose, which was previously shown to reduce formaldehyde concentration the most,

resulted in a maximum AG of -4.0 kJ mol- 1, or a minimum ratio of forward to reverse

flux of 4.8. Thus, under these conditions, the MDH reaction is significantly forward

driven, using at least 83% of the kinetic capacity of the enzyme. The use of FBPase

encoded by glpX in resting cells led to minimum flux ratio of 2.8, or the use of 73%

of the kinetic capacity. Though slightly less forward driven than the xylose case, this

was achieved without the addition of an additional substrate, which is important for

the eventual sustained growth of E. coli on methanol. In cells with no substrate,

not expressing glpX, the minimum flux ratio is 1.2. Because it is uncertain that

formaldehyde production was limited by equilibrium in the MDH-only, we cannot

necessarily conclude that there is very litlte forward flux, but it seems likely given

the effect of NOX expression under these conditions. The critical finding here is that

the primary indicator of forward flux in this pathway is the concentration of Ru5P.
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When this compound is adequately regenerated, we can be certain that the pathway is

forward driven, whereas at low concentration the pathway is likely thermodynamically

controlled.

This assessment appears to contradict the findings of Price at al, who showed

increased methanol consumption by co-localizing MDH with HPS in a strategy de-

signed to rapidly consume formaldehyde to ensure a strong driving force [207]. In

that study, however, the authors used the HPS from Mycobacterium gastrii. This

enzyme has a very high Km for formaldehyde (Table 5.7). In our hands (Figure 5-3),

and in Corynebacterium glutamicum [205], this results in almost no detectable 13 C

label incorporation in strains expressing this enzyme. We suggest that the reason for

the rate improvement in the co-localization study is actually a lowering of the effec-

tive Km of the HPS, a known phenomenon in substrate-channeling enzyme complexes

[237, 238].
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Figure 5-23: Calculation of in vivo MDH Reversibility Under Various Con-
ditions. Left: Measurement of NAD/NADH ratio in resting cells MG1655(DE3)
frmA, normalized to the MDH-only strain. Right: Fractional MDH Flux in forward
and reverse directions. Estimates for forward flux represent minimum bounds, and
estimates for reverse flux are maxima. Error bars represent standard deviation of
three biological replicates.
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Kinetic Isotope Effect Experiments Highlight Flux Control Exerted by

MDH

We next asked whether MDH activity limits incorporation of methanol into metabolism,

under conditions that are not thermodynamically limiting. Calculations based on the

in vitro measured rates of this enzyme would suggest this to be the case, but there

is so far no in vivo evidence to support this claim. Given that MDH supports fast

growth on methanol in B. methanolicus despite the reported kinetics, this question

is important to address. The typical method to probe this would be to vary the

level of MDH expression, and assess the impact on the rate of methanol consump-

tion, the level of formaldehyde produced, and the incorporation of 1 3 C label into

central metabolic intermediates. As mentioned above, the comparatively slow rate

of methanol consumption compared to evaporation, coupled with high variance in

HPLC-based quantification of methanol, has precluded accurate assessment of the

rate of methanol consumption directly. Formaldehyde production and intracellular

labeling can be accurately quantified, so we designed an experiment where the level of

MDH expression would be controlled by the amount of inducer (IPTG), and both of

these parameters measured. However, we found that, above 50 pM IPTG, increased

inducer did not lead to increased enzyme activity, due to the poor solubility of the

enzyme (Figure 5-24). Further, high induction led to significant growth retardation,

and since dynamic labeling experiments measure comparative rates, any change in

the growth rate obfuscates interpretation of these results. We therefore sought an

alternative way to modulate the activity of MDH without affecting growth.

Kinetic isotope effects (KIEs), where the substitution of a heavy atom for a light

atom changes the rate of an enzymatic reaction, have been well documented for de-

hydrogenases where the relvant hydrogen atom is substituted for a deuterium atom

[239]. We reasoned that MDH would also exhibit a KIE if the methyl hydrogens

were replaced with deuterium (Figure 5-25), and further reasoned that using various

mol fractions of protonated methanol (CH 30H) and deuterated methanol (CD 30D)

would allow us to titrate the activity of MDH without changing the expression level
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Figure 5-24: Titration of MDH Activity with IPTG. Left: Measurements of
MDH activity, solubility and cell growth upon induction with varying concentration
of IPTG. Blue bars: Percentage of MDH in soluble fraction. Gray bars: OD at
harvest (3 hours post-induction), normalized to 0 pM IPTG treatment. Black line:
MDH activity in crude lysate, normalized to total soluble protein. Right: SDS-PAGE
gel used for quantification of MDH solubility as described in the Methods.

or otherwise impacting cell physiology. In this way, the effect of MDH activity on

pathway flux could be assessed by measuring the rate of 3 C incorporation in FBP

in cells treated with different mol fractions of 1 3 CD 30D and 13 CH3 0H. Critical to

this approach, MDH is the only step between methanol and FBP where a KIE would

be predicted (Figure 5-25). To test the validity of this strategy, we first demon-

strated the ability to modulate the rate of methanol oxidation using purified MDH

(Figure 5-26). Increasing the mol fraction of CH30H at constant total methanol con-

centration resulted in a linear increase in reaction rate at both high (500 mM) and

low (50 mM) total methanol. Then, using the same mixtures but with additional
13 C label (1 3CD 30D and 13CH30H), we compared the rate of methanol assimilation

into central carbon metabolism in strains expressing the complete methanol pathway,

supplemented with xylose to remove the bottleneck of Ru5P regeneration. In this

experiment, the labeling of FBP is complicated by the deuterium atoms. Complete

retention of deuterium from formaldehyde would lead to the FBP being labeled in

increments of three mass units ( 13CD 2). However, the deuterons can be lost in ex-

change flux between the structural hexose-phosphate molecules, resulting in labeling

from M+1 to M+3 depending on the magnitude of these fluxes. Since these higher

191

I



Methanol
Dehydrogenase
(MDH)

Hexulose Phosphate
Synthase
(HPS)

Phospohexulose
Isomerase
(PHI)

Phosphofructokinase
(PFK)

Primaryv20
C(N OCD2

B:3

OH O OH 0 OH

-03PO D2CH O O CD 2
OH OH ~d OH OH

Secondary

?-H' ©None
OH OH OH OH OH OK OH OH

2.o:Po c 2.0,,o-~ 2 ~6o cop0 N>
6

2

OH p2. Non

O 1 OH OH HO-P- 3 -ADP O O PO Nn
2.OPO CD2  P --- 2 OTPO ' >D 2

OH O OH O

Figure 5-25: Kinetic Isotope Effects on Enzymatic Steps Between Methanol
and FBP

isotopes can also be generated during the RuMP cycle, it is impossible to resolve the

relative contribution of these pathways to the overall labeling, as shown in Figure

5-27. However, completely unlabeled FBP (M+) can only result from xylose, and

thus the total percentage of FBP that is labeled:

(5.15)%FBPLabeled= 100% (°' FBPM+i
(? 0 F BPM+i

is an indicator of the relative flux of methanol compared to xylose. LC-MS/MS anal-

ysis of FBP showed a strong linear correlation between MDH activity, as controlled

by the mol fraction of CH 30H:CD30D, and FBP labeling (Figure 5-28). These reults

demonstrate that flux from methanol to formaldehyde is kinetically controlled by

methanol-dehydrogenase, and suggests that improvements to MDH activity, either

through addressing expression level, e.g. through improving solubility, or by bio-

prospecting for or evolving more catalytically active variants, will improve pathway

flux as long as Ru5P concentration is maintained at a level sufficient to ensure that

methanol oxidation is under kinetic, not thermodynamic control.
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Figure 5-26: Titration of MDH Activity with Different Mol Ratios of
CH30H and CD 30D. MDH velocity was determined in assays with purified protein
(C. necator mdh2 4-1) by following the reduction of NAD+ at 340 nm with different
molar ratios of CH30H:CD30D at constant total methanol concentration. Orange:
500 mM total methanol. Blue: 50 mM total methanol. Error bars represent standard
deviation of three technical replicates.

5.5 Conclusions

In this work, we engineered E. coli to metabolize methanol, and examined the

pathway limitations that have contributed to the elusivity of synthetic methylotro-

phy. Screening of various isoenzymes of MDH, HPS and PHI led to robust 13 C-

methanol incorporation in resting cells, and co-expression of the genes required for

3-hydroxybutyrate synthesis allowed label to accumulate in the heterologous product.

Analysis of steady state formaldehyde levels in resting cells demonstrated that, in

the absence of a source of pentose phosphates, formaldehyde accumulates to almost

equilibrium levels, reducing net forward flux through the pathway and potentially

inhibiting cell function through toxicity. Increasing the concentration of Ru5P, in-

dependent of overexpressing enzymes of the ribulose monophosphate pathway, was
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sufficient to reduce formaldehyde concentration and ensure a high ratio of forward

to reverse flux. FBA analysis of the predicted network topology during growth on

methanol and glucose suggested targets for improving Ru5P regeneration by reduc-

ing flux leakage through glycolysis. Iodoacetate-mediated inhibition of GAPDH was

insufficient to restore Ru5P titers, but the combination of IA with overexpression of

E. coli glpX led to a 4-fold increase in Ru5P concentration, and a concomitant reduc-

tion in formaldehyde concentration and increase in pathway flux as evidenced by 13 C

labeling analysis. Further analysis showed that this phenotype was at least partially

due to activation of the SBPase variant of the RuMP pathway. These results validate

the G3P node as a target for genetic strategies to control the division of flux between

glycolysis and the pentose phosphate pathway, and suggest that the SBPase variant

may be the preferred pathway for Ru5P regeneration in E. coli. We then used kinetic
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Figure 5-28: FBP Labeling Patterns in Cells Fed with Various Molar Ratios
of 13CH30H and 1 3 CD 30D. FBP labeling was assessed by LC-MS/MS and cor-

rected for natural abundance. Bar heights represent the mean isotope contribution

from three biological replicates.

isotope effects combined with labeling anlaysis to titrate MDH activity in vivo and

demonstrate that pathway flux is controlled by MDH kinetics. Together, these results

highlight Ru5P regeneration as the primary target for future metabolic engineering,

followed by MDH activity, because in the absence of sufficient Ru5P to drive forward

flux, the relative improvement of pathway flux by improved MDH catalysis will be

small compared to the benefit that could be achieved by making the pathway more

irreversible.

Beyond the conclusions presented here, the methodologies developed in this work

to probe pathway limitations will have broad utility in measuring progress as methanol-

consuming strains are improved. These approaches also highlight the benefit of tools

not typically associated with metabolic engineering, but rather with chemical biology,

for pathway engineering - principally the use of chemical inhibitors (iodoacetate) to

modulate pathway flux, and the deliberate introduction of kinetic isotope effects in-

stead of genetic modulation to probe rate-controlling enzymes. As our ability to lever-

age new high-throughput, low-cost technologies from synthetic biology to overcome
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pathway obstacles begins to surpass our ability to identify these hurdles, the need

for novel, rapid and versatile tools to identify these limitations becomes paramount,

and should draw on a wide range of tools from disciplines beyond metabolic engineer-

ing. As metabolism is fundamentally a series of chemical processes, the tools from

chemical biology should play a major role in these analyses.
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Chapter 6

Development and Application of a

Formaldehyde Biosensor

6.1 Summary

Formaldehyde is a prevalent environmental toxin, and a key intermediate in single

carbon metabolism. The ability to monitor formaldehyde concentration is therefore

of interest for both environmental monitoring and for metabolic engineering of native

and synthetic methylotrophs, but current methods suffer from low sensitivity, complex

workflows, or the requirement for expensive analytical equipment. Here we develop a

formaldehyde biosensor based on the FrmR repressor protein and cognate promoter

of E. coli, coupled to either luciferase or GFP. Optimization of the native repressor

binding site and regulatory architecture enabled detection at levels as low as 3 pM.

We then used the sensor to benchmark the in vivo activity of several NAD-dependent

methanol dehydrogenase (MDH) variants, the rate-limiting enzyme that catalyzes the

first step of methanol assimilation. In support of MDH directed evolution using this

assay, we examined the potential for cheaters in a mixed population, and developed a

strategy to prevent cross-talk by using glutathione as a formaldehyde sink to minimize

intercellular formaldehyde diffusion. Finally, we show the utility of the reporter in

balancing expression of MDH and the formaldehyde assimilation enzymes HPS and

PHI in an engineered E. coli strain to minimize formaldehyde build-up while also
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reducing the burden of heterologous expression. This biosensor offers a quick and

simple method for sensitively detecting formaldehyde, and has the potential to be

used as the basis for directed evolution of MDH and dynamic formaldehyde control

strategies for establishing synthetic methylotrophy.

6.2 Introduction

Formaldehyde is a highly toxic chemical, and is classified as a Group 1 human carcino-

gen by the International Agency for Research of Cancer (IARC) [240]. As a potent

electrophile, its toxicity stems from its ability to react rapidly with nucleophilic com-

ponents of DNA, RNA and proteins, leading to protein and DNA damage in the

form of crosslinking [241]. Somewhat paradoxically, formaldehyde is also a ubiqui-

tous intermediate in one-carbon metabolism across the tree of life, from archaeal

methanogens to bacterial methanotrophs and methylotrophic yeasts. In methan-

otrophs, methane is first oxidized to methanol by methane monooxygenase (MMO),

and then to formaldehyde by methanol dehydrogenase (MDH) [22]. Methylotrophic

yeasts such as Pichia pastoris convert methanol to formaldehyde using an FAD-linked

alcohol oxidase (AOX) [242], and gram-positive methylotrophs typified by Bacillus

methanolicus perform the same conversion using an NAD-linked MDH [243]. In all

these organisms, formaldehyde acts as a branch point between further oxidization

to CO 2 for energy conservation, and incorporation into biomass via the serine cycle,

ribulose monophosphate (RuMP) pathway, or the xylulose-5-phosphate (Xu5P) path-

way [22, 244, 243]. Besides methylotrophs, formaldehyde is present at low levels in all

organisms as a result of demethylation reactions [245]. Because of its cytotoxicity, the

intracellular formaldehyde concentration must be tightly controlled, which has led to

the evolution of a variety of highly coordinated metabolic strategies for detoxifying

formaldehyde [246]. The need to keep the concentration of formaldehyde low while

supporting high flux places an even more stringent burden on methylotrophs that rely

on formaldehyde metabolism for growth.

Recently, significant interest has arisen in using methylotrophs as platform hosts
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for metabolic engineering, largely driven by the abundance of natural gas in the U.S.

[12, 101]. Methanol can also be produced renewably from a variety of sources, and

as a non-agricultural commodity does not contribute to the 'Food vs. Fuel' debate.

In addition, its general toxicity is attractive in preventing bioprocess contamination,

and the current price is comparable to that of glucose despite carrying 50% more

electrons per carbon [15]. Genetic engineering and physiological understanding of

methylotrophs still lags in comparison to typical metabolic engineering hosts, creat-

ing interest in importing methanol assimilation into the prototypical synthetic biology

host E. coli. This concept, dubbed 'synthetic methylotrophy' [202], aims to combine

the advantages of methanol as an attractive carbon substrate for fermentation with

the robust engineering tools and range of downstream heterologous products avail-

able in E. coli. The seminal work in this area established that the expression of an

NAD-dependent MDH from B. methanolicus, along with the heterologous enzymes

of the RuMP pathway, hexulose phosphate synthase (HPS) and phosphohexulose

isomerase (PHI), was sufficient to enable methanol incorporation in resting cells,

as measured by "C-methanol labeling experiments [203]. Recent work has shown

that, in similarly engineered cells with a more active MDH variant from Geobacillus

stearothermophilus, supplementation of cells growing on yeast extract with methanol

could improve biomass production by 40% 1226]. To date, no group has managed

to achieve growth of E. coli with methanol as a sole carbon substrate. One possible

reason for this is the unbalanced production and consumption of formaldehyde in an

organism that has not evolved to tolerate high formaldehyde flux.

The ability to easily measure intracellular formaldehyde could therefore provide

basic insights into the regulation of formaldehyde metabolism in native methylotrophs,

as well as aid in the development of a synthetic methylotroph. However, typical

methods are limited by low sensitivity, cumbersome workflows, or the requirement

for expensive instrumentation. In the work conducted thus far on synthetic methy-

lotrophy, formaldehdye has been measured in culture supernatants using the Nash

assay, taking adavantage of the fact that formaldheyde can diffuse rapidly across

the cell membrane [203, 226, 210]. Here, formaldehyde reacts spontaneously with
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2,4-pentanedione and ammonium acetate to form the dihydropyridine 3,5-diacetyl-

1,3-dhydrolutidine (DDL), which is quantified by abosbrance spectroscopy at 412 nm

[215]. Due to the low sensitivity of this assay, in order to detect formaldehdye produc-

tion in engineered cells, the native detoxification pathway had to first be eliminated

[203]. The assay is also limited to small numbers of samples in a kinetic expeirment

due to the need to separate cells from supernatant before analysis. The gold standard

for environmental formaldehdye quantification in both air and water samples involves

derivitization with 2,4-dinitrophenyl hydrazine (2,4-DNPH), followed by HPLC to

separate the various carbonyl derivatives before quantification via UV [2411. While

highly sensitive, this technique suffers from the same bottleneck of requiring cell sep-

aration before analysis, and the additional challenges of low throughput and high cost

due to the requirement for HPLC separation.

Recently, there has been tremendous interest in developing genetically encoded

biosensors for monitoring the concentration of a multitude of different compounds

[247, 248, 249]. These sensors offer several advantages compared to traditional method-

olgies: Since the signal is often a fluorescent protein such as GFP, sensor read-out

can be determined easily using widely available instrumentation without the need

for separating cells from their media, and is therefore adaptable for high-throughput

sampling. In addition, because GFP is relatively stable, the fluorescence signal rep-

resents. an integral of the substrate concentration over time, allowing for significantly

increased sensitivity compared to single time-point measurements.

The native glutathione-dependent formaldehyde detoxification pathway in E. coli

provides a convenient architecture for a formaldehdye biosensor. In this pathway,

formaldehyde reacts spontaneously with the nucleophilic cysteine residue of glu-

tathione to form the hemiacetal S-(hydroxymethyl)-glutathione. This adduct is en-

zymatically oxidized to S-formylglutathione by S-(hydroxymethyl)-glutathione dehy-

drogenase encoded by the frmA gene. Hydrolysis of this species by S-formylglutathione

hydrolase, encoded by frmB, liberates glutathione and produces formate, which is

much less toxic than formaldehyde [250]. Expression of frmA and frmB is controlled

by a repressor protein frmR, expressed in the same operon. In the absence of formalde-
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hdye, FrmR binds to the promoter region, preventing transcription. In the presence of

formaldehyde, the nucleophilic Cys36 of the FrmR is thought to react with formalde-

hdye and cause a conformational change in the protein that results in dissociation from

the promoter and allows transcription to occur [251]. Addition of 0.25 mM formald-

heyde is sufficient to induce an approximately 100-fold increase in frmA transcript

after 30 minutes [252]. Previously, Tralau and coworkers employed a GFP-linked

biosensor based on this regulatory system to detect formaldehdye produced during

the oxidation of dimethylglycine in E. coli [253].

Here we report significant advances in the development of the formaldehdye biosen-

sor, and the application of the sensor to the ongoing efforts to engineer synthetic

methylotrophy. First, we developed a variant of the sensor where frmR was ex-

pressed from the same plasmid as the signal protein (either GFP or luciferase), under

the orthogonal ptet promoter to remove the negative feedback of the original system

and thus increase sensitivity. Second, the sensitivty was further improved and the dy-

namic range shifted toward physiologically relevant formaldehyde concentrations by

making systematic mutations in the frm promoter region. To demonstrate the utility

of the refined biosensor, we then showed that the reporter could detect formalde-

hyde production in engineered E. coli strains without having to first delete frmA, in

contrast to previous work [253, 203, 226].

In addition to reporting concentrations, biosensors have emerged as powerful tools

for directed evolution [254, 2551. When the product of an enzyme can be linked in a

concentration-dependent manner to a fluorescent signal, FACS can be used to select

for high-activity variants from a library of mutants. In previous work establishing syn-

thetic methlotrophy, it has been shown that the kinetic properties of NAD-dependent

MDH are poor compared to the other heterologous enzymes, making methanol oxida-

tion the likely rate-limiting step [203, 226]. It is therefore of interest to evolve MDH

variants with more attractive kinetic parameters [210]. To this end, we first veri-

fied that our reporter could detect differential MDH activity by comparing variants

known to have differing in vivo properties. Selection of improved variants in directed

evolution is often hampered by the presence of 'cheaters' - cells in which the reporter
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is activated despite not displaying the desired phenotype. Since formaldehyde can

diffuse between cells, we hypothesized that in a mixed population, selecting based on

high GFP reporter output might lead to significant 'cheating'. This was examined,

and we devised a strategy to minimize cross-talk by addition of exogneous glutathione

to the medium.

Beyond directed evolution of enzymes, biosensors are gaining interest in synthetic

biology and metabolic egnineering for their ability to actuate a dynamic metabolic

response to the presence of the target analyte in a concentration-dependent man-

ner [118, 153]. Notable examples of this include the DSRS system for fatty acid

biosynthesis [256], and the quorum-sensing regulation of PFK activity for glucaric

acid production [257]. For this approach to work, the dynamic range of the sensor

must be tuned to the expected concentration range. To examine whether this was

the case here, as a proof of principle we tested the ability of our biosensor to discrim-

inate between formaldehyde concentrations in cells induced to different extents for

graded expression of MDH (formaldheyde production) and HPS and PHI (formalde-

hdye consumption), and showed that we could indeed use this approach to optimize

the relative expression level of the heterologous enzymes.

6.3 Methods

6.3.1 Reagents

Unless specified, all chemical reagents were purchased in the highest grade available

from Sigma. DIFCO M9 salts and LB, BACTO Agar, and casamino acids were

purchased from BD. Methanol-free formaldehyde (16% v/v) was purchased as 1 mL

ampules from ThermoFisher (Catalog # 28906), and dilutions for cellular assays were

prepared fresh each day. Trace Elements (MD-TMS) and Vitamin Solution (MD-VS)

were purchased from ATCC.
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6.3.2 Strains and Plasmids

Bacterial strains and plasmids used in this study are listed in Table 6.1. E. coli

DH5a was used as a cloning host. Luciferase-based assays and MDH comparisons were

carried out using E. coli S1030 [258] with or without frmA knocked out, as described in

the text. Pathway optimization assays were conducted in E. coli MG1655(DE3) [208].

pBbS2k-RFP was a gift from Jay Keasling (Addgene plasmid #35330). pETM6-

mCherry was a gift from Mattheos Koffas (Addgene plasmid #66534)

6.3.3 Cloning

Primers used for PCR amplification of cloning fragments are shown in Table 6.2. Q5

Polymerase (NEB) was used for all amplifications, and all amplicons were digested

with DpnI before PCR purification. Gibson Assembly (GA) Master Mix (NEB) was

used for construction of plasmids. All restriction endonucleases were purchased from

NEB. Assembled vectors were transformed into DH5o chemically competent cells

(NEB), and verified by Sanger sequencing. The frmA deletion in S1030 was made

using the protocol described by Datsenko and Wanner [2111. Cell growth for cloning

purposes was carried out using DIFCO LB media supplemented with appropriate

antibiotics (Kanamycin, 50 ig mL 1 ; Carbenicillin, 50 pg mL- 1 ; Spectinomycin,

50 pg mL- 1). Solid media was prepared with the addition of 1.5% BACTO agar.

Plasmids and PCR products were purified using Qiagen kits.

To construct GFP versions of the reporter plasmids (pTR47m4-GFP and pTR59-

GFP), the corresponding luciferase-carrying plasmids were linearized with HindIII,

then the backbone amplified with primers pTR47_fwd and pTR47_rev. Super-

folder GFP was amplified from pTrc-sGFP [259] with primers pTR-sGFPfwd and

pTR-sGFPrev. Fragments were assembled via GA. To clone different variants of

MDH into the expression plasmid pTR48, first pTR48 was amplified with primers

pTR48_fwd and pTR48_rev, treated with DpnI, and purified. MDH variants were

codon optimized for E. coli and synthesized as gBlocks, with 5' extension gagc-

taaggaggaaaaaaaa and 3' extension aggagtgccgttaattaagt for assembly with the lin-
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Name Description Reference

Strains
E. coli DH5a Cloning strain NEB
E. coli S1030 F'proA+B+ (lacIZY) zzf::Tnl0(Tet)lacIQ PN25-tetR luxCDE/endA1 recAl galE15 [258]

galK16 nupG rpsL(StrR) lacIZYA araD139 (ara,leu)7697 mcrA (mrr-hsdRMS-mcrBC)
proBA::pir116araE201 rpoZ flu csg ABCDEFG pgaC A-

E. coli S1030AfrmA S1030 with glutathione-dependent formaldehyde dehydrogenase frmA knocked out This Work

E. coli MG1655(DE3) F- A- ilvG rfb-50 rph-1 (DE3) [208]

Plasmids
pTR47 pSC101 ApR pTet-frmR pFRM-xluxAB This work

pTR47m4 pTR47 with pFRM binding site mutation This work

pTR47m4-GFP pTR47m4 with sGFP replacing xluxAB This work

pTR59 pTR47m4 with insulated constitutive promoter Pro4 controlling frmR This work

pTR59-GFP pTR59 with sGFP replacing xluxAB This work

pTR48 ColEl araC pBad SpR This work

pTR48mdhl pTR48 carrying mdhl from Bacillus methanolicus MGA3 This work

pTR48mdh2 pTR48 carrying mdh2 from Bacillus methanolicus MGA3 This work

pTR48mdh2act pTR48 carrying mdh2 and act from Bacillus methanolicus MGA3 This work

pTR48adhA pTR48 carrying adhA from Corynebacterium glutamicum This work

pTR48bstmdh pTR48 carrying mdh from Geobacillus stearothermophilus This work

pTR48cnmdhWT pTR48 carrying WT mdh2 from Cupriavidus necator This work

pTR48cnmdh4-1 pTR48 carrying evolved mdh2 CT4-1 from Cupriavidus necator This work

pTR48mCherry pTR48 carrying mCherry This work

pET28 ColE1 lacI pT7 KnR Novagen

pTrc-sGFP pBR322 lacI pTrc-sGFP ApR [259]

pET-sGFP pET28 carrying pT7-sGFP This work

pETcnmdh4-1 pET28 carrying mdh2 CT4-1 This work

pETM6-mCherry ColEl lac pT7-mCherry ApR [2601
pBbS2k-RFP pSC101 tetR pTet-RFP KnR [160]

pETsGFP-pTet-RFP pET28 carrying pT7-sGFP and pTet-RFP This work

pETMEOH560 pET28 carrying pT7-mdh2 CT4-1 and pTet-hps-phi from Bacillus methanolicus MGA3 This work

Table 6.1: Strains and plasmids used in this study
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ear fragment of pTR48. To clone act downstream of mdh2 in pTR48-mdh2act,

pTR48mdh2 was amplified with actpTR48mdh2_rev and actpTR48mdh2_fwd.

A ribosome binding site was encoded upstream of act by amplifying the gene with

primers RBSactfwd and RBSactrev. The WT C. necator mdh2 was generated

from the evolved variant CT4-1 in one step by amplifying the region between the sub-

stitions as one fragment (originaCNMDHfwd and originaCNMDH rev), and the

rest of the plasmid as a second fragment (pTR48CN41_fwd and pTR48CN41_rev),

and encoding the substiutions on the homology regions of the primers. Both frag-

ments were DpnI digested, purified, and assembled. mCherry was cloned into pTR48

by amplifying pETM6-mCherry with primers mCherryfwd and mCherryrev, and

assembling with with the pTR48 fragment. The optimized sequences for mdhl, mdh2,

act, adhA and C. necator mdh2 4-1 are shown in Supplementary Information. The

sequence for the mdh from G. stearothermophilus was taken from Whitaker et al [226].

pET-sGFP was constructed by digesting pET28 with NcoI and SacI, and assembling

the purified product with the PCR fragment generated from the amplification of

sGFP from pTrc-sGFP with primers pETsGFPfwd and pET sGFP_rev. pET-

sGFP-pTet-RFP was generated by linearizing pET-sGFP with PpuMI, and assem-

bling the purified product with the PCR fragment amplified from pBbS2k-RFP with

tetRFP_fwd and tetRFP_rev. This assembly results in sGFP and RFP expressed

from opposite strands, to minimize any potential for read-through transcription. To

generate pETcnmdh4-1, pET28 backbone was amplified with primers pET28_fwd

and pET28_rev, and CNmdh4-1 was amplified from pTR48cnmdh4-1 with primers

CN401_fwd and CN401_rev. The two fragments were assembled via GA. pET-

MEOH560, which is based on pETcnmdh4-1 and additionally expresses HPS and

PHI under control of the Tet promoter, was constructed by linearizing pETnmdh4-1

with PpuMI, then assembling it with the Tet fragment amplified from pBbS2k-RFP

with primers pTet fwd and pTetrev, and a GBlock containing a synthetic operon

with optimized HPS and PHI from B. methanolicus (Supplemental Information).
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Primer Saec
pTR47_fwd
pTR47_rev
pTR-sGFPfwd
pTR-sGFPrev
pTR48_fwd
pTR48__rev
act_pTR48mdh2_fwd
act_pTR48mdh2_rev
RBSactfwd
RBSactrev
originalCNMDHfwd
originalCNMDHrev
pTR48CN41_fwd
pTR48CN41_rev
mCherryfwd
mCherryrev
pET_sGFPfwd
pET_sGFPrev
tetRFPfwd
tetRFPrev
pET28_fwd
pET28_rev
CN401_fwd
CN401_rev
pTet_fwd
pTetrev

Table 6.2: Primers used in this study

ACGGAGCCAATGTACGCA
TTTTTTTTCCTCCTTACTGCACC
cagtaaggaggaaaaaaaaATGAGCAAGGGCGAAGAG
cgtacattggctccgtTTACTTATAGAGTTCATCCATGCC
ACTTAATTAACGGCACTCC
TTTTTTTTCCTCCTTAGCTCG
CGGCACTCCTCAGCAAAT
ggttaattcctcctcccgggTTACATGGCGTTTTTGATGATC
agatcatcaaaaacgccatgtaacccgggaggaggaattaaccATGGGTAAACTGTTTGAAGAAAAAAC
atatttgctgaggagtgccgTTATTTGTTTTTCAGTGCTTCTTG
ccctgcgtgaccctcttcggtccgggctgcgcgcgcgaaacgggcgcgCGCGCCAGATCACTCGGG
gattaatggcgtgcaacgccagtcgacgatcgcCATCTTCACATGATTGCTCGAATTAGTGATG
gcgATCGTCGACTGGCGTTGC
cgcgcccgtttcgcgcgcGCAGCCCGGACCGAAGAG
gagctaaggaggaaaaaaaaATGGTTTCAAAAGGCGAAG
aggagtgccgttaattaagtTTATTTGTACAGTTCATCCATAC
ctttaagaaggagatataccATGAGCAAGGGCGAAGAG
cttgtcgacggagctcTTACTTATAGAGTTCATCCATGCC
atcgtgctcctgtcgttgaggacccTTAAGACCCACTTTCACATTTAAG
aaccccgccagcctagccgggtcctTATAAACGCAGAAAGGCC
TGAGATCCGGCTGCTAAC
GGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTC
ctttaagaaggagatataccATGACCCACCTGAACATCG
ttgttagcagccggatctcaTTACATCGCCGCAGCGAA
atcgtgctcctgtcgttgaggacccTTAAGACCCACTTTCACATTTAAG
GCAATTCCATATGTATATCTCCTTCTTAAAAGATCTTTTG

SequencePrimer



6.3.4 Luciferase-Based Reporter Assays

For all reporter assays, a minimum of three individual colonies from transformation

plates were grown overnight in M9+ medium (DIFCO M9 supplemented with 0.2%

glucose, 0.1% casamino acids, and 1% (v/v) each of trace mineral and vitamin solu-

tion). In the morning, cultures were diluted 100-fold into fresh medium and grown

until early exponential phase (OD6 00 approximately 0.4) supplemented with anhdy-

rotetracycline (ATc) to induce frmR expression. For direct testing of formaldehyde-

responsive or non-specific induction, potential substrates were added directly to 200 PL

of sample in a black, clear-bottom 96-well plate (Corning) and analyzed for optical

density at 600nm and luciferase activity at 37°C on a Tecan Infinite Pro M1000 plate

reader.

6.3.5 GFP-Based Formaldehyde Reporter and MDH Assays

GFP reporter assays were conducted almost identically to the luciferase-based ones.

After overnight growth of colonies, cells were diluted into fresh medium with appro-

pritate antibiotics in 14 mL culture tubes and grown until early exponential phase.

To test the formaldehyde response, cells were then transferred into clear 96-well plates

(200 pL per well), and formaldehyde (0-500 pM) was added. The plate was trans-

ferred to a SpectraMax M2e (Molecular Devices) spectrophotometer pre-warmed to

37 0C, and fluorescence was monitored every 10 minutes. Between reads, the plate was

continuously shaken in the spectrophotometer. For MDH-linked assays, after initial

growth in culture tubes, cells were induced with 10 mM arabinose and immediately

transferred to 96-well plates (200 pL per well), where 50 pL methanol was added

to a final concentration of 0-500 mM. Plates were covered with Breathe-Easy seal-

ing membranes (Sigma), and growth continued at 37°C with maximum agitation on

a Jitterbug 2.0 (Boekel). Pathway optimization experiments were conducted analo-

gously, except that induction was mediated by IPTG (0-1000 pM) and ATc (0-200 ng

mL- 1). GFP fluorescence was assessed every hour by spectrophotometer to minimize

temperature fluctuations that would affect growth and MDH activity. Excitation

207



and emission wavelengths were 488 nm and 525 nm respectively, with autocutoff set

to 515 nm. Fluorescence was measured from the top after removal of the sealing

membrane, with automatic gain. To account for growth differences due to methanol

or formaldehyde toxicity, or the expression of different MDHs, fluorescent signal was

normalized by dividing by the absorbance of the culture at 600 nm measured by

the same spectrophotometer, from which the abosorbance of a media blank was first

subtracted.

6.3.6 Flow Cytometry

Cells from GFP assays were diluted 500-fold into PBS buffer for FC analysis. Flow

Cytometry was performed using a BD FACS LSRII HTS-2. GFP fluorescence was

measured using the 488nm laser and 530/30 filter, and mCherry fluoresecence was

measured using the 561nm laser and 575/26 bandpass filter. Cells were gated based

on FSC-H and SSC-H, and 10,000 events falling into this window were recorded. GFP

vs mCherry plots were converted into tsv files using the freeware software Cyflogic,

and analyzed and plotted using in-house Python scripts.

6.4 Results and Discussion

6.4.1 Design and Optimization of the Biosensor

Autoregulated negative-feedback promoters are a means of keeping steady-state levels

of gene-expression across varying conditions, providing greater stability to genetic

networks [261]. However, in designing a circuit for monitoring the concentration of a

compound in a culture, such regulation attenuates the dynamic range of the reporter

system, making it harder to discern meaningful differences in signal across broad input

ranges. The formaldehyde operon in E. coli is an autoregulated negative-feedback

promoter regulated by the protein product, FrmR, of the frmR gene. Previous work

on this promoter and its response to formaldehyde showed relatively limited signal

gain in response to toxic concentrations of formaldehyde [253]. We hypothesized
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that we could achieve a much higher, dose-dependent response to formaldehyde in

an engineered E. coli strain were this promoter to be taken out of its autoregulatory

context. To show this, we de-coupled expression of frmR from its own regulation and

placed it under inducible control of the Ptet promoter on a synthetically constructed

plasmid. We then compared this construct to an analogous, autoregulated synthetic

plasmid (Figure 6-1). Both constructs express the luciferase reporter luxAB from

the frm promoter. When FrmR was not induced from the Ptet plasmid, some change

in signal due to formaldehyde dosing still occurred. This discrepancy between 'on'

(formaldehyde present) and 'off' (formaldehyde absent) states for the uninduced-

frmR conditions likely reflect a combination of background expression from the Ptet

promoter as well as the chromosomal copy of frmR present in the E. coli strains used.

Addition of 40ng mL-1 ATc to induce frmR expression greatly lowered background

signal without greatly lowering observed reporter values for the 'on' state. Comparing

our version of this de-coupled repressor to an analogous auto-regulated system, we see

an order of magnitude improvement in signal-to-background gene expression, giving

us the ability to detect formaldehyde at levels as low as 3 pM (Fig. 6-1).
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Figure 6-1: Reporter construct design and formaldehyde response. Top: The de-coupled plasmid pTR47 controls
frmR expression through the Ptet promoter, while the pTR47auto plasmid mirrors the native context of the frm operon of
E. coli. Bottom: Comparison of the coupled (pTR47auto) and de-coupled (pTR47) reporter constructs, with or without
anhydrotetracycline (ATc). Error bars show the standard deviation of three biological replicates. RLU, Relative Luminescence
Units; OD, Optical Density at 600nm. Breaks in the lines for the 40ng mL -' ATc graph at low concentrations of formaldehyde
are due to negative values for luminescence at those time-points.
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Despite significant improvements in overall signal over time from formaldehyde

treatment, we wanted better separation of signal response to lower formaldehyde

concentrations more relevant in cells engineered for methanol assimilation. Precedent

in the RncR repressor protein of E. coli suggests that repeated cytosine and guanine

tracts can induce A-form DNA geometry, likely playing an important role in DNA-

protein interactions at binding sites at or around these tracts [262]. In the native

sequence, a repeated stretch of cytosine residues has been implicated as a contribut-

ing factor to the DNA geometry around the position that would typically bind to

recruit the o70 portion of the E. coli RNA polymerase to initiate transcription of

downstream genes [251]. Changing two cytosine residues in one such tract allowed us

to observe higher signal at lower formaldehyde doses compared to the wild-type bind-

ing sequence, supporting this hypothesis (Figure 6-2). Additionally, the sensitized

binding sequence allowed for a much clearer separation of signal trajectories at low

formaldehyde doses. Other changes that we tried, such as directly modifying residues

in the -35 or -10 sequence of the predicted o70 binding sequence, were less effective

(data not shown).
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Figure 6-2: Evaluation of Binding Site Mutants. Left: Schematic showing the specific differences in the pTR47 and
pTR47m4 constructs. Residues in the binding sequence that are underlined show predicted FrmR binding regions. Blue
residues are putative o-70 binding sequences. Residues in red represent the cytosine repeat tract, and green residues show the
mutations introduced in pTR47m4. Right) Comparison of the formaldehyde-based response of cells containing the wild-type
(pTR47) and mutant (pTR47m4) binding sites in the de-coupled circuit architecture. Error bars show the standard deviation
across three biological replicates. RLU, Relative Luminescence Units; OD, Optical Density at 600nm.



In developing and applying a regulatory circuit, it is crucial that we understand

not only its response to a desired substrate, but also its response to similar, but

irrelevant molecules. In the context of selections, such off-target activity can lead

to cheaters or severe promiscuity. To our knowledge, no data has been reported for

the frm operon in E. coli outside of its initial characterization, which only tested

glutathione adducts [252]. To better understand the specificity of the formaldehyde

repressor, we tested its response to three other inputs: methanol, acetaldehyde, and

propionaldehyde (Fig. 6-3). All three of these molecules showed a response at high

doses, but the cutoff for the response was at a much higher concentration than for

formaldehyde. Acetaldehyde was the best off-target substrate for turning on the

circuit, but was still about 100-fold less effective than formaldehyde based on signals

observed at 10mM acetaldehyde compared to 0.1mM formaldehyde. Propionaldehyde

was worse still than acetaldehyde, suggesting that as the length of the aliphatic chain

of the substrate increases, its ability to bind to FrmR decreases. The activity observed

from methanol dosing may itself come from contaminating levels of formaldehyde

present in the methanol stock, but whatever the reason for the signal it generated,

it needed to be present at about 1000-fold higher concentrations than formaldehyde

itself to create an equivalent signal from our sensitized circuit. In all cases tested,

the concentrations of off-target substrates required to achieve high signal would likely

be prohibitive toward cell growth under standard conditions and are unlikely to be a

significant issue in most applications.

6.4.2 Evaluation of a GFP Version of the Biosensor

Luciferase is an excellent reporter in biosensor applications because of its rapid

turnover rate, which leads to very high sensitivity. However, for certain applica-

tions, coupling the formaldehyde sensor to a fluorescent protein such as GFP could

be advantageous. Not every lab has convenient access to luminescence measurements,

therefore a GFP version of the reporter may make the sensor more widely usable. To

test the feasibility of this approach, we cloned the superfolder GFP [263] in place of the

luciferase gene on pTR47m4, generating pTR47m4-GFP. The response to formalde-
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Figure 6-3: Evaluation of Off-Target Activation. Comparison of signal from the
mutant (pTR47m4) binding site based on dosing of various substrates. Lines show
the average of three biological replicates. RLU, Relative Luminescence Units, OD6 0 0 ,
Optical Density at 600nm.

hyde addition was tested in exactly the same manner as for the luciferase variant, but

with monitoring for GFP fluroescence. The results are shown in Figure 6-4. Com-

pared to the luciferase version, the GFP variant responded well to a similar range of

formaldehyde concentrations, but with a lower signal/noise ratio and a slightly higher

LOD (10 pM compared to 3 pM). The relationship between the final GFP intensity

and formaldehyde concentration was sigmoidal, with a KA of 21 pM and n of 1.83.

Formaldehyde concentrations in E. coli engineered for methanol assimilation have

generally lower than 100 pM, which is the upper end of the dynamic range of this

sensor, and suggests it should be well suited to assessing formaldehyde metabolism
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Figure 6-4: Evaluation of a GFP Reporter Variant. Left: Time course of the
dose-dependent response to formaldehyde. Right: Fitting of a Hill plot to the final
GFP signal. Dashed vertical line represents the K, of the reporter (21 pM). Error
bars represent standard deviation of three biological replicates. RFU, raw fluorescence
signal (AU).

6.4.3 Comparison of MDH Variants

With a robust and highly sensitive formaldehyde sensor in hand, we set about using

it to aid in our lab's ongoing efforts to engineer E. coli for methanol assimilation.

Prior work in this field has shown the kinetic properties of the first enzyme of the

pathway, MDH to be much less favorable than those of the downstream formaldehyde

assimilation enzymes HPS and PHI [214, 177, 73, 264], which has led to a search

for catalytically more active homologs [226, 210]. The in vivo comparison of the

performance of these enzymes has typically involved a labor-intensive experimental

set-up: After growth and induction of MDH expression in the strains of interest,

cultures are pelleted, washed several times, and re-suspended in carbon-free medium.

Methanol is then added to the culture, and supernatant samples are taken periodically

and assessed for formaldehyde concentration by the NASH assay [215]. Methanol

conversion rates are calculated from the initial velocity of formaldehyde production,
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normalized to the OD of the culture [214]. Because of the low sensitivity of the NASH

assay, the endogenous glutathione-dependent formaldehyde dehydrogenase frmA must

first be knocked out. This process is low-throughput and does not lend itself to

the simultaneous comparison of many variants. In their efforts to evolve a better

MDH, Wu and coworkers [210] developed a 96-well plate-based assay where the NASH

reagent is added directly to the culture upon methanol addition. However, they had

to then wait 4 hours for sufficient signal to develop, and separate the supernatant

from the cells. Rapid methodologies to assess in vivo MDH activity with minimal

experimental intervention would therefore be valuable in both the bioprospecting and

directed evolution of novel MDH candidates.

To test whether our formaldehyde reporter could meet this need, we cloned several

candidate MDHs into pTR48 under control of the arabinose promoter. MDH1 and

MDH2 from Bacillus methanolicus were chosen as the major isoenzyme expressed

during methylotrophic growth and the most active candidate in E. coli identified in

the seminal work by Muller et al, respectively [214]. To assess the importance of the

activator protein (ACT), we also generated a construct that co-expressed MDH2 and

ACT. This protein is a nudix hydrolase which, at least in vitro, hydrolzes the nicoti-

namide mononucleotide moiety of the NADH cofactor of MDH, leading to a drastic

reduction in the Km for methanol [70, 2201. A role for this modification in vivo has

yet to be confirmed, but has been shown in vitro for a number of Type III alcohol

dehydrogenases [2651. The alcohol dehydroengase adhA from Corynebacterium glu-

tamicum was also included in the panel, because of the very low reported Km of 3

mM 1227]. We also included the MDH from Geobacillus stearothermophilus reported

by Whitaker et al [226, 266], and both the WT and evolved variants of MDH2 from

Cupriavidus necator reported by Wu et al [210]. Finally we included a negative con-

trol that expressed mCherry in place of a methanol dehydrogenase. To the best of

our knowledge, this is the first time that this broad range of MDH variants has been

compared head-to-head. Preliminary work established that, with induction of MDH

expression at the same time as methanol addition, 2 hours of further incubation was

sufficient for response saturation (Figure 6-5), therefore this timepoint was chosen
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for end-point fluorescence analysis. This allowed us to incubate the plates with the

assays on a Boekel Jitterbug 2.0, which can achieve much higher agitation rates and

oxygen mass transfer than the spectrophotometer, in support of the need to keep the

NAD/NADH ratio high to provide a thermodynamic driving force for MDH activity

[202].
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Figure 6-5: Timecourse of reporter in response to formaldehyde generated
in situ with MDH. Cells harboring either mCherry (negative control) or the evolved
mdh2 from C. necator were incubated with or without 500 mM methanol and fluo-
rescence monitored for 3 hours

After 2 hours, signal was detected for all variants except MDH1 (Figure 6-6). The

strongest signal, from the evolved variant of C. necator MDH2, showed over a 20-

fold increase in signal compared to the control, clearly demonstrating the ability to

rapidly detect MDH activity without deletion of the endogenous formaldehdye detoxi-

fication pathway. In general, the differences in fluorescence intensity between variants

matched previous reports: It was previously shown that Mdh2 from B. methanolicus

outperforms Mdh1 (30 mU mg' vs. 1.7 mU mg-1), and that co-expression of Act

in E. coli does not change the in vivo activity [214]. This is reflected in our data
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by the 9-fold difference in signal between Mdh2 and Mdhl at the highest methanol

concentration, and the absence of any difference between Mdh2 and Mdh2+act. It

should be noted that although the Mdhl strain showed no GFP signal after 2 hours,

fluorescent signal above the control could be seen upon further incubation for a total

of 8 hours, long after signals from the other variants had reached saturation, reflect-

ing the extremely slow but still detectable rate of methanol oxidation. Whitaker et

al showed that the Mdh from G. stearothermophilus outperforms the Mdh2 from B.

methanolicus at low concentrations (60 mM) of methanol [2261. This is also reflected

in our data, where at 50 mM methanol the former shows a fluorescent intensity 2.8-

fold higher than the latter. As expected, the evolved variant of the the C. necator

enzyme outperformed the WT version. Given the reportedly low Km of the AdhA

from C. glutamicum, we were suprised to see no improvement over Mdh2 from B.

methanolicus. In their work, Wu et al purified this enzyme and found a higher Km

than previously reported, of 100 mM [2101, which explains this discrepancy. Our

assay identified the evolved variant from C. necator and the mdh from G. stearother-

mophilus as the most promising MDHs for engineering synthetic methylotrophy, based

on their ability to rapidly produce formaldehyde at low concentrations of methanol,

but could not distinguish between the two. Taken together, the data presented here

show that our assay can be used to detect in vivo formaldehyde production by MDH

in a WT background and faithfully reconfirms comparisons made in previous liter-

ature. From inoculation to assay completion, the procedure requires a total of 5

hours, and only one intervention to add the inducer and methanol. This a significant

simplification over the current state of the art, and should enable comparison of dif-

ferent MDH candidates in a high-throughput manner with instrumentation available

in most laboratories.

It is interesting to note that, in the WT strain used by Mller to express B.

methanolicus Mdh2 [2141, the steady state formaldehyde level measured by NASH

assay after addition of 1M methanol was approximately 10 pM, which is right at

the limit of detection of our GFP-based assay, and yet we detect a very strong GFP

signal for this strain. The key difference is that the LOD determined above is for
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Figure 6-6: Comparison of MDH variants by GFP formaldehyde reporter.
GFP fluorescence measured 2 hours after induction of MDH expression and addition
of various concentrations of methanol. Error bars represent standard deviations for
three individual colonies.

the single addition of a bolus of formaldehyde to the culture. Due to the presence

of the glutathione detoxification system and the high reactivity of formaldehyde,

this formaldehyde is rapidly eliminated, and the continued synthesis of FrmR leads

quikcly to deactivation of GFP transcription and low sensitivity. By contrast, in the

MDH assay, there is a continual production of formaldehyde, such that de-repression

continues and the GFP signal is amplified. Thus the high sensitivity of our reporter

system in this context is based on the ability to report essentially the integral of
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formaldehyde concentration over time.

6.4.4 Toward Directed Evolution of MDH Variants

Having demonstrated that the formaldehyde biosensor could be used to discriminate

between MDH candidates based on their kinetic properties, we were interested in

evaluating the potential of the sensor for the directed evolution of novel variants us-

ing high-throughput technologies such as FACS or PACE [267]. For these approaches

to be successful, the assay must be able to discriminate between candidates within a

mixed population. Since formaldehyde is known to diffuse rapidly across the cell mem-

brane, we were concerned that the lack of spatial segregation of high- and low- activity

mutants in a library could lead to the enrichment of cheaters, where the formalde-

hdye produced by a high-activity variant could diffuse into a cell with a low-activity

variant and activate the reporter. To assess this possiblity, we co-inoculated a culture

with two strains: one carrying pTR48mdh2, and one carrying pTR48mCherry, which

expresses mCherry instead of mdh2. Both strains contained the reporter plasmid

pTR47m4GFP, but only the one with mdh2 should be able to produce formaldehyde

from methanol and activate the reporter. If formaldehyde diffusion can activate the

reporter in cells not expressing MDH, we would expect to see GFP signal in cells

expressing mCherry after treatment with methanol. If not, the mCherry cells should

all show no GFP fluorescence. Cells were grown under the same conditions as be-

fore, 10 mM arabinose and 500 mM methanol were added to the culture, and the

population was analyzed by flow cytometry after 2 hours. As shown in Figure 6-7,

the mCherry+ cells showed mean GFP fluorescence similar to the mCherry- cells,

indicating that formaldehdye produced in one cell was able to activate the reporter

in another.

In order to prevent this cross-talk, we devised two strategies to reduce the ex-

tracellular formaldehyde concentration: 1) addition of NAD-dependent formaldehyde

dehydrogenase (FaDH) from Pseudomonas sp. and NAD+, to enzymatically oxidize

the formaldehyde to formate; 2) addition of glutathione as a formaldehyde scavenger.

Addition of the FaDH and NAD+ was unsuccessful, possibly due to the breakdown of
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the enzyme in the supernatant or unfavorable reaction conditions (data not shown).

In contrast, addition at induction of increasing concentrations of glutathione, from 1

to 10 mM, increased the difference in GFP fluroescence between the mCherry+ and

mCherry- cells. At 10 mM, the mCherry+ cells showed only background levels of

GFP, indicating complete sequestration of formaldehyde in the supernatant as the

glutathione adduct. The addition of high levels of glutathione negatively impacted

cell growth, with the OD at analysis of the 10 mM culture roughly half that of the 0

mM control. Despite the growth defect, the GFP fluorescence was roughly the same,

indicating that the glutathione had no impact on the activation of the reporter or the

activity of MDH. These results clearly show the potential for cheaters in this assay,

and establish that glutathione should be added as a formaldehyde sink if this assay

is employed for directed evolution of MDH activity.
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6.4.5 Biosensor-Based Pathway Tuning

Since formaldehyde is highly toxic, strains engineered to metabolize methanol must

carefully balance the production of formaldehyde by MDH with its consumption by

HPS and PHI. This control can be engineered at the transcriptional level by varying

the induction of the upstream and downstream pathways, and assessing the build-up

of formaldehyde under different induction conditions. Here we used the formaldehyde

reporter to facilitate high-throughput testing of different induction concentrations.

The evolved MDH from C. necator was placed under the control of the T7 pro-

moter, and HPS and PHI from B. methanolicus as an operon under control of the

Ptet promoter, in a single vector. Formaldehyde was measured using the biosensor

plasmid pTR59GFP, which constitutively expresses frmR and therefore has no cross-

talk with the tet promoter in the methanol plasmid. Cells were grown on xylose

to provide non-limiting levels of Ru5P. Expression was induced at early exponential

phase and 500 mM methanol added at induction. GFP signal was measured after 2

hours, and again noramlized to OD60 0. The results are shown in Figure 6-8. Without

induction of either MDH or HPS/PHI, only background GFP signal was detected.

Upon induction with IPTG, the GFP signal rose to a maximum of 2500 (14-fold

increase) at 50 pM, before falling again at higher induction levels. This fall in signal

is likely attributable to the low solubility of MDH: Increased induction leads to no

measurable increase in the activity in assays of crude lysates, but a marked increase

in the amount of the enzyme in the insoluble fraction, and a significant decrease in

cell growth (Figure 5-24). The slow growth under these conditions is the likely cause

of reduced GFP synthesis. At 25 pM IPTG, low-level induction of HPS/PHI with

10 ng mL-r is sufficient to reduce the formaldehyde concentration to background

levels. At 50 tM IPTG, the higher MDH activity require an increase in HPS/PHI

induction to compensate. At 100 tM IPTG and above, even full induction of the

downstream pathway with 200 ng mL-1 is insufficient to reduce the formaldehyde

concentration to background levels. This could be because of two reasons: 1) High

level IPTG induction reduces the expression level from the ptet promoter, as shown in
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experiments where IPTG and tet controlled GFP and RFP respectively (Figure 6-9),

such that the HPS/PHI activity is too low to balance formaldehyde generation. 2) At

high levels of T7 induction, cells must produce high levels of nucleotides to support

mRNA synthesis. As ribose-5-phosphate is the precursor for nucleotide biosynthesis,

this increased level of mRNA production might deplete the pentose phosphate pools,

leading to insufficient ribulose-5-phosphate to support formaldehdye assimilation, re-

gardless of.HPS activity. Whatever the reason, the results here demonstrate the high

sensitivity of the reporter through its ability to detect formaldehyde even in strains

engineered for its consumption, and without deletion of the endogenous detoxification

system. They also demonstrate how the reporter can be used to optimize the relative

expression level of MDH and HPS/PHI to maximize flux while minimizing expression

burden. In this case, 50 pM IPTG provides maximum formaldehyde production in

the absence of ATc, and the addition of 40 ng mL-1 is sufficient to allow its complete

consumption through the engineered pathway.

In this experiment, the expression level was statically controlled through chemical

induction. An emerging trend in synthetic biology and metabolic engineering is the

dynamic control of metabolism, where a sensor of an intermediary metabolite actu-

ates the expression or repression of other pathway genes to control the rate of its

consumption, in imitation of the regulation of many natural pathways. In principle,

the formaldehyde reporter engineered in this work could be converted into a dynamic

sensor-regulatory system, by using the frm promoter to drive HPS and PHI expres-

sion. This would help eliminate the need for inducers, and could be helpful eventually

in a bioreactor setting, where spatial gradients in methanol concentration could re-

quire cells to respond dynamically to perturbations in formaldehyde concentration.

The results provided here are foundational for this approach, because they show that

the dynamic range of the biosensor is well-matched to the range of formaldehdye

concentrations detected in cells engineered for methanol assimilation.
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6.5 Conclusions

In this work, we made significant improvements to a formaldehyde biosensor, and

demonstrated its utility in efforts to establish synthetic methylotrophy. Engineering

of the promoter binding site and regulatory architecture led to dramatically improved

sensitivity over the previous version. Our system could detect the addition of 3 PM

exogenous formaldehdye with a 10-fold increase in signal, whereas the previously

reported sensor required 2 mM formaldehyde and the addition of Triton to permeabi-

lize the cells. We showed our reporter could discriminate between MDH candidates,

and with the addition of glutathione as a formaldehyde sink could detect differences

within a mixed population. Finally, we showed that the dynamic range of the sensor

matches well with physiological formaldehyde concentrations in strains engineered

for methanol assimilation, allowing high-throughput optimization of induction condi-

tions for the upstream and downstream pathway. These proof-of-concept experiments

demonstrate the utility of the biosensor, and pave the way for directed evolution of

MDH, as well as the implementation of dynamic control strategies in synthetic methy-

lotrophy.

226



Chapter 7

Conclusions and Future Directions

7.1 Conclusions

Though the development of a reproducible protocol for the transformation of Moorella

thermoacetica was not achieved, these investigations led to several concrete results:

First, a quantitative assay for analyzing the delivery of fluorescently labeled DNA

via electroporation was developed. The protocol is applicable to the development of

genetic tools for any organism, and has already found utility elsewhere in our group for

assessing electroporation of Thiobacillus denitrificans, and elsewhere at MIT. Second,

the specificity of one of Moorella's endonucleases has been uncovered, and its effect

on transformation can be evaded either by pre-methylation as demonstrated, or by

avoidance of the recognition sequence in shuttle vectors. Finally, it was shown that

the plasmid pQexp can replicate autonomously in M. thermoacetica.

A CRISPRi system for the related organism Clostridium ljungdahlii was devel-

oped, and shown to enable reduction of target mRNA levels by greater than 96%.

The system was designed to allow easy change of the N20 targeting region and mul-

tiplexing of several targets with simple cloning steps, and will therefore find broad

utility in the acetogen research community. Identification of leaky dCas9 expression

revealed an inherent design problem of the CRISRPi strategy, which in this case was

largely offset by the identification of a new, tightly regulated promoter for C. jung-

dahlii. The physiological effect of pta downregulation was examined, and found to
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lead to impaired growth and low titers of both acetate and ethanol, suggesting the

presence of hitherto unknown regulatory or metabolic mechanisms for the balancing of

carbon flux. Strains producing mM quantities of 3HB were generated, and rationally

improved by codon optimization and RBS tuning. These plasmids provide a testbed

for identifying native genes whose downregulation promotes increased acetyl-CoA flux

into a heterologous pathway, a general question in acetogen metabolic engineering.

In light of the availability of cheap natural gas, pathways for the conversion of

methane to n-butanol were evaluated based on theoretical yield. It was shown that,

while the MCR-catalyzed reaction allows conservation of more energy from methane

than the MMO-reaction in this single transformation, other factors in the pathway

mean that this does not translate to an increased yield overall. This argument is not

dependent on the rate of methane oxidation, so that even if drastic rate increases

can be achieved in anaerobic methane oxidation, there is no benefit to using this

pathway over the aerobic pathway. Efforts to develop a methane-based bioprocess

should therefore show preference for aerobic methanotrophy.

E. coli strains capable of methanol assimilation were generated, and pathway lim-

itations systematically addressed by a combination of theoretical analysis, traditional

metabolic engineering approaches including labeled isotope experiments, and chemi-

cal biology-inspired approaches. This analysis revealed flux leakage from the RuMP

pathway as the primary bottleneck, and strategies were developed to redirect flux into

this pathway and enable improved formaldehyde assimilation. With sufficient Ru5P

regeneration, it was shown that methanol oxidation proceeded largely irreversibly,

counterindicating approaches to modulate pathway thermodyanmics. Further anal-

ysis using kinetic isotope effects demonstrated that, with this bottleneck mitigated,

flux became limited by the intrinsic kinetics of MDH, motivating directed evolution

and bioprospecting to find better candidate isoenzymes for this conversion. The in-

sight and analysis developed in this work will be critical to ongoing efforts to establish

synthetic methylotrophy.

A formaldehyde biosensor was developed that allowed pM level detection of this

intermediate. In support of the aforementioned need to improve MDH activity, the
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sensor was examined as a platform for directed evolution, and a strategy developed

to guard against cheaters by limiting intercellular formaldehyde diffusion. The utility

of the sensor was further highlighted by the high-throughput screening in vivo of

MDH candidates, and the tuning of upstream and dowsntream pathway expression

to minimize formaldehyde toxicity and heterologous expression burden. The sensor

architecture is currently in use in our collaborator's lab to evolved MDH activity via

Phage-Assisted Continuous Evolution (PACE), with promising results thus far.

7.2 Recommendations for Future Work

7.2.1 Moorella transformation

The quest for robust transformation of M. thermoacetica consumed two years of my

PhD work, and resulted in sparse glimmers of success. During the course of these

experiments, another group published a transformation protocol based on 5-FOA

resistance [98]. Despite incorporating a transformation vector almost identical to

theirs (pMTK1) in our panel of plasmids, and pre-methylating vectors via the same

PAMS strategy, we were unable to consistently reproduce this result: The only pyrF

mutants isolated were partial deletions, not useful for the insertion of heterologous

genes. We had occasional success with one of the replicating vectors that we designed

(pQexp-kanR), but again, positive results were sporadic. At around the same time, a

highly optimized transformation protocol for the related acetogen C. ljungdahlii was

published [91]. Since the ultimate focus of my thesis work was to be the metabolic

engineering of syngas-fermenting organisms, the choice of host was largely immaterial,

and the ability to easily reproduce C. ljlungdahlii transformation convinced us that

efforts should instead be focused on that organism. The flow-cytometry assay for

detection of fluorescent plasmid delivery developed during this work is nevertheless a

useful technique that could be harnessed in the development of transformation tools

for other organisms.

In the time since I worked on Moorella transformation, technology has advanced,
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and achieving this goal might now be more feasible. Critically, the immensely pop-

ular CRISPR-Cas9 system could be useful for the selection of correct recombinants,

as was demonstrated recently by the highly efficacious use of this system in gener-

ating several gene knockouts in C. ljungdahlii [94, 2681 and other Gram positives

[161, 269]. SMRT sequencing [138, 140, 139], which was a nascent technology when I

worked on this project, is now a convenient service that could identify the remaining

endonuclease recognition sites in Moorella. Combined with restriction-independent

cloning methods, such as Gibson assembly, to rapidly generate transformation vectors

missing these sites, this could overcome the barrier posed by DNA degradation. The

list of vectors screened could also be expanded to take advantage of the modular sys-

tem of Clostridial vectors developed in the Minton lab [158]. In several experiments

with pQexp-kanR, kanamycin resistance arose in control cells that had been mixed

with plasmid but not electroporated, leading us to suspect a possible role for natural

competence in Moorella transformation [2701. Natural competency has been found

across a wide array of bacteria, including the related Gram positive thermophile Ther-

moanaerobacterium saccharolyticum [271]. Inspection of the genome revealed ComEA

and ComEC orthologs (Moth_0570 and Moth_0575, respectively), adding credibil-

ity to this notion. Further investigation to confirm natural competence and identify

the environmental signals (if any) that trigger the ability to take up DNA could be

fruitful. Combining all of these resources could lead to significant strides forward in

domesticating the organism that formed the basis of the biochemical elucidation of

the Wood-Ljungdahl pathway, that has so far remained elusive.

7.2.2 CRISPRi for Metabolic Engineering of C. ljungdahlii

The CRISPRi system developed here is an exciting enabling technology for acetogen

metabolic engineering, but more extensive characterization should be carried out.

In particular, in this thesis the tet-controlled system was fully induced with 100 ng

mL-1 aTc. Given the toxicity of aTc in Clostridia and the low concentration of dCas9

required for downregulation, the effect of various aTc concentrations on repression

should be evaluated, with the aim of reducing the toxicity of the system and exploring
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the dynamic range of regulation. These experiments would be facilitated by use of

an easily assayed reporter. A fluorescent protein functional in C. ljungdahlii was

recently reported, but the signal was weak, and required development of media with

reduced flavin content to eliminate background autofluorescence [92]. Excitingly, a

new class of fluorescent proteins derived from phycobiliproteins has been developed

whose fluorescence is dependent on the binding of biliverdin, rather than an oxygen-

dependent protein backbone oxidative reaction cascade, and are therefore suitable to

anaerobic environments [272]. Efforts to express a representative protein, smURFP

[273], as a reporter protein for CRISPRi tuning are ongoing. Alternatively, gusA

could be used, with assessment of activity conducted in a mid-throughput manner by

X-gluc staining in permeabilized cells (as demonstrated in this thesis) to avoid the

laborious process of cell lysis, quantitative enzyme assay, and BCA standardization.

Beyond exploring the tunability of the system, the 3HB production developed here

should be used to assess the impact of the downregulation of various genes on heterol-

ogous production. Here it was shown that pta downregulation led to a severe growth

defect. It would be interesting to explore whether induction of the knockdown later

in fermentation, after the production of sufficient biomass, could improve 3HB titers.

Alternatively, other genes with putative roles in carbon flux could be targeted. As

there is significant redundancy in the C. ljungdahlii genome, it may be that combina-

tions of gene knockdowns are required to generate the desired production phenotype.

The CRISPRi strain desigend here is amenable to multiplexing, so this should be

feasible. Compared to E. coli, genetic engineering in C. ljungdahlii is still slow, and

transformation efficiencies are low. So while construction of CRISPRi libraries is sim-

ple, transforming a library into C. ljungdahlii is not yet possible. Methods to improve

transformation efficiency would therefore speed development of metabolic engineer-

ing in this host and provide access to the advantages of modern high-throughput

techniques that have transformed metabolic engineering in prototypical hosts.
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7.2.3 Synthetic Methylotrophy

This thesis identified Ru5P regeneration and MDH kinetics as the primary limitations

in synthetic methylotrophy in E. coli. With GAPDH identified as a target for down-

regulation, and activation of the SBPase variant shown to increase Ru5P regeneration,

more elaborate genetic strategies can now be readily employed to control expression of

these enzymes. This approach will require dynamic metabolic control strategies, since

reduced expression of these enzymes during normal growth will result in slow-growth

phenotypes. Fortunately, with the wealth of tools available, this will be comparatively

simple to achieve. An interesting possibility here is to use the formaldehdye biosensor

developed in this thesis to screen in a high-throughput manner genetic modifications

to central metabolism that lead to higher Ru5P concentrations in resting cells, and

thus reduce the formaldehyde concentration. Experiments to adapt the biosensor to

resting cells, which do not have sufficient substrate to synthesize GFP in response to

formaldehyde, are underway. The strategy is to take advantage of the diffusivity of

formaldehyde, and contain the reporter plasmid in a strain that can consume sucrose,

and co-incubate these cells with strains engineered for methylotrophy (and which can-

not consume sucrose), in media containing sucrose and methanol as the only carbon

sources.

By contrast, evolving an MDH candidate that is 10-fold more active presents a

much more difficult technical challenge. We are already running PACE to address this,

and have already dramatically improved the activity of MDH2 from B. methanolicus.

However, there is a more funamdental question here: Given the poor in vitro and

in vivo kinetics of MDH in E. coli, how does this same enzyme enable methanol

consumption at 1 g g-1 hr-1 in the native host? The temperature is higher, but the

difference between 37°C and 45°C likely corresponds to an increase of at most 2-fold

in rate, and B. methanolicus can grow at 37°C with a resonable doubling time of

approximately 5 hours. We have shown that thermodynamic force, which is greater

at higher temperature, is not a bottleneck in E. coli, so we cannot use that as the

explanation. I believe that the answer to this fundamental question will provide the
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quantum leap needed to establish industrially relevant rates of methanol consumption

when applied to E. coli.

7.2.4 Closing Remarks

The central question posed in this thesis was whether it is better to develop metabolic

engineering tools and strategies for strains that already metabolize the desired carbon

substrate, or to import these pathways into heterologous hosts with more advanced

engineering technologies. After five years gaining experience on both sides of this de-

bate, a universal answer remains elusive. The methanol assimilation pathway consists

of only three genes with well described biochemistry, and yet has taken an equal num-

ber of years simply to establish the bottlenecks. Adapting the CRISPRi technology to

C. ljungdahlii, on the other hand, was relatively simple using the basic genetic tools

that had already been established, but revealed the depths of our lack of knowledge

of metabolic regulation in this organism. Establishing these tools completely from

scratch, as with Moorella thermoacetica, has been an exasperating process, both for

our lab and others. Regardless, the journey has been an interesting one, and tackling

the breadth of projects presented in this thesis has introduced me to a wide range of

techniques, and an exceptionally broad community of scientists who have shaped the

way I view the pursuit of science, and whom I am thankful to consider peers.
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Appendix A

Supplemental Information

A.1 Calculation of Yields from H2 andCO2 in Figure

1-3

Maximum theoretical hydrogen yields for a variety of products were calculated us-

ing known stoichiometry for the conversion of acetyl-CoA (Table A.1), and the C.

ljungdahlii Wood-Ljungdahl pathway stoichiometry in [411:

4H2+2CO2+ 0.37ATP -* AcCoA (A.1)

Stoichiometric coefficients were balanced such that there was no accumulation of in-

Product Stoichiometry
Ethanol (via Acetate) 2H2 + AcCoA -4 C2H6 0 + 0.5ATP
3HB (tesB) H2 + 2AcCoA-+ C4 H8 0 3

3HB (ptb/buk) H2 + 2AcCoA-> C4 H803 + ATP
Butyrate (ptb/buk) 2H2 + 2AcCoA-+ C4 H802 + ATP
Butanol 4H2 + 2AcCoA+ C4H1 0 0
Butanol (AOR) 4H2 + 2AcCoA-4 C4H100 + 0.5ATP
2,3-BDO 3H2 + 2AcCoA + ATP C4H1 0 02

Lactate 2H2 + AcCoA + 0.5ATP - C3 H6 03

4HB H2 + 2AcCoA - C4 H0 3
1,4-BDO 3H2 + 2AcCoA- C3 H6 03

Table A.1: Product Formation Stoichiometry
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termediates or biomass. Pathways deficient in ATP production were compensated by

the concomitant production of acetate. Production of excess ATP was assumed not to

diminish the maximal yield. Electron donors were converted to hydrogen equivalents.

For the case of ferredoxin-dependent reactions, this results in an additional cost of

0.5 ATP per reduction (e.g. via the reversal of the ECH-catalyzed reaction). The

glucose yield was calculated assuming typical heterotrophic production of acetyl-CoA

through glycolysis such that each glucose can produce a maximum of two molecules

of acetyl-CoA. This allowed direct calculation of the maximum hydrogen cost for

which autotrophic production would be competitive on a feedstock cost basis with

glucose-based production.

A.2 Codon Optimized kanR and M. thermoacetica

GAPDH Promoter Sequence

ACCATTTGTGTTGAATAGATAGTGTTTGACGGTACAATCTCCGGCAATT

AGCAATATATCATAATAAATCCTGATTGGGTTAGGAATAATATCAAAAG

CCAAGGAGCCTGAAAGCGGTGGGGGTTGACGCTGCTGGAATTTAACCCT

TGCCGTTACAATAAATATAAGGAGGAGTACAGCATGCGGATCGTGAACG

GCCCCATTATCATGACCCGCGAAGAGCGCATGAAAATTGTTCACGAAAT

CAAGGAACGGATTCTGGATAAATACGGTGACGATGTTAAGGCCATCGGC

GTGTACGGCAGCCTCGGACGGCAGACTGACGGCCCGTATTCGGACATTG

AGATGATGTGCGTAATGAGCACCGAGGAGGCGGAGTTCAGCCACGAGT

GGACGACCGGCGAGTGGAAAGTCGAAGTCAACTTTGACAGCGAAGAAAT

CTTGCTGGATTATGCCTCCCAGGTTGAGTCCGACTGGCCCCTCACCCAC

GGCCAGTTCTTTAGCATTCTCCCCATCTACGACAGCGGGGGCTACCTGG

AAAAAGTATATCAGACCGCCAAGTCCGTGGAAGCCCAGACCTTCCACGA

CGCCATCTGTGCCCTCATTGTGGAAGAACTGTTTGAATACGCTGGAAAG

TGGCGGAACATCCGGGTCCAGGGTCCGACGACCTTTTTGCCGAGCCTCA

CCGTCCAGGTGGCTATGGCCGGCGCCATGCTGATCGGCCTGCACCATCG
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TATATGCTACACCACCTCGGCCTCCGTCCTGACTGAAGCCGTCAAGCAG

AGTGATCTGCCGAGTGGCTACGATCATCTGTGCCAGTTTGTGATGAGCG

GTCAGTTGAGCGACAGTGAGAAACTGCTGGAAAGCCTCGAGAATTTCTG

GAATGGTATTCAGGAATGGACTGAAAGGCATGGCTATATCGTGGACGTC

TCGAAACGTATCCCCTTTTAG

A.3 GBlock Used for Expression of sgRNA

CGGGTGGGCCTTTCTGCGTTTTGACAAATTTATTTTTTAAAGTTAAAAT

TAAGTTGTTACCTTTTCATTCCCTACAGTTTTAGAGCTAGAAATAGCAA

GTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTC

GGTGCTTTTTTTGAAGCTTGGGCCCGAACAAAAACTCATCTCAGAAGAG

GATCTGAATAGCGCCGTCGACTAAATATCTAGAAGCTCGGCACTGGCCG

TCGTT
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A.4 Reactions Added to Core Model iAF1260

Abbreviation Reaction
Exchange reactions
EXmeth(e) meth-e[C_e]<=>
EX rib(e) rib_D_e[C_e]<=>
Transport reactions
METHup meth-e[C_eJ<=> methc[C_c]
RIBup rib_D_e[C_e]+atp_c[C_c]<=>rib_Dc[C_c+adpc[C

_c]
Metabolic reactions
MeDH methc[C_cl+nadc[C_c]<=>h-c[C_c+nadh_c[C_c]+

formaldc[Cc]
HPS formald_c[C_c]+ru5p_Dc[Cc]<=>h6pc[Cc]
PHI h6pc[C_c]<=>f6pc[Cc]
RIBK rib_ Dc[C _c]+atpc[C_c]<=>r5pc[C _c]+adpc[C_c]

Table A.2: Reactions Added to Core Model iAF1260
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A.5 Calculation of Entropy and Enthalpy of MDH-

Catalyzed Reaction

Understanding the effect of temperature on the free energy change (AGO) of NAD-

dependent methanol oxidation requires values for the entropy (AS0 ) and enthalpy

(AHO) changes of the reaction. To determine these values, here we use Hess's law

in combination with the known heats of formation of methanol, formaldehyde, and

hydrogen, and the known AH° of the H2-dependent reduction of NAD+, to first

calculate AHO for the MDH reaction. We then calculate ASO from the estimated

AG° and the relationship

AG° = AH° - TAS°   (A.2)

According to [274, the AHO of the reaction

NAD+-+ H 2 -+ NADH + H+ (A.3)

is -29.2 kJ mol'. To calculate the enthalpy change of the reaction

CH3 OH - CH20+H2  (A.4)

we use the heats of formation shown in Table A.3, and the relationship

AH° = E Hfpoducts - ( Hfec (A.5)

to determine a value of 129.0 kJ mol 1 . By Hess's law, the enthalpy change of the

reaction

CH30H + NAD+ - CH20 + NADH + H+ (A.6)

is 99.8 kJ mol-1. Using this value, the equation A.2, the temperature (T = 298K)

and AG = 34.2 kJ mol we calculate AS = 0.22 kJ mol- 1 K- 1.
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Table A.3: Enthalpy of Formation (AHf) of Compounds in Methanol Oxidation
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Species Hf (kJ mol- 1) Reference
CH30H -238.0 NIST Webbook
CH 20 -109.0 [2751
H 2 0 Definition



A.6 Reversible Kinetic Model for MDH

MDH was modeled using reversible Michaelis-Menten kinetics for the reaction: A +

[A][B] (1_ )
V + KAKB Keq

max(1+ _LA+ f)(1+ + M)KA Kp KB KQ
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A.7 Codon Optimized Genes in Methanol Metabolism

B. methanolicus MGA3 mdh

ATGACCACCAACTTTTTTATCCCTCCGGCAAGCGTTATTGGTCGTGGTG

CAGTTAAAGAAGTTGGCACCCGTCTGAAACAAATTGGTGCAAAAAAAGC

ACTGATTGTGACCGATGCATTTCTGCATAGCACCGGTCTGAGCGAAGAA

GTTGCAAAAAACATTCGTGAAGCCGGTGTTGATGTTGCCATTTTTCCGA

AAGCACAGCCGGATCCTGCAGATACCCAGGTTCATGAAGGTGTGGATGT

TTTTAAACAAGAGAATTGCGATAGCCTGGTTAGCATTGGTGGTGGTAGC

AGCCATGATACCGCAAAAGCAATTGGTCTGGTTGCAGCAAATGGTGGTC

GTATTAATGATTATCAGGGTGTGAATAGCGTTGAAAAACCGGTTGTTCC

GGTTGTGGCAATTACCACCACAGCAGGCACCGGTAGCGAAACCACCAGT

CTGGCAGTTATTACCGATAGCGCACGTAAAGTGAAAATGCCGGTTATCG

ATGAAAAAATCACCCCGACCGTTGCAATTGTTGATCCGGAACTGATGGT

TAAAAAACCGGCAGGTCTGACCATTGCAACCGGTATGGATGCACTGAGC

CATGCAATTGAAGCATATGTTGCAAAAGGTGCAACACCGGTTACCGATG

CCTTTGCAATTCAGGCAATGAAACTGATCAATGAGTATCTGCCGAAAGC

AGTTGCCAATGGTGAAGATATTGAAGCCCGTGAAAAAATGGCCTATGCA

CAGTATATGGCAGGCGTTGCATTTAACAATGGTGGCCTGGGTCTGGTTC

ATAGCATTAGCCATCAGGTTGGTGGTGTGTATAAACTGCAGCATGGTAT

TTGCAATAGCGTGAATATGCCGCATGTTTGTGCCTTTAATCTGATTGCA

AAAACCGAACGCTTTGCCCATATTGCAGAACTGCTGGGTGAAAATGTTG

CGGGTCTGAGCACCGCAGCAGCAGCCGAACGTGCCATTGTTGCACTGGA

ACGTATTAACAAAAGCTTTGGTATTCCGAGCGGTTATGCCGAAATGGGT

GTGAAAGAAGAAGATATCGAGCTGCTGGCAAAAAACGCATATGAAGATG

TTTGTACCCAGAGCAATCCGCGTGTTCCGACCGTTCAGGATATTGCACA

GATTATCAAAAACGCCATGTAA
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B. methanolicus MGA3 mdh2

ATGACTAACACCCAGTCTGCGTTCTTCATGCCGTCCGTAAACCTGTTTG

GCGCGGGCTCTGTGAACGAAGTTGGTACCCGCCTGGCTGACCTGGGCGT

AAAAAAGGCGCTGCTGGTTACGGACGCTGGCCTGCACGGCCTGGGTCTG

AGCGAAAAAATCTCTAGCATCATCCGTGCGGCCGGTGTAGAAGTTTCCA

TCTTCCCGAAAGCGGAACCGAACCCAACCGACAAAAATGTTGCAGAAGG

TCTGGAAGCTTATAACGCGGAGAACTGTGACTCTATTGTGACGCTGGGC

GGTGGCAGCTCTCACGACGCCGGTAAAGCGATCGCTCTGGTTGCGGCTA

ATGGTGGTAAAATCCACGACTATGAAGGCGTGGATGTGAGCAAAGAACC

GATGGTTCCGCTGATTGCTATTAACACGACCGCCGGCACTGGCTCCGAA

CTGACCAAGTTCACGATTATCACTGATACCGAACGTAAAGTTAAAATGG

CTATCGTCGACAAGCATGTGACGCCGACTCTGTCTATCAACGATCCGGA

ACTGATGGTGGGCATGCCACCTAGCCTGACCGCGGCGACTGGCCTGGAC

GCGCTGACCCACGCAATCGAAGCTTATGTCTCCACCGGCGCGACTCCGA

TCACCGATGCCCTGGCTATCCAGGCGATCAAAATCATCAGCAAATACCT

GCCGCGCGCAGTGGCTAACGGTAAAGACATCGAGGCGCGCGAACAGATG

GCGTTCGCACAGAGCCTGGCGGGCATGGCGTTCAACAACGCTGGCCTGG

GCTACGTACACGCTATCGCACATCAGCTGGGCGGTTTCTATAACTTCCC

GCACGGTGTTTGTAACGCTGTCCTGCTGCCGTACGTATGCCGTTTCAAC

CTGATTTCTAAAGTTGAACGCTATGCGGAAATCGCGGCTTTCCTGGGCG

AAAACGTAGATGGTCTGTCCACCTACGACGCTGCGGAAAAAGCGATCAA

GGCAATCGAGCGTATGGCCAAAGATCTGAACATCCCGAAAGGCTTCAAA

GAACTGGGTGCTAAAGAAGAAGACATCGAAACCCTGGCCAAAAATGCCA

TGAAAGACGCGTGTGCCCTGACCAACCCGCGCAAGCCAAAACTGGAGGA

AGTGATCCAGATCATCAAAAACGCCATGTAA

B. methanolicus MGA3 act

ATGGGTAAACTGTTTGAAGAAAAAACCATCAAAACCGAGCAGATTTTTA

GCGGTCGTGTTGTGAAACTGCAGGTTGATGATGTTGAACTGCCGAATGG
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CCAGACCAGCAAACGTGAAATTGTTCGTCATCCGGGTGCAGTTGCAGTT

ATTGCCATTACCAATGAAAACAAAATCGTGATGGTGGAACAGTATCGTA

AACCGCTGGAAAAAAGCATTGTTGAAATTCCGGCAGGCAAACTGGAAAA

AGGTGAAGATCCGCGTATTACCGCACTGCGTGAACTGGAAGAAGAAACC

GGTTATGAATGTGAGCAGATGGAATGGCTGATTAGCTTTGCAACCAGTC

CGGGTTTTGCAGATGAAATCATTCATATCTATGTGGCCAAAGGCCTGAG

CAAAAAAGAAAATGCAGCAGGTCTGGATGAAGATGAATTTGTGGATCTG

ATTGAACTGACCCTGGATGAGGCACTGCAGTATATCAAAGAACAGCGTA

TCTATGATAGCAAAACCGTTATTGCAGTTCAGTATCTGCAGCTGCAAGA

AGCACTGAAAAACAAATAA

C. glutamicum adhA

ATGACCACTGCTGCACCCCAAGAATTTACTGCTGCTGTTGTTGAAAAAT

TCGGTCATGAGGTGACCGTGAAGGATATTGACCTTCCAAAGCCAGGACC

AAACCAGGCATTGGTGAAGGTACTCACCTCCGGCATCTGCCACACCGAC

CTCCACGCCTTGGAGGGCGATTGGCCAGTAAAGCCGGAACCACCATTCG

TACCAGGACACGAAGGTGTAGGTGAAGTTGTTGAGCTCGGACCAGGTGA

ACACGATGTGAAGGTCGGCGATATTGTCGGCAATGCATGGCTCTGGTCA

GCGTGTGGCACCTGCGAATACTGCATCACCGGCAGGGAAACTCAGTGCA

ACGAAGCTGAGTATGGTGGCTACACCCAAAATGGATCCTTCGGCCAGTA

CATGCTGGTGGATACCCGTTACGCCGCTCGCATCCCAGACGGCGTGGAC

TACCTCGAAGCAGCACCAATTCTGTGTGCAGGCGTGACTGTCTACAAGG

CACTCAAAGTCTCTGAAACCCGCCCGGGCCAATTCATGGTGATCTCCGG

TGTCGGCGGACTTGGCCACATCGCAGTCCAATACGCAGCGGCGATGGGC

ATGCGTGTCATTGCGGTAGATATTGCCGATGACAAGCTGGAACTTGCCC

GTAAGCACGGTGCGGAATTTACCGTGAATGCTCGCAATGAAGATCCAGG

CGAAGCTGTACAGAAGTACACCAACGGTGGCGCACACGGCGTGCTTGTG

ACTGCAGTTCACGAGGCAGCATTCGGCCAGGCGCTGGATATGGCTCGAC

GTGCAGGAACGATTGTGTTCAACGGCCTGCCACCGGGAGAGTTCCCAGC

ATCCGTGTTCAACATCGTATTCAAGGGCCTGACCATCCGTGGATCCCTC
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GTGGGAACCCGCCAAGACTTGGCCGAAGCGCTCGATTTCTTTGCACGCG

GACTAATCAAGCCAACCGTGAGTGAGTGTTCCCTCGATGAGGTCAATGA

TGTTCTTGACCGCATGCGAAACGGCAAGATTGATGGTCGTGTGGCAATT

CGCTACTAA

G. stearothermophilus mdh

ATGAAAGCAGCGGTTGTCAATGAATTTAAGAAAGCCCTGGAAATCAAAG

AAGTGGAACGCCCGAAACTGGAAGAAGGTGAAGTCCTGGTGAAAATTGA

AGCGTGCGGCGTTTGTCATACCGATCTGCATGCGGCCCACGGTGACTGG

CCGATTAAACCGAAACTGCCGCTGATCCCGGGTCACGAAGGCGTGGGTA

TCGTGGTTGAAGTGGCCAAAGGTGTTAAATCAATTAAAGTCGGCGATCG

TGTGGGTATCCCGTGGCTGTATTCGGCATGCGGCGAATGTGAATACTGC

CTGACCGGTCAGGAAACGCTGTGTCCGCATCAACTGAACGGCGGTTATT

CCGTTGATGGCGGTTATGCAGAATACTGCAAAGCACCGGCTGATTACGT

GGCTAAAATTCCGGATAATCTGGACCCGGTTGAAGTCGCACCGATCCTG

TGTGCTGGCGTCACCACGTATAAAGCACTGAAAGTGAGCGGTGCACGTC

CGGGTGAATGGGTTGCGATTTATGGCATCGGCGGTCTGGGTCACATTGC

CCTGCAGTACGCGAAAGCCATGGGTCTGAACGTCGTGGCAGTGGATATC

AGCGACGAAAAATCTAAACTGGCTAAAGATCTGGGCGCAGACATTGCTA

TCAATGGTCTGAAAGAAGATCCGGTTAAAGCGATTCATGACCAAGTTGG

CGGTGTCCACGCAGCTATCAGCGTGGCCGTTAACAAGAAAGCGTTTGAA

CAGGCCTACCAATCTGTGAAACGTGGCGGTACCCTGGTTGTCGTGGGTC

TGCCGAACGCAGATCTGCCGATTCCGATCTTTGACACCGTTCTGAATGG

TGTCAGTGTGAAAGGCTCCATTGTCGGTACGCGCAAAGATATGCAGGAA

GCACTGGACTTCGCGGCCCGTGGCAAAGTTCGCCCGATTGTCGAAACGG

CGGAACTGGAAGAAATCAATGAAGTGTTTGAACGTATGGAAAAAGGTAA

AATCAACGGTCGTATCGTGCTGAAACTGAAAGAAGATTAA
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C. necator mdh2 4.1

ATGACCCACCTGAACATCGCTAATCGCGTCGACAGCTTCTTCATTCCCTG

CGTGACCCTCTTCGGTCCGGGCTGCGTTCGCGAAACGGGCGTGCGCGCC

AGATCACTCGGGGCCAGGAAGGCTCTCATCGTCACGGATGCAGGCTTGC

ACAAGATGGGGCTCTCCGAAGTCGTCGCGGGGCACATTCGCGAAGCCGG

GCTCCAGGCCGTCATCTTTCCGGGTGCCGAGCCCAATCCCACCGACGTT

AACGTTCACGACGGCGTCAAGTTGTTCGAGCGGGAAGAATGCGACTTCA

TCGTTTCGCTCGGCGGCGGCTCATCGCACGACTGCGCGAAAGGCATCGG

CCTCGTTACCGCCGGAGGCGGACATATCCGCGACTACGAAGGCATCGAC

AAATCAACGGTGCCAATGACGCCGCTGATTTCGATCAACACGACCGCTG

GCACTGCTGCGGAAATGACACGCTTTTGCATCATCACTAATTCGAGCAA

TCATGTGAAGATGGTGATCGTCGACTGGCGTTGCACGCCATTAATCGCC

ATCGACGATCCGAGCCTGATGGTCGCGATGCCGCCCGCCTTGACGGCGG

CGACCGGCATGGACGCGTTGACTCACGCCATCGAGGCATACGTTTCCAC

CGCCGCCACGCCAATTACCGATGCCTGTGCGGAGAAGGCGATCGTGCTG

ATCGCCGAATGGCTGCCCAAAGCTGTCGCGAACGGGGACTCGATGGAAG

CACGCGCGGCCATGTGCTACGCCCAATACCTTGCCGGCATGGCCTTCAA

CAACGCATCACTCGGTTACGTGCACGCGATGGCCCATCAACTCGGCGGC

TTCTACAATTTGCCCCACGGCGTGTGCAACGCGATCCTGCTGCCGCACG

TGTCGGAATTCAACCTCATTGCCGCGCCGGAGCGCTACGCGAGAATCGC

CGAACTGCTAGGCGAGAACATTGGGGGCTTGAGCGCGCATGACGCCGCC

AAAGCTGCCGTCTCGGCGATCCGGACCCTTTCCACGTCGATTGGCATTC

CGGCGGGTCTGGCGGGCCTGGGCGTCAAGGCGGACGACCATGAAGTGA

TGGCAAGCAATGCGCAAAAGGATGCTTGCATGCTGACGAATCCGCGCAA

GGCCACGCTGGCGCAAGTCATGGCAATCTTCGCTGCGGCGATGTAA

S. pneumoniae nox

ATGAGCAAAATCGTAGTTGTAGGCGCGAATCACGCAGGCACCGCGTGCA

TCAACACGATGCTGGATAACTTCGGCAACGAAAACGAAATCGTGGTATT
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TGATCAGAACTCTAACATTAGCTTTCTGGGTTGCGGTATGGCTCTGTGG

ATCGGCGAACAAATTGATGGCGCGGAAGGTCTGTTCTACTCTGACAAAG

AAAAGCTGGAAGCAAAGGGCGCTAAAGTCTACATGAATTCCCCGGTTCT

GAGCATCGACTACGATAACAAGGTCGTCACCGCTGAAGTGGAAGGTAAA

GAGCACAAAGAATCCTATGAAAAACTGATCTTCGCGACCGGCTCCACCC

CGATTCTGCCGCCGATCGAGGGCGTGGAGATTGTTAAAGGTAACCGTGA

ATTCAAAGCTACGCTGGAAAACGTACAGTTTGTAAAACTGTACCAGAAC

GCTGAAGAAGTTATTAACAAACTGAGCGATAAATCTCAGCACCTGGATC

GTATCGCAGTGGTCGGTGGTGGCTACATCGGCGTGGAACTGGCTGAAGC

CTTTGAACGTCTGGGCAAAGAAGTGGTTCTGGTGGACATTGTGGACACC

GTGCTGAACGGCTACTATGATAAAGATTTCACGCAAATGATGGCGAAAA

ATCTGGAGGACCACAACATCCGCCTGGCGCTGGGCCAGACCGTAAAGGC

CATCGAGGGCGACGGCAAAGTTGAACGTCTGATTACCGACAAAGAATCC

TTTGACGTTGACATGGTGATCCTGGCGGTGGGTTTTCGCCCAAACACTG

CGCTGGCTGATGGTAAAATCGAGCTGTTTCGCAATGGCGCGTTTCTGGT

TGATAAGAAACAGGAGACTAGCATCCCAGGTGTGTACGCAGTAGGTGAC

TGCGCTACTGTTTACGATAACGCCCGCAAAGACACCAGCTATATCGCAC

TGGCTTCCAACGCTGTTCGTACCGGTATCGTAGGTGCGTACAACGCGTG

CGGTCACGAACTGGAAGGTATTGGTGTTCAGGGCTCTAACGGTATTTCC

ATCTACGGCCTGCACATGGTTTCCACGGGCCTGACCCTGGAAAAGGCCA

AAGCCGCTGGTTACAACGCCACCGAAACCGGCTTCAATGACCTGCAGAA

ACCGGAGTTTATGAAACACGACAATCATGAAGTGGCCATCAAAATCGTA

TTTGATAAAGATAGCCGCGAAATCCTGGGTGCACAGATGGTGTCTCATG

ACATCGCTATTAGCATGGGTATTCACATGTTCAGCCTGGCTATTCAGGA

ACATGTTACTATCGACAAACTGGCGCTGACCGACCTGTTCTTCCTGCCG

CACTTCAACAAACCGTACAACTACATTACGATGGCCGCACTGACCGCTG

AAAAATAA
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A.8 Codon Optimized Genes in 3HB Metabolism

C. necator phaA

CTGCAGAAGGGAGGAAATGAACATGACAGATGTAGTTATAGTGAGCGCA

GCAAGAACAGCAGTAGGAAAATTTGGAGGTAGTTTGGCTAAAATACCTG

CACCAGAATTAGGAGCAGTTGTAATTAAAGCAGCACTAGAAAGAGCAGG

AGTTAAACCAGAACAAGTAAGTGAAGTAATAATGGGACAGGTTTTAACA

GCAGGAAGTGGACAAAATCCAGCAAGACAAGCAGCAATAAAAGCAGGAT

TACCAGCTATGGTACCAGCAATGACAATAAATAAAGTATGCGGATCTGG

TTTAAAGGCAGTAATGTTAGCAGCAAATGCAATTATGGCAGGCGATGCA

GAGATAGTAGTAGCAGGTGGACAAGAAAATATGAGCGCAGCACCACACG

TACTTCCAGGTAGTAGAGATGGATTTAGAATGGGAGATGCAAAGCTAGT

AGATACAATGATAGTAGATGGACTTTGGGATGTATATAATCAATATCAC

ATGGGTATTACAGCAGAAAATGTAGCAAAAGAATATGGAATAACAAGGG

AAGCACAAGATGAATTTGCAGTAGGTTCACAGAATAAAGCAGAAGCAGC

TCAAAAAGCAGGAAAATTTGACGAGGAAATAGTACCAGTATTAATACCA

CAAAGAAAAGGCGACCCAGTAGCTTTTAAGACTGATGAATTCGTAAGAC

AAGGCGCAACATTGGATTCTATGAGTGGATTAAAACCAGCATTCGATAA

AGCAGGAACAGTAACAGCAGCAAACGCTTCAGGATTAAATGATGGCGCA

GCAGCAGTAGTAGTTATGAGTGCAGCTAAAGCAAAAGAACTAGGACTTA

CACCATTAGCAACAATAAAGAGTTATGCAAATGCAGGAGTAGATCCAAA

AGTTATGGGAATGGGACCAGTACCAGCATCAAAAAGGGCATTATCAAGG

GCAGAATGGACACCACAAGATTTAGATTTAATGGAGATAAACGAAGCTT

TTGCAGCACAGGCACTTGCAGTACATCAACAAATGGGCTGGGACACATC

AAAGGTAAATGTAAACGGCGGAGCAATAGCAATTGGACACCCTATAGGA

GCAAGCGGATGCAGAATATTAGTAACTTTATTACACGAAATGAAAAGAA

GAGATGCTAAAAAGGGCTTAGCAAGTCTATGTATAGGAGGAGGAATGG

GAGTAGCATTAGCAGTAGAAAGAAAATAA
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C. necator phaAB

TTTAAAAGGAGGAATATTAAACATGAAAAAGGTATGTGTTATAGGTGCA

GGTACTATGGGTTCAGGAATTGCTCAGGCATTTGCAGCTAAAGGATTTG

AAGTAGTATTAAGAGATATTAAAGATGAATTTGTTGATAGAGGATTAGA

TTTTATCAATAAAAATCTTTCTAAATTAGTTAAAAAAGGAAAGATAGAA

GAAGCTACTAAAGTTGAAATCTTAACTAGAATTTCCGGAACAGTTGACC

TTAATATGGCAGCTGATTGCGATTTAGTTATAGAAGCAGCTGTTGAAAG

AATGGATATTAAAAAGCAGATTTTTGCTGACTTAGACAATATATGCAAG

CCAGAAACAATTCTTGCATCAAATACATCATCACTTTCAATAACAGAAG

TGGCATCAGCAACTAAAAGACCTGATAAGGTTATAGGTATGCATTTCTT

TAATCCAGCTCCTGTTATGAAGCTTGTAGAGGTAATAAGAGGAATAGCT

ACATCACAAGAAACTTTTGATGCAGTTAAAGAGACATCTATAGCAATAG

GAAAAGATCCTGTAGAAGTAGCAGAAGCACCAGGATTTGTTGTAAATAG

AATATTAATACCAATGATTAATGAAGCAGTTGGTATATTAGCAGAAGGA

ATAGCTTCAGTAGAAGACATAGATAAAGCTATGAAACTTGGAGCTAATC

ACCCAATGGGACCATTAGAATTAGGTGATTTTATAGGTCTTGATATATG

TCTTGCTATAATGGATGTTTTATACTCAGAAACTGGAGATTCTAAGTAT

AGACCACATACATTACTTAAGAAGTATGTAAGAGCAGGATGGCTTGGAA

GAAAATCAGGAAAAGGTTTCTACGATTATTCAAAATAA

E. coli tesB

AAATTTCAGGAGGTTAGTTAGAATGTCACAAGCATTAAAAAATTTGTTA

ACATTATTAAATTTAGAAAAAATAGAAGAAGGATTATTTAGAGGTCAAA

GTGAAGATTTAGGATTAAGACAAGTATTCGGTGGACAAGTAGTAGGACA

AGCATTATACGCAGCAAAAGAGACAGTTCCAGAAGAAAGATTAGTACAT

TCATTTCATAGTTATTTTTTAAGACCAGGAGATAGTAAGAAACCAATAA

TATACGACGTAGAAACATTAAGAGATGGAAATTCATTTTCAGCAAGAAG

AGTAGCAGCAATTCAAAATGGAAAACCAATTTTTTATATGACAGCATCA

TTTCAAGCTCCAGAAGCAGGTTTTGAACACCAAAAAACTATGCCAAGCG
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CACCAGCACCTGACGGATTACCTAGCGAAACACAAATAGCACAATCATT

AGCACACCTTTTACCACCTGTATTAAAAGACAAGTTTATATGCGACAGA

CCATTAGAAGTAAGACCAGTAGAATTCCACAATCCACTTAAAGGACACG

TAGCTGAACCTCACAGACAAGTTTGGATTAGAGCTAATGGAAGTGTACC

AGATGATTTAAGAGTTCACCAATATCTATTAGGCTACGCATCAGACTTA

AATTTTTTACCAGTTGCTTTACAACCACACGGAATAGGATTTTTAGAAC

CAGGAATACAGATAGCTACAATAGATCACAGTATGTGGTTTCACAGACC

TTTTAATCTAAATGAATGGCTTTTATATAGCGTAGAATCAACATCAGCA

TCTAGCGCAAGAGGTTTTGTAAGGGGAGAATTTTATACACAAGATGGCG

TATTAGTTGCAAGTACAGTACAAGAAGGAGTTATGAGGAATCACAATTA

A
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Figure A-1: Verification of Transformation of E. coli with Cy5-labeled
pUCG18. Cells were recovered for one hour in SOC following electroporatoin, and
plated on LB with 100 ,g mL-1 ampicillin. A) cells electroporated with unlabeled
pUCG18. B) cells electroproated with Cy5-labeled pUCG18. C) cells mixed with
labeled pUCG18 but not electroporated. The difference in colony number between A
and B is most likely due to a decrease in replication efficiency in the labeled variant,
as expected per the manufacturer's guidelines.
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Figure A-2: Transformation of Moorella thermoacetica with fluorescein-
labeled plasmid. Cells of M. thermoacetica were transformed exactly as for the
Cy5-labeled plasmid, but using a FITC-labeled plasmid, producing similar quantita-
tive results. Due to spectral overlap, PI could not be used to correct for dead cells in
the experiment.
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Figure A-3: LC-MS/MS Confirmation of Glutathione Deficiency in
MG1655(DE3) AgshB. Metabolite extracts were analyzed by LC-MS/MS detec-
tion of the glutathione fragment (306/143). Blue: WT cells, Red: AgshB
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Figure A-4: Assay of ACT Activity in Crude Lysates of pETMEOH140
and pETMEOH150. Activity was determined with ADP-Ribose as substrate, and
measured by the release of phosphate by Calf Intestinal Phosphatase after generation
of the mononucleotide by ACT. Orange: pETMEOH150. Blue: pETMEOH140.
Crude extracts were diluted 100-fold before assay.
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