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ABSTRACT

FOUNDATIONS FOR GENETIC ENGINEERING IN THE SHIKIMATE
PATHWAY OF BACILLUS METHANOLICUS MGA3

By
Megan Gruenberg
Numerous widely-used chemicals, such as adipic acid, are produced from hydrocarbons that
come from petroleum. Consumption of petroleum contributes to global climate change and ocean
acidification, which has created a great need for the development of petroleum independent
chemical synthesis methods. Recently, considerable interest has turned toward using methanol
as a feedstock for chemical synthesis because of its abundance, ease of purification, and lack of
ties to the food industry. Adipic acid precursor cis,cis-muconic acid has been biosynthesized in a
variety of production hosts, but it has not been biosynthesized using a methanol feedstock. In this
work, groundwork was laid for genetically engineering the thermophilic, methylotrophic bacterium
Bacillus methanolicus MGAS for cis,cis-muconic acid production from methanol via the shikimate
pathway. The first enzyme in the shikimate pathway is 3-deoxy-D-arabinoheptulosonate-7-
phosphate (DAHP) synthase. This enzyme has been shown to play an important role in the
regulation of carbon flow into the pathway. B. methanolicus MGA3 DAHP synthase isozymes
AroG1 and AroG2 were characterized. Both isozymes were found to be Type I DAHP synthases,
with AroG1 being unregulated at the protein level and AroG2 being allosterically regulated by the
aromatic amino acid precursors chorismate and prephenate. Additionally, methods for storing
and screening B. methanolicus shikimate pathway mutants were developed. The established
storage method allows B. methanolicus to be mutagenized in large batches and subsequently
stored as spores. Agar plate growth medium recipes were developed for germinating B.

methanolicus spores and phenotypic screening of mutants.
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CHAPTER 1 — Introduction

BIOECONOMY

A prominent issue affecting the well-being of the planet and the human population is the
dependence on petroleum, also known as crude oil. Petroleum serves industry in transportation
fuels, consumer products, and petrochemicals by providing the energy and carbon resources
necessary to sustain many of society’s activities.'? However, the wide use of petroleum comes
with some serious concerns. Consumption of this non-renewable resource is in large part
responsible for the greenhouse gas (GHG) emissions causing global climate change and ocean
acidification.®>* The refining, storage, and transportation of petroleum is the second largest
stationary source of GHG emissions in the United States, accounting for 30% of total GHG
pollution in 2015.5 In addition to atmospheric pollution, petroleum is also responsible for
contamination of soil and water.? It is estimated that 25% of underground petroleum storage tanks
leak their contents into the ground.® This leaked petroleum can find its way to water sources if it
is not cleaned quickly and effectively.?

For these reasons, using alternative carbon sources for manufacturing traditional
petrochemicals and other value-added chemicals is of paramount importance. Currently, there is
widespread support for creating a bioeconomy sector that involves replacing crude oil with
renewable carbon sources and replacing harmful chemical processes with microbial catalysts.”
Developing such biobased alternatives could potentially reduce the dependence on petroleum.®
The production of ethanol through biological processes (i.e. bioethanol) as a gasoline additive is
a prime example of steps being taken toward establishing a bioeconomy. First-generation
bioethanol is produced from crops such as sugarcane, wheat, and corn.® The concern regarding
use of food sources for chemical synthesis lead to the development of second-generation
bioethanol (cellulosic ethanol) which is produced from non-food sources such as the inedible

portion of plants.® In 2007, the 110" Congress of the United States passed the Energy



Independence and Security Act which mandated the production of 16 billion liters of cellulosic
ethanol by 2016; however, the Environmental Protection Agency (EPA) reduced the mandate to
just 0.87 billion liters citing an inadequate feedstock supply.' Since the original Congressional
mandate was not met, first-generation bioethanol was thus used to meet the demand. In 2016,
first-generation bioethanol produced from corn accounted for 95% of total bioethanol production
at 55 billion liters." The large production of first-generation bioethanol raised the market prices of
their food-derived feedstocks.'? Unfortunately, while crops are renewable, their application for
chemical production is unsustainable because crop production levels often do not match the
feedstock volume required for large-scale chemical synthesis. Consequently, the association of
the agriculture and chemical sectors drives unproductive competition among the industries’ goals.

Another approach to a sustainable bioeconomy is to employ non-food carbon sources that
are more abundant. One-carbon (C1) molecules have been identified as promising candidates
because of their natural abundance and low production costs.”™ Methanol is an excellent C4
feedstock due to its availability, affordability, ease of purification, and lack of ties to the food
industry.'% Methanol prices steadily decreased during 2019, and are currently the lowest they
have been in the last four years.'® With the construction of mega-methanol production plants, this
price is expected to drop below the price of sugar feedstocks to about $100 per ton (USD)."”
Methanol can be produced by steam reformation from methane which is a potent GHG.'®
Channeling methane into methanol production for use in the bioeconomy would help reduce its
release into the atmosphere and provide an alternative carbon resource other than those derived
from petroleum or agricultural crops.

In addition to replacing petroleum, a bioeconomy also aims to increase the use of
biological methods in chemical synthesis. Microbes engineered to produce commodity chemicals
offer a valuable alternative to traditional chemical synthesis because they reduce the need for
organic solvents and dangerous starting materials.'® These microbial-based production methods
also reduce the formation of unwanted byproducts and hazardous waste.’ Genetically
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engineering methylotrophic microbes could provide a green process of producing value-added

chemicals from methanol.

ADIPIC ACID

Adipic acid is an important dicarboxylic acid in high demand.? The synthesis of adipic acid
relies on a petroleum-derived benzene and harsh chemical processes. Adipic acid synthesis
(Figure 1) requires high temperatures, pressures, and generates the potent GHG nitrous oxide,?
thus making it a process which could greatly benefit from bio-based alternatives. An estimated 3
million tons of adipic acid are synthesized each year from petroleum-derived benzene.?! Of this,
about 80% is used in the production of nylon 6,6.8 In addition, demand for petroleum-derived
benzene has been on the rise.?? Benzene production cannot meet the demand which inflates the

price of both benzene and products derived from benzene, such as adipic acid.?®

btro NiAl,O3, H, Co, O,
etroleum 2600-5500 kPa 830-960 kPa

150-160 °C
benzene cyclohexane
\
o) CU, NH4VO3
NG 4 HO\H/\/\)J\OH ~ 60% HNO; oH ©
2 5 60-80 °C
adipic acid cyclohexanol cyclohexanone

Figure 1. Industrial synthesis of adipic acid.”®



Biosynthetic strategies for producing adipic acid have gained much attention because they
potentially decrease use of hazardous chemicals and dependence on petroleum.?' Adipic acid
can be biosynthesized either directly or indirectly.® The indirect routes are the most explored
because, until recently, a direct route to adipic acid was unknown. An in-depth description and
analysis of these pathways are beyond the scope of this discussion, and detailed reviews on this
topic are described elsewhere.®?* The pathways are reviewed briefly as follows.

The indirect production of bio-adipic acid from biosynthesized cis, cis-muconic acid (ccMA)
or D-glucaric acid have been reported.®?* Adipic acid can be produced from ccMA by
hydrogenation and from D-glucaric acid by reduction (Figure 2).2* The highest titer (36.8 g L™
ccMA) of an adipic acid precursor is reported using an engineered strain of E. coli that contains a
modified shikimate pathway which redirects carbon flow from aromatic amino acid biosynthesis
toward ccMA production.?

There are three known direct pathways to adipic acid (Figure 3). One of which is the
reverse adipate degradation (RAD) pathway.® The RAD pathway was recently discovered in
Thermobifida fusca, which has been shown to directly produce 2.23 g L™ of adipic acid.?® By
incorporating the T. fusca RAD genes into a strain of E. coli engineered to utilize glycerol as a
sole carbon source, a titer of 68 g L' of adipic acid has been achieved.*® Additionally, a strain of
yeast isolated from petroleum-contaminated soil has been found to produce a variety of
dicarboxylic acids through a combination of the B- and w-oxidation pathways.3' By engineering
this strain to selectively funnel six-carbon fatty acids into the B-oxidation pathway, it has produced
50 g L of adipic acid using coconut oil as a substrate.

Incorporation of the enzyme enoate reductase has generated another direct biosynthetic
route to adipic acid.®? This enzyme can catalyze the conversion of ccMA to adipic acid.
Unfortunately, the enzyme turnover is slow and requires optimization to be implemented
industrially as a viable source of adipic acid.® In proof of concept studies, enoate reductase has
been introduced into engineered microorganisms that produce ccMA. In one case, a coculturing

4



system was created in which one strain engineered of E. coli produced ccMA, while another
strain overexpressed the enoate reductase. This coculturing system was reported to generate
27.6 mg L™ of adipic acid.3* Enoate reductase was also introduced into a ccMA producing strain
of Saccharomyces cerevisiae which produced 2.59 mg L™ of adipic acid.** Notably, the S.
cerevisiae strain also generated >284 mg L' of ccMA. Although the strategy of introducing
enoate reductase into ccMA-producing organisms shows potential toward developing a new
direct pathway to adipic acid, their mg L scale production is not yet competitive with the g L™’

scale of the RAD or - and w-oxidation pathways for bio-adipic acid production.

0O
HO
E. coli? _ N 9 P. putida? N 0K
(36.8g L") O NPy (135gLY)
HO
cis,cis-muconic acid p-coumaric acid
OH j
WOH O
HO\H/\/\)J\OH
v "OH o)
H,O;PO OH
adipic acid
D-glucose x
OH OH O
E. coli* _ HO A _A oH S. cerevisiae*®
1.13 gL : OglL"
(11397 I, & (6.0gLY)
D-glucaric acid myo-inositol

Figure 2. Select examples of indirect biobased synthesis of adipic acid. Titers of ccMA or
D-glucaric acid are shown in parentheses below the arrow.
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Figure 3. Direct biosynthesis of adipic acid. Titers of adipic acid are shown in parentheses
below the arrow. The T. fusca and E. coli strains produce adipic acid via the RAD pathway. The
yeast strain produces adipic acid via the -oxidation pathway. The S. cerevisiae strain and the E.
coli coculture system produce adipic acid by a modified shikimate pathway.
THE SHIKIMATE PATHWAY

In bacteria and plants, the shikimate pathway (Figure 4) is responsible for producing the
metabolite chorismate, which serves as a branch point on the biosynthetic pathway to the
aromatic amino acids (L-phenylalanine, L-tyrosine, and L-tryptophan) and aromatic vitamins (p-
hydroxybenzoic acid, p-aminobenzoic acid, and 2,3-dihydroxybenzoic acid). The first step in the
pathway is the irreversible condensation of D-erythrose-4-phosphate (E4P) and
phosphoenolpyruvate (PEP) to form 3-deoxy-D-arabinoheptulosonate-7-phosphate (DAHP) and
inorganic phosphate. Six subsequent steps then convert DAHP to chorismate. The condensation
of E4P and PEP is catalyzed by DAHP synthase. This enzyme plays an important role in
regulating the influx of carbon into the shikimate pathway.*® Being the first committed step of
aromatic amino acid biosynthesis, DAHP synthases have evolved allosteric regulation to

downstream metabolites.®”*' Various regulatory features separate members of the DAHP

synthase family into distinct classes.*



Manipulation of the shikimate pathway is a productive method for engineering a ccMA-
producing microorganism. This is accomplished by knocking out the gene encoding for shikimate
dehydrogenase (aroE) which causes an accumulation of 3-dehydroshikimic acid (DHS).
Expression of DHS dehydratase, protocatechuate decarboxylase, and catechol-1,2-dioxygenase
in the aroE mutant then converts DHS to ccMA (Figure 5).

Although the ccMA-producing organisms described generate high titers, they depend
either on glucose, a glucose derivative (myo-inositol), or p-coumaric acid as a feedstock. The use
of glucose and glucose derivatives like myo-inositol is not a sustainable source of carbon for
chemical synthesis as mentioned earlier. The compound p-coumaric acid is often used as a model
monomer of lignin.?® Lignocellulosic biomass is a potential source of renewable carbon which
comes from the inedible structural support tissues of plants.** These support tissues are
comprised mainly of three natural polymers: cellulose, hemicelluloses, and lignin.*> The glucose
monomers of cellulose are sought-after as a non-food derived feedstock for renewable microbial
chemical production, especially in regard to bioethanol production.*? One of the major problems
with using lignocellulosic biomass for this purpose is the mixture of compounds released during
depolymerization.*? The organisms employed for chemical production industrially (e.g. E. coli and
S. cerevisiae) can utilize the glucose monomers of cellulose, but not the monomers obtained from
lignin, thus the attempt at developing an E. coli strain which consumes p-coumaric acid.*>?¢ Lignin
is an intricate polymer whose composition varies greatly, which poses many problems in its use
as a carbon source.** While lignocellulose is not edible, it requires valuable farming land for its
production, which would continue to perpetuate the competition between the agricultural and
chemical industries. It is necessary to develop a production host that can biosynthesize ccMA

from a sustainable, easily accessible source of carbon like methanol.
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Figure 4. The shikimate pathway. Chorismic acid serves as a branching point for the production of the aromatic amino acids (L-
phenylalanine, L-tyrosine, and L-tryptophan) and the aromatic vitamins (p-hydroxybenzoic acid, p-aminobenzoic acid, and 2,3-
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NATIVE METHYLOTROPHY

One potential method for transitioning to a methanol feedstock for chemical synthesis is
to engineer native methylotrophs to produce value-added chemicals. There are three known
biosynthetic pathways that exist for methanol assimilation: the serine pathway, the ribulose
monophosphate (RuMP) pathway, or the ribulose bisphosphate (RuBP) pathway.*® The serine
pathway requires an input of two ATP and two NADH equivalents to produce of one pyruvate
molecule, and the RuBP pathway requires an input of seven ATP equivalents to produce of one
pyruvate molecule.™ The RuMP pathway, however, requires an input of one ATP and one NAD*
equivalent for every molecule of pyruvate made, which makes it the most bioenergetically
favorable (Figure 6).'*

Many native methylotrophs are also thermophiles, which is cost beneficial as volumes
increase. At 200 L, the cost of cooling organisms growing on glucose at 35 °C and those growing
on methanol at 50 °C is the same. As the volume increases, the cost difference between the
culturing conditions increases, and growth on methanol at 50 °C is, in fact, cheaper.*¢ Additionally,
the increased temperature and use of methanol as the only carbon source decreases the
likelihood of contamination from other microorganisms during chemical production.’”

Genetic engineering of native methylotrophs is challenging because these organisms are
generally less studied than common production hosts such as E. coli or C. clutamicum."
Consequently, the genetic engineering options are limited; however, efforts toward pursuing

native methylotrophy are focused on expanding the genetic toolboxes for these organisms.
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Figure 6 (cont’d) of pyruvate. Abbreviations: formaldehyde (FA), hexulose-6-phosphate (H6P), fructose-6-phosphate (F6P), fructose-
1,6-biphosphate (F1,6P), glyceraldeyde-3-phosphate (G3P), dihydroxyacetonephosphate (DHAP), D-erythrose-4-phosphate (E4P),
sedoheptulose-1,7,-bisphosphate (S1,7P), sedoheptulose-7-phosphate (S7P), ribose-5-phosphate (R5P), xylose-5-phosphate (X5P),
ribulose-5-phosphate (Ru5P), methanol dehydrogenase (Mdh), hexulose phosphate synthase (Hps), phosphohexulose isomerase
(Phi), phosphofructokinase (Pfk), fructose-bisphosphate aldolase (Fba), sedoheptulose-1,7-bisphosphatase (Glpx), transketolase
(Tkt), ribose-5-phosphate isomerase (Rpi), ribulosephosphate-3-epimerase (Rpe).
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SYNTHETIC METHYLOTROPHY

Another potential method for switching to a methanol feedstock is to genetically engineer
a common production host such as E. coli, S. cerevisiae, or C. glutamicum that is currently used
for industrial-scale chemical synthesis, to consume methanol. Synthetic methylotrophy has been
a hot topic in current research; however, no organism has been successfully engineered or
identified through selection methods to grow solely on methanol, despite many years of
developing the technology.*” Some challenges are slow cellular growth and inefficient methanol
uptake.*® Native nonmethylotrophs engineered to assimilate methanol require a sugar co-
substrate, which makes them pseudo-synthetic methylotrophs. In addition, these pseudo-
synthetic methylotrophs do not produce the same quantity of target molecule as native
methylotrophs.*® For example, a pseudo-synthetic methylotrophic strain of C. glutamicum can
only produce 1.5 g L of cadaverine, while Bacillus methanolicus, a native methylotroph, can
produce 11.3 g L1.49-%0

To introduce methylotrophy into native nonmethylotrophs, only the genes encoding three
proteins must be used to transform the host: methanol dehydrogenase (Mdh), hexulose
phosphate synthase (Hps), and phosphohexulose isomerase (Phi) (Figure 7).5' These enzymes
convert methanol into fructose-6-phosphate, which can then be funneled into glycolysis. In theory,
this should provide all the carbon and energy the cell needs.®' The genes encoding the proteins
Mdh, Hps, and Phi from Bacillus methanolicus are a gold standard for synthetic methylotrophy
because they have high activity and do not require expression of additional co-factors.4” While
this trifecta of enzymes can assimilate carbon from methanol in native nonmethylotrophs, the cells
cannot tolerate the concentration of methanol needed for sufficient carbon flux because
formaldehyde accumulates to toxic levels.®' Expression of enzymes required for ribulose-5-
phosphate (Ru5P) regeneration are tightly regulated by methanol concentration in native
methylotrophs. This regulation is nonexistent in native nonmethylotrophs, which limits Ru5P
availability. With an inadequate supply of Ru5P, formaldehyde accumulates to toxic levels. Since
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methanol alone is not enough to sustain the cells, current pseudo-synthetic methylotrophs

continue to rely on sugar substrates while being cultured in methanol.

o O OH 204P0 o OH
: 2 .
H,C-OH Mdh H)J\H Hps HO/\;)H/\/OPO3 _Phi, 7 OH
OH OH
methanol FA HO OH
H6P F6P
O OH .
HO\)H/:\/OPO:sZ' glycolysis l
OH @)
RusP \H)J\O'
O
pyruvate

Figure 7. The three RuMP pathway proteins necessary for introducing synthetic
methylotrophy into native nonmethylotrophs. Methanol dehydrogenase, Hexulosephosphate
synthase, and phosphohexulose isomerase produce fructose-6-phosphate from methanol which
can be converted to pyruvate by glycolysis. Abbreviations: formaldehyde (FA), hexulose-6-
phosphate (H6P), fructose-6-phosphate (F6P), ribulose-5-phosphate (RubP), methanol
dehydrogenase (Mdh), hexulosephosphase synthase (Hps), phosphohexulose isomerase (Phi).

PRODUCTION OF CIS,CIS-MUCONIC ACID BY B. METHANOLICUS

As discussed earlier, genes from Bacillus methanolicus are widely used for the
implementation of synthetic methylotrophy.#” For the same reasons, this organism is also a
promising candidate for the bioconversion of methanol into value-added chemicals.>? B.
methanolicus is a gram-positive, thermophilic, and facultative methylotrophic bacterium. It has the
ability to form spores at lower temperatures, but not at its optimal culturing temperature of 50 °C.53
Engineering this organism has historically been challenging because its metabolism was not well
understood, and its genetic toolbox is been limited.*® However, much progress has been made in
recent years on these issues. The genome, transcriptome, and proteome of B. methanolicus have

been elucidated and analyzed.®** A thermotolerant Cas9 was discovered in Geobacillus
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thermodenitrificans T12 that may be used in developing a CRISPR-Cas system in this organism,
although not yet demonstrated in B. methanolicus.>” Most recently, a CRISPRi system for B.
methanolicus has been described and tested.®

Ultimately, our goal is to generate a B. methanolicus strain that can produce ccMA from
methanol. B. methanolicus was chosen as the engineering host because it uses the RUMP for
methanol assimilation. We will delete aroE in B. methanolicus and introduce three exogenous
genes encoding for DHS dehydratase, protocatechuic acid decarboxylase, and catechol 1,2-
dioxygenase (Figure 5).

Factors limiting carbon flow into the shikimate pathway include E4P and PEP
availability.*%° In E. coli, PEP is required for the transport of glucose into the cell, which decreases
the PEP cellular concentration. Methanol uptake by the RuMP pathway does not have the same
requirement and thus may increase the availability of PEP. E4P may also be more available in B.
methanolicus because of its key role in the RuMP pathway. It has been shown in E. coli that
higher concentrations of transketolase increases carbon flow into the shikimate pathway by
producing more intracellular E4P.%° B. methanolicus encodes two transketolase genes: one on
the chromosome and one on its native plasmid (pBM19).6' The plasmid pBM19 carries genes that
encode for a majority of the RuUMP proteins.®? When grown on methanol, the mRNA level of the
plasmid-encoded transketolase increases almost 15-fold while the mRNA level of the
chromosome-encoded transketolase remains unchanged.®' This result suggests that the two
transketolases serve different roles in the cell. The chromosome-encoded transketolase may
function as an E4P producer for the shikimate pathway.

The shikimate pathway has not yet been studied in B. methanolicus. Here,
characterization of the first enzyme of the shikimate pathway (DAHP synthase) and foundations

for chemical mutagenesis on B. methanolicus are reported.
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CHAPTER 2 — The Bacillus methanolicus MGA3 DAHP Synthases

OVERVIEW

The specific characteristic(s) which separated DAHP synthase enzymes into their
computationally generated subclass was unknown for many years." It is now understood that the
classification of DAHP synthases is based on the structural features that have evolved to provide
allosteric regulation.? Multiple research teams have established a DAHP synthase classification
system, which occasionally leads to confusion when comparing studies on various DAHP
synthases. Table 1 relates the classification systems to each other.>® As the body of knowledge
regarding DAHP synthases grows, tiers of the classification system are added. The Walker-

Parker classification system is referred to in this work as it is the most comprehensive thus far.

Table 1. DAHP synthase classification systems. Each
subclass is represented by a row. NA (not applicable).

Walker-Parker®® Woodard* Jensen?
Type la Class li AroAlq
Type I8 Class | AroAlg
Type lla NA NA
Type llg NA NA

A catalytic core comprised of a TIM (B/a)s barrel and a 23-2a loop is universal to all DAHP
synthases that have been experimentally examined to date.? The most general classification is
bacteria or plant-like where Type | DAHP synthases are bacteria-like and Type Il DAHP synthases
are plant-like." Structurally, Type Il DAHP synthases contain an N-terminal extension which Type

| does not. Regulatory elements then divide each type more finely (Figure 8).
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DAHP/KDOP

Synthases
TIM (B/a)g barrel
2B3-2a loop
Type | Type ll
Bacteriadlik Plant-like
acteria-like N-terminal extension
I | | ]
Type la Type IB Type Il Type llg
Regulatory elements in Uninterrupted Additional helices in No additional helices
catalytic core catalytic core catalytic core 2° metabolism
N-terminal extension 1° metabolism
Type I3 KDOPS Unregulated Type I Regulated Type I
No additional No additional Regulatory domain
features features on C- or N-terminus

Figure 8. DAHP and KDOP synthase classification tree. The only KDOP synthase (KDOPS) classification is highlighted in yellow.
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Type I8 DAHP synthases are the simplest, containing an uninterrupted catalytic core
which can either be regulated or unregulated. The unregulated Type I DAHP synthases comprise
only the catalytic core domain, while regulated Type I DAHP synthases have a regulatory domain
fused to either the C- or N-terminus. This regulatory domain can either be chorismate mutase
(CM) domain, or an ACT-like domain.? Independently, CM is an enzyme that converts chorismate,
the product of the shikimate pathway, to prephenate. When DAHP synthase is linked to a CM
domain the enzyme is allosterically inhibited by chorismate and prephenate.? ACT-like domains
are common in enzymes regulated by amino acids.® This regulatory domain is found in a variety
of enzymes and is named eponymously: aspartate kinase, chorismate mutase, and TyrA
(prephenate dehydrogenase). When an ACT-like domain is present on Type I DAHP synthases,
the enzyme is regulated by one or more of the aromatic amino acids.?

All Type la DAHP synthases are allosterically regulated. Their catalytic core is interrupted
by regulatory elements and contain an N-terminal extension.? The general structural differences

between the various Type | DAHP synthases are compared in Figure 9.
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Unregulated . Catalytic Core
Type IB
Catalytic Core
Regulated ;
Type 1B | Catalytic Core -
' ACT Catalytic Core

Type la . Catalytic Core

Figure 9. Renderings of the Type | DAHP synthases. The Type I3 DAHP synthases are shown
in yellow boxes. The Type la DAHP synthase is shown in a green box. The DAHP synthase
catalytic core DAHPS is depicted by a teal cylinder. The chorismate mutase (CM) domain is
depicted by a yellow cylinder. The ACT domain is depicted by an orange cylinder. The regulatory
domain in the Type la DAHP synthase is depicted by a blue cylinder. The N-terminal extension is
represented by a purple cylinder. All Type I8 DAHP synthases contain an uninterrupted catalytic
core. Unregulated Type I8 DAHP synthases contain only the catalytic core, while regulated Type
I8 DAHP synthases contain either a CM domain fused to the C- or N-terminus or an ACT domain
fused to the N-terminus. Fusion to a CM domain renders the Type IB DAHP synthase allosterically
inhibited by chorismate and prephenate. Fusion to an ACT domain renders the Type I8 DAHP
synthase allosterically inhibited by one or more of the aromatic amino acids. The catalytic core of
Type la DAHP synthases are interrupted by regulatory elements, which render the DAHP
synthase allosterically inhibited by one or more of the aromatic amino acids.

Finally, Type Il DAHP synthase can be divided even further into subclasses based on their
roles in either primary or secondary metabolism.> Type lla DAHP synthases are involved in
primary metabolism and contain additional helices within the catalytic core. Type lls DAHP
synthases are involved in secondary metabolism and lack these additional helices.

A similar enzyme, 3-deoxy-D-mannooctulosonate-8-phosphate synthase (KDOPS) is
classified in tandem with DAHP synthases.® The DAHP synthase classification system is based
upon structural similarities (Figure 8). KDOP synthases also comprise an uninterrupted TIM (B/a)s
barrel catalytic core and a 23-2a loop. These structural features classify KDOP synthases as Type

IB. KDOP synthases catalyze the condensation of PEP and arabinose-5-phosphate (A5P), a

similar reaction to those catalyzed by DAHP synthases (Figure 10).
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Figure 10. The condensation reactions performed by DAHP synthase and KDOP synthase.
(a) the reaction catalyzed by DAHP synthase. (b) the reaction catalyzed by KDOP synthase.
Abbreviations: phosphoenolpyruvate (PEP); D-erythrose-4-phosphate (E4P); 3-deoxy-D-
arabinoheptulosonate-7-phosphate (DAHP); D-arabinose-5-phosphate (A5P); 3-deoxy-D-
mannooctulosonate-8-phosphate (KDOP), inorganic phosphate (P)).

The DAHP synthases are known to be allosterically inhibited by the aromatic amino acids,
chorismate, or prephenate.? It was not known whether the B. methanolicus MGA3 DAHP
synthases were inhibited by any of these molecules. As described in Chapter 1, a goal of this
project is to manipulate the shikimate pathway in B. methanolicus MGA3 to produce ccMA from
methanol. For maximum yields, the gene aroE must be knocked-out, abolishing aromatic amino
acid production (Figure 5). An aroE mutant would be auxotrophic for the aromatic amino acids
and aromatic vitamins, necessitating supplementation of the culturing media with these
molecules. It is important to know what effect, if any, this supplementation will have on the DAHP
synthases of MGA3. The shikimate pathway has not yet been studied in B. methanolicus, and it

is crucial to understand the role of DAHP synthases in feedback inhibition and carbon flow

regulation related to the shikimate pathway.

27



MULTIPLE SEQUENCE ALIGNMENT

As described above, the DAHP synthases are classified based on structural features.
AroG1 and AroG2 were sorted into classes by aligning their amino acid sequences with those of
representative DAHP synthases from each Type | class using the multiple sequence alignment
tool, T-Coffee.® Representative enzymes were chosen from DAHP synthases which have been
experimentally verified to belong to their class. The unregulated Type I representatives were
from Pyrococcus furiosus (Pfu_unreg IB) and Aeropyrum pernix (Ape_unreg IB).""'2 The
regulated Type IB representatives were from Thermotoga maritima and Bacillus subtilis. The T.
maritima representative is inhibited by phenylalanine and tyrosine (Tma_phe/tyr_IB), while the B.
subtilis representative is inhibited by chorismate and prephenate (Bsu_CA/PA_IB) (Table 2)'3
The Type la representatives were from E. coli and Corynebacterium glutamicum. The
representative from E. coli is inhibited by tyrosine (Eco_tyr_la), and the one from C. glutamicum

is inhibited by phenylalanine and tyrosine (Cgl_phe/tyr_la) (Table 2).'%1®

Table 2. Representative DAHP synthases and their allosteric inhibitors. Abbreviations:
chorismate (CA), prephenate (PA), phenylalanine (Phe), tyrosine (Tyr), not applicable (NA).

Unregulated Type I Regulated Type I Type la
Organism  P. furiosus A. pernix T. maritima B. subtilis E. coli C. glutamicum
Inhibitor(s) NA NA Phe, Tyr CA, PA Tyr Phe, Tyr

28



The multiple sequence alignments (MSA) showed that AroG1 had highest percent identity
with the unregulated Type I models (Table 3). The MSA of AroG1 with representatives from both
the unregulated Type IB (Figure 11) and the regulated Type IB (Figure 12) both showed high
similarity (42-52% identity). As described in the overview, regulated Type I3 DAHP synthases
contain a regulatory domain fused to either terminus of the catalytic core. For the regulated Type
IB representatives (from T. maritima and B. subtilis), the regulatory domain is present on the N-
terminus.’'3 Notably, the MSA with the regulated Type IB representatives revealed an extended
gap on the N-terminus of AroG1 which contains the regulatory domains of the regulated Type I
representatives. This MSA indicated that a fused regulatory domain is not present on AroG1.
Further, the MSA of AroG1 with Type la representatives showed very few conserved residues
(Figure 13). Based on all these results, | hypothesize that AroG1 is an unregulated Type I DAHP
synthase.

The MSA of AroG2 with representatives from the unregulated Type IB (Figure 14)
revealed a gap on the N-terminus of the representative sequences. The regulated Type Ip (Figure
15) showed high similarity, especially with Bsu_CA/PA_IB. AroG2 had a 43% identity with
Tma_phe/tyr_IB and a 78% identity with Bsu_CA/PA_IB. In contrast, the MSA of AroG2 with the
Type la representatives showed little similarity (Figure 16). Opposite to the AroG1 results, AroG2
appeared to have a regulatory domain on its N-terminus and showed the highest percent identity
with the regulated Type I models (Table 3). Based on these results, | hypothesize that AroG2 is

a regulated Type I DAHP synthase.
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Table 3. The MSA results of AroG1 and AroG3 with representative DAHP synthases.

Unregulated Type IB Regulated Type I Type la
P. furiosus  A. pernix T. maritima  B. subtilis C. glutamicum E. coli
AroG1 51% 52% 42% 50% 12% 17%
(67%) (69%) (56%) (59%) (22%) (32%)
AroG2 23% 29% 43% 78% 10% 17%
(42%) (38%) (57%) (89%) (22%) (32%)

Percent identities between the B. methanolicus DAHP synthases and each representative DAHP
synthase are shown. The percent similarities are included in parentheses.
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Figure 11. Multiple sequence alignment of MGA3 AroG1 with unregulated Type IB DAHP synthases from P. furiosus and A.
pernix. Dark purple highlights show 100% identity across all three sequences. Light purple highlights show 100% identity across two
sequences. Unhighlighted residues are not conserved in these sequences. Green boxes encompass residues which are a part of the

catalytic core.

31



Bme_AroG1 1 e L L S 4

Tma_phe/tyr_IB 1II| VV- - - -LKPGSTEED | RKVVKLAESYNLKCHISKGQERTV G| 1G- - DDRYVVADKFESLBC - - - - - - - - - - - - - - - - v 59

Bsu_ CA/PA 1B 1 MSNTELELLRQKADELNLQILKL INERGNVVKEIGKAKEAQGVNRFDPVRERTMLNN | IENNDGPFENSTIQH | FKE | FKA | 81

Bme_AroG1 HHKG N-QA GFSH L SVESREQL F LTV F D) 80
Tma_pheltyr 1B 60 ESVVRVL - K K EFH LGDV / M M T ELBVKV
QQRF V SYEQVA AAA-Q -

KIMID VT MS!TQIDT i
A Y VT ALGEDDLPKV E A

FDIA VTPAHIEEALD

Bme_AroG1 1624 A

Tma_pheftyr_IB 220
Bsu_CA/PA_IB 244 A

Bme_AroG1  243lBNBPA A vNi'D FWKGIC DSG- - - - - LY-H 275
Tma_phe/tyr_IB 301| BEREK GK@SLDFEL LVQ KLADALGVKV - 338
Bsu_CA/PA_IB 325(BDRSV sA@amalip E KWL N PMV - - - - - 358

Figure 12. Multiple sequence alignment of MGA3 AroG1 with regulated Type I DAHP synthases from T. maritima (regulated
by phenylalanine and tyrosine) and B. subtilis (regulated by chorismate and prephenate). Dark purple highlights show 100%
identity across all three sequences. Light purple highlights show 100% identity across two sequences. Unhighlighted residues are not
conserved in these sequences. Green boxes encompass residues which are a part of the catalytic core. Yellow boxes encompass
residues which are part of the CM domain. Red boxes encompass residues which are part of the ACT domain.
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Figure 13. Multiple sequence alignment of MGA3 AroG1 with Type la DAHP synthases from C. glutamicum (requlated by
phenylalanine and tyrosine) and E. coli (regulated by tyrosine). Dark purple highlights show 100% identity across all three
sequences. Light purple highlights show 100% identity across two sequences. Unhighlighted residues are not conserved in these
sequences. Green boxes encompass residues which are a part of the catalytic core. Blue boxes encompass residues which are a part
of the Type la regulatory domains.
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Figure 14. Multiple sequence alignment of MGA3 AroG2 with unregulated Type IB DAHP synthases from P. furiosus and A.
pernix. Dark purple highlights show 100% identity across all three sequences. Light purple highlights show 100% identity across two
sequences. Unhighlighted residues are not conserved in these sequences. Green boxes encompass residues which are a part of the
catalytic core. Yellow boxes encompass residues which are part of the CM domain.
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Figure 15. Multiple sequence alignment of MGA3 AroG2 with regulated Type I DAHP synthases from T. maritima (regulated
by phenylalanine and tyrosine) and B. subtilis (regulated by chorismate and prephenate). Dark purple highlights show 100%
identity across all three sequences. Light purple highlights show 100% identity across two sequences. Unhighlighted residues are not
conserved in these sequences. Green boxes encompass residues which are a part of the catalytic core. Yellow boxes encompass
residues which are part of the CM domain. Red boxes encompass residues which are part of the ACT domain.
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Figure 16. Multiple sequence alignment of MGA3 AroG2 with Type la DAHP synthases from C. glutamicum (requlated by
phenylalanine and tyrosine) and E. coli (regulated by tyrosine). Dark purple highlights show 100% identity across all three
sequences. Light purple highlights show 100% identity across two sequences. Unhighlighted residues are not conserved in these
sequences. Teal boxes encompass residues which are a part of the catalytic core. Yellow boxes encompass residues which are part
of the CM domain. Blue boxes encompass residues which are a part of the Type la regulatory domains.
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PLASMID CONSTRUCTION

Affinity-tags fused to a protein of interest allows for easy purification via an affinity column,
but this technique typically introduces non-native amino acids. Since we were interested in
engineering the shikimate pathway in vivo, it was desirable to study the properties of the native
enzymes without affinity-tags and linker regions. The tobacco etch virus (TEV) protease is a
popular tool for removing affinity tags post purification. However, TEV protease leaves behind
one non-native amino acid after site-specific cleavage. The TEV protease recognition site typically
includes glycine or serine in the P1’ position (Figure 17a), but 2002 study by David Waugh and
colleagues shows that the TEV protease can cleave modified TEV protease recognition sites with
a variety of substitute amino acids in the P1’ position.'” As a consequence, if the first naturally
occurring amino acid of a protein is substituted into the P1’ position, then only the native protein
will remain after TEV protease digestion. Methionine is the first amino acid in both AroG1 and
AroG2. In the study mentioned above, TEV protease cleaves between 30 - 40% of the methionine
variant in 3.5 h, only 10 - 20% less than when the wild-type glycine is used in the P1’ position. In
order to purify large amounts of native AroG1 and AroG2 with ease, a hexa-histidine (Hiss) tag
and a modified TEV protease recognition site (Figure 17b) were added to the N-terminus of both

proteins.
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Figure 17. Comparison of the traditional and the modified TEV protease recognition sites.
(a) The TEV protease recognition site. Traditionally, S or G are used in the P1’ position. (b) The
modified TEV protease recognition site used in this study.

The sequence analysis highlighted putative function of AroG1 and AroG2. Plasmids were
constructed to express genes encoding AroG1 and AroG2 with a modified Hise-tag containing
methionine in the P1’ position. The aroG1 and aroG2 genes from B. methanolicus were codon
optimized for expression in E. coli, synthesized, and cloned into the pUC-IDTamp vector by
Integrated DNA Technologies, Inc. The codon-optimized genes were then subcloned into pET-
15b downstream of the T7 promoter via Gibson Assembly (Figure 18). The resulting plasmids

were named pMG2.109 and pMG2.128 and contain aroG1 and aroG2, respectively (Figure 19).

T7 promoter TEV site

L) H DAHP synthase N e ¢ o

Figure 18. Representation of the E. coli codon-optimized DAHP synthase gene fused to a
modified TEV recognition site (ENLYFQM) and a Hiss tag under the control of a T7
promoter.
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Figure 19. Construction of pMG2.109. The aroG1 gene was amplified from pSM1.14 by PCR. PCR primers added regions
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Figure 19 (cont’d) (homologous to pET-15b on either end of the gene (HR1 and HR2). The vector pET-15b was linearized by digestion
with restriction enzymes BamHI and Ndel. The linearized vector and the aroG1 fragment were ligated by Gibson assembly. pMG2.128
was constructed using the same method. Abbreviations: ampicillin resistance (AmpR), chloramphenicol resistance (CmR), lactose

operator repressor (lacl), origin of replication (ori), hexa-histidine tag (6xHis), polymerase chain reaction (PCR).
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OVEREXPRESSION AND PURIFICATION

Plasmids pMG2.109 and pMG2.128 were transformed into E. coli BL21(DE3). Expression
was induced by addition of B-D-1-isopropylthiogalactopyranoside (IPTG) at a final concentration
of 1.0 mM. Overexpression of the DAHP synthases was allowed to proceed overnight at 30 °C.
Cells pellets were collected by centrifugation and subsequently lysed by French Press. Cell
lysates were clarified by centrifugation. The Hise-DAHP synthases were isolated from the clarified
cell lysates via a nickel affinity column. A desalting column was used to remove the imidazole and
exchange the protein into a buffer A Hisr-tagged TEV protease was used to remove the Hiss-tag
from AroG1 and AroG2 to facilitate easier separation of the protease from the native DAHP
synthases. After five hours of incubation with TEV protease at 30 °C, the DAHP synthases were
re-loaded onto the nickel affinity column. This time, the His;-TEV protease and cleaved Hiss tag
remained bound to the column while the native DAHP synthases eluted in the flow through.

A large portion of Hiss-AroG1 and Hise-AroG2 were detected in the insoluble fraction of
cell lysates which indicated the formation of inclusion bodies, aggregates of improperly folded
proteins.'® Luckily, extended induction time allowed proper folding of sufficient amounts of DAHP
synthases which could be recovered in the soluble lysate. An induction time of 5-6 hours resulted
in little to no DAHP synthase recovery while overnight induction allowed for recovery of up to 52
mg of Hise-tagged DAHP synthase from a 1 L culture. Decreasing the temperature at which
induced cells are cultured can help slow down protein folding and thus combat formation of
inclusion bodies.” To test whether this would improve Hise-AroG1 and Hiss-AroG2 solubility,
protein expression was induced either at 19 °C or 30 °C. No difference in protein yield was
observed, however. Consequently, protein expression was induced at 30 °C. Since sufficient
yields of Hise-AroG1 and Hiss-AroG2 were obtained, purification was conducted without further

overexpression modifications (Figure 20).
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Figure 20. SDS-PAGE analysis of AroG1 and AroG2 purification. (a) SDS-PAGE of the
purification of AroG1 (30 kDa). Lane 1: the insoluble lysate of BL21(DE3)/pMG2.109. Lane 2: the
soluble lysate of BL21(DE3)/pMG2.109. Lane 3: the purified Hisec-AroG1. Lane 4: the TEV
protease reaction after 5 hours of incubation with Hise-AroG1. Lane 5: the purified AroG1. (b)
SDS-PAGE of the purification of AroG2 (40 kDa). Lane 1: the insoluble lysate of
BL21(DE3)/pMG2.128. Lane 2: the soluble lysate of BL21(DE3)/pMG2.128. Lane 3: the purified
Hiss-AroG2. Lane 4: the TEV protease reaction after 5 hours of incubation with Hiss-AroG2. Lane
5: the purified AroG2.
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MOLECULAR WEIGHT

The predicted masses of the DAHP synthase subunits were calculated using Protein
Calculator v3.4.2° AroG1 and AroG2 subunits were calculated to be 30,133 Da and 39,968 Da,
respectively. Electron spray time-of-flight mass spectrometry was used to measure the subunits’
masses (Figures 21).2" As each protein attains multiple charge states at ionization, the resulting
mass spectrum is much more complex than those obtained for small molecules. MaxEnt mass
deconvolution software collectively analyzed mass-to-charge ratios to determine the zero-charge
spectra, and the measured masses of the AroG1 and AroG2 subunits (Figures 22) were

calculated to be 30,165 + 10 Da and 39,970 + 10 Da, respectively (Table 4).22

Table 4. The predicted and calculated masses of AroG1 and AroG2 subunits.

AroG1 AroG2
Predicted Mass (Da) 30,133 39,968
Calculated Mass (Da) 30,165+ 10 39,970 £ 10
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Figure 21. Results from mass spectral analysis of AroG1 and AroG2. (a) Mass spectrum of
AroG1. (b) Mass spectrum of AroG2.
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Figure 22. Results from mass deconvolution of AroG1 and AroG2 mass spectra. (a) Mass

deconvolution of AroG1. (b) Mass deconvolution of AroG2.
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ENZYMATIC ASSAYS
Effect of pH — AroG1 exhibited the highest specific activity (3.0 pmol/min-mg) at pH 6.9
(Figure 23a). AroG2 exhibited the highest specific activity (0.52 ymol/min-mg) at pH 7.3 (Figure

23b). Both AroG1 and AroG2 activity decreased in more basic conditions.
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Figure 23. The effect of pH on AroG1 and AroG2 activity. (a) The effect of pH on AroG1
activity. AroG1 exhibits maximum activity at pH 6.9. (b) The effect of pH on AroG2 activity. AroG2
exhibits maximum activity at pH 7.3.

Effect of temperature — Both AroG1 and AroG2 activity increased at higher temperatures.
AroG1 reached maximum activity (8.1 umol/min-mg) at 50 °C. Of the temperatures tested, AroG2
displayed highest activity (2.9 pmol/min-mg) at 60 °C (Figure 24). Due to instrument constraints,

higher temperatures could not be tested.
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Figure 24. The effect of temperature on AroG1 and AroG2 activity. (a) The effect of
temperature on AroG1 activity. AroG1 exhibits maximum activity at 50 °C. (b) The effect of
temperature on AroG2 activity. AroG2 exhibits maximum activity at 60 °C.

Thermostability —AroG1 lost activity much quicker than AroG2. AroG1 lost 96 £ 1.3%
activity after only 10 minutes at 50 °C. AroG2 lost only 30 + 11% activity after 1 hour. After 5

hours, AroG1 lost all activity while AroG2 still retained 17 + 8% of its original activity (Figure 25).
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Figure 25. The thermostability of AroG1 and AroG2.
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Kinetics — AroG1 displayed a K, for PEP of 1124 + 132 uM and a K, for E4P of 525 + 96
MM. AroG2 displayed a K for PEP of 92 + 23 uyM and a Ky, for E4P of 127 + 37 uM (Table 5,
Figure 26). AroG1 had a higher Vmax than AroG2 (10 £ 0.73 pM/s and 1.6 pM/s, respectively), but

both enzymes bound to E4P stronger than PEP.

Table 5. Kinetic values for AroG1 and AroG2.

AroG1 AroG2
Vimax (MM/s) 10+0.73 1.6+0.12
KnF (M) 525 + 96 127 + 37
Kn™EF (UM) 1124 £132 92 +23
keat (s°) 131 21+0.2
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Figure 26. The Michaelis-Menten plots for AroG1 and AroG2.
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Feedback inhibition — Based on the amino acid sequences of the enzymes, AroG1 was
predicted to be unregulated, while AroG2 was predicted to be regulated by chorismate and
prephenate. At the time of this writing, the only known inhibitors of DAHP synthases are
phenylalanine, tyrosine, tryptophan, chorismate, and/or prephenate. The activity of AroG1 and
AroG2 were compared to their activity in the absence of potential inhibitors (Figure 27). As
predicted, AroG1 was not inhibited by any of the tested compounds, and AroG2 was inhibited by
chorismate and prephenate. In the presence of 0.25 mM chorismate, AroG2 activity decreased

by 81 + 3%. In the presence of 0.25 mM prephenate, AroG2 activity decreased by 72 + 8%.

Bl B oG
125 ] | | AroG2

100 +
75+
50 ~

Relative Velocity (%)

251

0-
None Phe Tyr Trp CA PA

Potential Inhibitor

Figure 27. The effect of potential inhibitors on AroG1 and AroG2 activity.

DISCUSSION

Allosteric regulation of Type I DAHP synthases is likely to have been adopted multiple
times over the course of evolutionary history." The adoption of fused regulatory domains is
expected to occur through gene-fusion events.?® This idea is supported by many experimental

studies.?42635 Regulated Type IB DAHP synthases that are truncated so only their catalytic core
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remains yield an active enzyme that is unaffected by its previous allosteric inhibitor.™-242% Allosteric
regulation is also easily transferred from one Type I DAHP synthase to another by swapping
regulatory domains.® This domain swapping requires no modifications to the amino acid
sequences to effectively transfer allosteric regulation. In addition, allosteric regulation can be
provided to unregulated Type I DAHP synthases by fusing a regulatory domain to its N-
terminus.?® The ease in which allostery can be transferred between Type I3 DAHP synthases is
evidence that these regulatory domains were obtained through gene-fusion events.

Both DAHP synthase isozymes presentin B. methanolicus MGAS3 are Type IB, with AroG1
being unregulated and AroG2 being regulated via a CM domain. While no less than twenty
bacteria have been studied for their DAHP synthase activity, MGA3 presents the first that contains
two Type I DAHP synthases. Only six of these twenty bacteria contain multiple DAHP synthase
isozymes. Usually when bacteria contain multiple DAHP synthases, they are either isozymes of
Type la or a mix of Type la and Type Il. All previously characterized bacteria containing a Type
I3 DAHP synthase do not have multiple isozymes. Bacteria with multiple DAHP synthase
isozymes include E. coli*?®, P. aeruginosa®, Corynebacterium glutamicum®3°, Ralstonia
solanacearum?®', Amycolatopsis methanolica,*® and Stigmatella aurantiaca® (Table 6). Both E.
coli and R. solanacearum contain isozymes of Type la DAHP synthases. C. glutamicum, P.
aeruginosa, A. methanolica, and S. aurantiaca all have both Type la and Type || DAHP synthases.
(The R. solanacearum and A. methanolica DAHP synthases have not been categorized into a
type by the authors of the referenced papers; | took the liberty of performing a sequence alignment
to determine their most likely classification). To the best of my knowledge, MGAS is the first

organism characterized that contains two Type I DAHP synthases.
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Table 6. All known bacteria with multiple experimentally studied DAHP synthases and the
quantity of each type the organism possesses.

Unregulated Regulated

Organism Type la Type IB Type IB Type Il

Bacillus methanolicus - 1 1 -

Escherichia coli 3 e e

Ralstonia solanacearum 2 e e e
Corynebacterium glutamicum 1T e e 1
Pseudomonas aeruginosa 2 e e 2
Amycolatopsis methanolica 1 1
Stigmatella aurantiaca 1T e e 1

B. subtilis is the only other bacterium in the Bacillus genus whose DAHP synthase has
been studied experimentally. This organism only possesses one Type I DAHP with a CM domain
on the N-terminus which puts it in the same class as AroG2 (regulated Type IB). It is most common
for Type IB to be regulated via a CM domain, with only one bacterium, T. maritima, displaying a

DAHP synthase regulated via an ACT-like domain (Table 7).
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Table 7. All known bacteria containing experimentally studied Type I8 DAHP synthases
and the quantity of each Type I the organism possesses.

Organism Unregulated Regulated Type I3 Regulated Type I

Type 1B (CM domain) (ACT-like domain)
Bacillus methanolicus 1 1 e
Pyrococcus furiosus (e
Aeropyrum pernix o e—
Bacillus subtilis = === 1T
Geobacillus sp. - 1T
Listeria monocytogenes ~ --—-- o pa—
Porphyromonas gingivalis ~  ---—-- T —
Prevotella nigrescens - 1T
Thermotoga maritma - - 1

Since only one other Bacillus species has been examined for DAHP synthase activity, it
would be advantageous to know what types of DAHP synthases other Bacillus species are likely
to possess. A BLASTn search of the B. methanolicus MGA3 16s rRNA was used to find the
closest relatives to MGA3. The top 10 bacteria whose genomes had been completely sequenced
were subjected to a BLASTp search using the amino acid sequences of AroG1 and AroG2 as the
query. The results showed that even the 10 closest known relatives of MGA3 contain only one
putative Type I3 DAHP synthase, each containing an amino acid sequence homologous to a CM
domain on the N-terminus (Table 8). These findings highlight the uniqueness of B. methanolicus

possessing two Type I3 DAHP synthases.
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Table 8. The top 10 closest relatives to B. methanolicus MGA3 based on 16s rRNA
sequence identity and their putative DAHP synthases.

16s rRNA Number of Putative Type of Putative

Organism % Identity DAHP Synthases DAHP Synthase
Bacillus ciccensis 96.82 1 Type I (CM domain)
Bacillus sp. FJAT-25496 96.76 1 Type I (CM domain)
Bacillus sp. 1INLA3E 96.76 1 Type IB (CM domain)
Bacillus foraminis 96.44 1 Type I (CM domain)
Bacillus sp.S3 96.44 1 Type I (CM domain)
Bacillus marisflavi 96.30 1 Type I (CM domain)
Bacillus jeotgali 96.31 1 Type I (CM domain)
Bacillus oceanisediminis 2691 96.18 1 Type IB (CM domain)
Bacillus mesonae 96.12 1 Type I (CM domain)
Bacillus asahii 95.92 1 Type I (CM domain)

The greater thermostability of AroG2 relative to AroG1 may be explained by its CM domain
which may promote dimerization and increase stability. AroG2-like DAHP synthases are
homotetramers containing CM domains which have been shown to dimerize.?>%-3% This
dimerization of CM domains may provide more stability to the protein.

AroG1 has a higher maximum velocity and a lower turnover number than AroG2.
Unregulated Type I3 DAHP synthases have been shown in the literature to have higher activity
than their regulated counterparts. The difference in activity is likely related to the CM domain
present on AroG2.2535 A study by Emily J. Parker and colleagues from 2016 shows that removing
the CM domain from a Geobacillus sp. DAHP synthase increases the turnover rate (kca) from 45
+ 4 st0 63 + 5 s1.35 Additionally, when the ACT-like regulatory domain on the T. maritima DAHP

synthase was replaced with a CM domain, the k.. value decreased from 14 + 0.3 s t0 4.8 + 0.1
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s'.25 Taken together these studies suggest that the physical barrier of the CM domain may be the
reason for the lower activity of AroG2 when compared to AroG2.

The tertiary and quaternary structures of AroG1 and AroG2 were modeled using SWISS-
MODEL.% The structure predictions of AroG1 and AroG2 exhibit how the position of the AroG2
CM domain may slow down its activity. Each subunit has one active site, two on each face of the
assembled enzyme. The two active sites on the forward-presenting face of AroG1 are circled
(Figure 27a). On the AroG2 model the CM domains hide the active sites of AroG2 (Figure 27b).

This physical barrier may be the reason for the slower activity of AroG2 when compared to AroG1.

AroG1

AroG2

Figure 28. Model structures of AroG1 and AroG2. Each subunit is represented by a different
color. The CM domain is a darker shade of the same color as the catalytic core it is fused to. The
circle represent the two active sites on the front-facing plane of AroG1.
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B. methanolicus MGAS is a thermophile. Five DAHP synthases from thermophiles have
been studied experimentally, including DAHP synthases from a Geobacillus sp.?°, Aeropyrum
pernix'?, Pyrococcus furiosus’’, Thermotoga maritima', and Helicobacter pylori.>” Of these, there

PEP values

is no clear trend on which substrate the thermophilic DAHP synthases bind stronger. K,
range from 3 to 890 uM. The K=" value for AroG2 (92 + 23 pM) falls well within this range,
however the K™ value for AroG1 is much higher (1124 + 132 uM). The thermophilic DAHP
synthase K,=* values range from 6 to 280 yM. Again, the K% value for AroG2 (264 + 61 uM)
is within this range while the value for AroG1 is significantly higher (525 + 96 uM). The higher
binding affinity of substrates by AroG2 may be explained again by the CM domain. Both PEP and
E4P must be present in the active site for the enzyme to perform its function. The CM domain
may assist in retention of one substrate while the other is still making its way to the active site.
Since AroG1 does not have the CM domain, it may be more difficult for the enzyme to bind both

substrates at once. The turnover number (k:4) for thermophilic DAHP synthases ranges from 1 to

45 s'. Both AroG1 and AroG2 have k.« values well within this range (Table 9).
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Table 9. Michealis-Menten constants and turnover numbers for DAHP synthases from thermophilic bacteria.

K PEP K E4P k. ¢
, i i o Allosteric
Type Organism Inhibitor(s) Reference
uM uM s
Type IB B. methanolicus (AroG1) 1124 +132 525 + 96 13+1.0 None This work
B. methanolicus (AroG2) 92 +23 264 + 61 21+0.2 CA; PA This work
Geobacillus sp. Y412MC61 879 95+8 45+4.0 CA; PA 25
A. pernix 890 + 30 280 + 20 1.0+£0.2 None 12
P. furiosus 120 £ 20 28+4 1.5+£0.1 None 11
Type la T. maritima 13126 573143 2.3+0.2 Phe; Tyr 14
Type ll H. pylori 3.0£1.0 6.0£1.0 3.3+03 None 37
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The only two studied DAHP synthases from a methylotrophic bacterium were
characterized in 1995 from the organism Amycolatopsis methanolica.® Based on a sequence
alignment | preformed, A. methanolica appears to have one Type la and one Type || DAHP
synthase, fitting with the notion that multiple Type I isozymes in a single species is rare. Both A.
methanolica DAHP synthases were found to be inhibited by one or more of the aromatic amino
acids. The Michaelis-Menten constants were only measured for the Type Il enzyme. The Ky
values for PEP and E4P were 400 + 60 uM and 1100 + 200 yM, respectively.

Neither AroG1 nor AroG2 are inhibited by the aromatic amino acids. When an aroE mutant
of B. methanolicus MGAS is created, it appears that the supplementation of aromatic amino acids
in the culturing media will not disrupt the carbon flow into the shikimate pathway. This is good
news in terms of genetically engineering the shikimate pathway, because no feedback resistant
DAHP synthase must be introduced into the mutant. If the slow DAHP synthase activity creates
a bottleneck, it may be necessary to introduce an additional copy of a DAHP synthase gene.
Based on the results presented here, AroG2 would be the best candidate for duplication because
of its greater thermostability. The activity of AroG2 may be improved by deletion of its CM domain

which would remove the physical barrier covering the active site.
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CHAPTER 3 — Bacillus methanolicus MGA3 Culturing

OVERVIEW

Bacillus methanolicus is a thermophilic, endospore-forming, facultative methylotrophic
bacterium that has been identified as a promising production host for the conversion of methanol
into value-added chemicals."? B. methanolicus was first isolated from freshwater marsh soil in
Minnesota by R. S. Hanson.® This bacterium uses the ribulose monophosphate pathway (RuMP)
for assimilating methanol (see “Native Methylotrophy” in Chapter 1). Methylotrophy is associated
with high oxygen demands.* With an optimal growth temperature of 50 °C, B. methanolicus
requires less external cooling input, reducing the cost of culturing.® Methanol and the elevated
culturing temperature can also act as deterrents against contaminating microbes." Additional cost
reduction in B. methanolicus cultivation can be achieved by culturing in seawater-based media.®
The B. methanolicus strain MGAS3 is generally referred to as the model strain because of its faster
growth rate.® As such, MGA3 has been used for metabolic engineering.

While it is true that B. methanolicus MGA3 has many attractive qualities of a production
host, it is also limited by its minimal genetic engineering tools. Implementation of synthetic
methylotrophy in traditional production hosts such as E. coli or C. glutamicum has emerged as a
potential solution to this problem. This too has its limitations as no organism has been successfully
engineered in the laboratory to grow solely on methanol.” Current synthetic methylotrophs require
a sugar co-substrate and produce less product than native methylotrophs (see “Synthetic
Methylotrophy” in Chapter 1).8

Recent advances provide insights into development of genetic engineering tools for B.
methanolicus. The genome, transcriptome, and proteome have been elucidated and analyzed.*
" Plasmids have been designed that can be shuttled between E. coli and B. methanolicus.'?
These plasmids allow for exogenous gene expression in B. methanolicus inducible by mannitol.

Targeted gene knock-outs have not yet been described for B. methanolicus. The elevated growth
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temperatures of B. methanolicus has made developing a CRISPR-Cas system for this organism
challenging. However, a CRISPRI system utilizing the traditional Streptococcus pyogenes dCas9
has been established, which utilizes a catalytically inactive Cas9 to block transcription of the
targeted gene." Additionally, a thermotolerant Cas9 has been discovered that may find use in B.
methanolicus in the future.™

While the genetic toolbox for B. methanolicus is somewhat limited, mutants have been
created through random mutagenesis or by the expression of exogenous genes. Wild-type MGA3
accumulates 55 g L of L-glutamate in a 14 L methanol fermentation. This titer was improved
upon by random mutagenesis of MGA3 which afforded strain M168-20 that produces 69 g L™ of
L-glutamate.™ All B. methanolicus mutants reported in the literature produce either lysine,

glutamate or molecules derived from lysine by the introduction of an exogenous gene (Table 10).

Table 10. Select Bacillus methanolicus production strains.

Product Strain Titer (g L")  Reference
L-Glutamate MGA3 58 16
L-Glutamate M168-20 69 15

L-Lysine NOA2#13A52-8A66 60 17

GABA MGA3(pTH1mp-gadS) 9.0 18
Cadaverine MGA3(pTH1mp-cadA) 11.3 19

Random mutagenesis requires culturing B. methanolicus in media containing either N-
methyl-N’-nitro-N-nitrosoguanidine (MNNG) or ethyl methansulfonate (EMS).® Both MNNG and
EMS alkylate the DNA bases, mainly guanine (typically on O°f) and thymine (typically on O%)
(Figure 29).2922 Bases are methylated by MNNG but ethylated by EMS. The alkylation of the

bases causes disruptions to their hydrogen bonding patterns. Without the appropriate hydrogen
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bonding patterns, errors during DNA replication occur. Specifically in the case with MNNG and
EMS, T:A to C:G and G:C to A:T transversion mutations take place.?"?? One point mutation can

be the difference between a functional and non-functional enzyme.

R
0 o R 0 0
NH  mutagen SN N NH mutagen N—"XN
| mutagen,_ \ﬁ O] muagen O
~
Nko Nko N N/)\NHZ N N)\NHZ
n A d, l,
thymine O*-alkylthymine guanine O°-alkylguanine

Figure 29. The most common alkylation products of thymine and guanine resulting from
MNNG or EMS treatment.
CULTURING

We received our B. methanolicus strain and culturing recommendations from Dr. Trygve
Brautaset at the Norwegian University of Science and Technology. B. methanolicus was cultured
in a minimal salt media (MVcM) supplemented with trace vitamins, metals, and a carbon source.
The media components are described in detail in Chapter 4. Yeast extract (0.25 g L*') was added
to the seed cultures to shorten the initial lag phase after inoculation from a glycerol freeze. At this
concentration, the yeast extract only supports growth up to an ODso of 0.2.22> When yeast extract
is present, the media is referred to as MVcMY. This organism can use glucose, mannitol,
methanol, or arabitol as carbon sources.?*2?> Generally, mannitol is used for culturing when
methanol-free conditions are preferred. The carbon source and its concentration are indicated as
a subscript with Mann standing for mannitol and MeOH standing for methanol. For example,
MVEMY meorz00 is the minimal salt media supplemented with 0.25 g L' of yeast extract and 200

mM methanol.

66



The first B. methanolicus strain we received was faulty (F-MGA3) but this was not
immediately evident. F-MGA3 exhibited a faster growth rate (0.53 h™') than that reported in the
literature (0.32 h™").22 F-MGAS3 also appeared to grow on methanol only after first being grown in
a seed culture containing a mixture of mannitol and methanol. This phenotype was not originally
concerning to us or to our collaborators because formaldehyde accumulation can occur when
MGA3 is shocked with high methanol concentrations.?® Formaldehyde is reactive and is toxic to
plants, animals, and bacteria. The reactivity of formaldehyde is a result of its nucleophilicity, which
allows it to react with electrophiles on proteins and DNA such as thiols or amines, thereby
disrupting native biological processes.?’ In order to assimilate methanol, the alcohol must first be
converted to formaldehyde by methanol dehydrogenase (Mdh). Formaldehyde is then coupled
with ribulose-5-phosphate by hexulose-6-phosphate synthase (Hps). Mdh is constitutively
expressed, while Hps expression is induced by methanol (Figure 30).23 Hps levels are low when
MGAS is growing on mannitol. When the cells are exposed to high levels of methanol, Mdh
produces formaldehyde at a rate too quickly for the limited amount of Hps to process, which leads

to formaldehyde accumulation.
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Figure 30. Low levels of Hps cause formaldehyde accumulation which interferes with
native biological processes and hinders the growth of B. methanolicus.

67



The above information was how we mistakenly explained the need for a seed culture of
mannitol and methanol to initiate methylotrophic growth. In reality, the strain we had did not grow
on methanol at all. This was not immediately apparent, as residual mannitol transferred from seed
cultures during re-inoculation sustained MGA3 growth to an acceptable ODsgo. It was not until the
summer of 2019 when Yasheen Jadidi and | visited Dr. Brautaset’s lab in Trondheim, Norway that
we were able to bring back the correct strain.

Table 11 shows the growth rates of MGAS3 in various culturing conditions. For this
experiment, MGA3 cultures were grown overnight in MVCMY mannso or MVCMY meonzo0. The ODsoo
of the seed cultures were measured and the appropriate volumes were inoculated into a variety
of media to an initial ODego of 0.2 (Figure 31). The ODeoo Was measured periodically, and the
growth rate was calculated from the exponential growth phase (Table 11). The conditions resulting
in the fastest growth rate was a methanol seed culture inoculated into methanol media containing
yeast extract. Close behind is the methanol seed culture inoculated into a methanol-only media.
Notably, the mannitol seed culture could not be inoculated into a methanol-only media for

successful growth. This is likely because of formaldehyde accumulation, as described above.
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Figure 31. B. methanolicus MGA3 growth curves in a variety of conditions. The shape of the
data point corresponds to which seed culture was used to inoculate the culture (circle =
MVEMY mannso; triangle = MVeMYwueor200). The fill of the data point corresponds to the type of media
used for the culture (closed = MVcMY; open = MVcM). The color of the data point corresponds to
the carbon used for the culture (blue = Mann50; pink = MeOHZ200).
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Table 11. Growth rates of MGA3 cultured in varied conditions.

Conditions Seed Culture Media Media Growth Rate (h")
A MVCEMY mannso MVEMY mannso 0.30
B MVEMY mannso MV cMmannso 0.34
C MVEMY mannso MV cMuweoz00 0.00
D MVEMY meotz00 MVcMY meoH200 0.42
E MVCEMY meot200 MVcMmannso 0.37
F MVEMY meot200 MV cMuwieoH200 0.41
SPORULATION

Before random chemical mutagenesis could be performed on MGA3, a reliable plating
and storage method for the mutants had to be established. Sporulation has been used previously
to aid in screening and storage of MGA3 mutants.® Spores are a dormant form of bacteria that
are comprised of its DNA protected by a hard protein coat.' Favorable environmental conditions
such as the presence of sufficient nutrients and optimal temperatures can germinate the spore
which allows the cell to resume metabolic activity. Sporulation of the future B. methanolicus
mutants was an attractive solution to circumvent possible complications caused by their unknown
behavior during storage. This way, a large batch of cells could be mutagenized and stored in a
dormant state until they could be screened.

Two sporulation methods were explored: the salts method and the starvation method, with
the starvation method being the most successful. After 48 hours of sporulation, samples from both
sporulation methods were heat-fixed to a microscope slide. The slides were stained with
Malachite Green followed by the counterstain Safranin O.%2 The cells were visualized using a
Nikon A1Rsi Confocal Laser Scanning Microscope.?® Malachite green and Safranin O were

excited at 615 nm and 543 nm, respectively. Emission of malachite green was measured at 650
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nm and emission of Safranin O was measured at 580 nm. The resulting fluorescent images were
then overlaid.

The salts method was shared by Marta Irla and was later published in the literature.>*
To sporulate MGA3 with salts, the cells were grown to exponential phase at 50 °C, 200 rpm in
MVcMweonz00. The sporulation salts (MnCl., MgCl,, and CaCl,) were then added to the media and
the cells were cultured at 37 °C, 200 rpm for an additional 48 hours. The starvation method was
based on a protocol published by Schendel et al. Using this method, MGA3 cells were grown to
exponential phase at 50 °C, 200 rpm in MVcMueonz200. The media was then diluted three-fold with
carbon-free media and the cells were cultured at 37 °C, 200 rpm for an additional 48 hours.® Using
the salts method, approximately 52% of MGA3 sporulated after 48 hours whereas only about 17%
of MGAS3 sporulated after 48 hours using the starvation method (Figure 32). Assistance with this

experiment was provided by Yasheen Jadidi, a PhD student in our lab.

Figure 32. Images of B. methanolicus MGA3 cultures after exposure to sporulation
conditions. Vegetative cells are shown in red and spores are shown in yellow. (a) cells collected
after 48 hours of sporulation using the salts method. (b) cells collected after 48 hours of
sporulation using the starvation method.
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PLATING AND SELECTIVE PLATING

B. methanolicus shikimate pathway mutants will be screened by selective plating. Plating
this organism directly from a glycerol freeze or a liquid culture is a challenge faced by both our
lab and the lab of our collaborators, as MGA3 does not readily form single colonies on solid media.
The plating of MGAS3 spores does result in single colonies. Various plate recipes were tested for
application in replica plating (Table 12). Cells were sporulated then plated onto SOB solid media.
The plates were then incubated at 50 °C for 24 hours. Single colonies were then replica plated
onto a defined media plate without aromatic amino acids (aros), then a defined media plate with
aros, followed by SOB again (Figure 33). The spores were always replica plated onto plates
without aros first in order to prevent false positives. These plates were then incubated at 50 °C
until growth was observed, typically 8-12 hours. The final SOB plate served as a positive control,
ensuring that enough biomass was being transferred to the plates. The percentage of colonies
transferred was recorded to determine which recipe supported MGA3 the best. Some plates
contain amino acids at concentrations that mimic yeast extract. Concentrations of the yeast

extract mimic amino acids (YEMAA) can be found in chapter 4.
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Table 12. Tested plate recipes for B. methanolicus shikimate pathway mutant screening.

: Mannitol o YE® a o Aromatic

Recipe (mM) Vitamins Metals (g L) YEMAA? aros Vitamins Results

SOB? s e eeem e e e e 100%
A° 50 1X 1X 0.25 0.0 0.0 0.0 0%
B¢ 50 2X 1X 0.25 0.0 0.0 0.0 0%
Ce 50 3X 1X 0.25 0.0 0.0 0.0 0%
De¢ 50 4X 1X 0.25 0.0 0.0 0.0 0%
Ed 50 4X 1X 0.0 1X 0.0 0.0 40%
Fd 50 4X 1X 0.0 1X 1X 0.0 25%
Ge 50 4X 1X 0.0 10X 0.0 0.0 100%
He 50 4X 1X 0.0 10X 10X 0.0 0.0%
If 100 4X 1X 0.0 1X 0.0 0.0 100%
Jf 100 4X 1X 0.0 1X 1X 0.0 100%
K9 100 4X 1X 0.0 1X 0.0 0.0 100%
Lo 100 4X 1X 0.0 1X 1X 1X 100%

@ Yeast extract (YE); yeast extract mimic amino acids (YEMAA); aromatic amino acids (aros)
b Super optimal broth (SOB)

¢ MVcMYwmannso plates with varying concentrations of trace vitamins

4 MVcMuwannso plates with 4X vitamins either with or without aros

¢ MVcMuwannso plates with 4X vitamins, 10X YEMAA, either with or without 10X aros
FMVcMuamioo plates with 4X vitamins either with or without aros

¢ MVcMwuann10o plates with 4X vitamins either with or without aros and aromatic vitamins
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Replica Plating

MGAS colonies Minimal plate Minimal plate SOB plate
on SOB plate without aros with aros (master)

Figure 33. Method for replica plating B. methanolicus MGA3. MGA3 spores were plated onto
a SOB plate then incubated at 50 °C for 24 hours. Single colonies were then picked up on a
pipette tip and transferred to three plates: a minimal plate without aros, a minimal plate with aros,
and a SOB master plate.

All plate recipes examined included mannitol as the carbon source, as we have not yet
been successful in developing methanol solid media. The first plate component that was varied
was the concentration of the trace vitamins (plates A-D). Yeast extract was included in these
plates at a concentration of 0.25 g L™'. No biomass transfer was observed using these plates.
Since yeast extract contains aros, plates A-D would have been ineffective at identifying mutants
of the shikimate pathway. To address this issue, yeast extract was replaced by adding amino
acids at concentrations that mimicked that of yeast extract (plate set E & F). Only 25 — 40% of the
colonies transferred grew on these plates, so the amino acid concentration was increased ten-
fold (plate set G & H). Plate G supported 100% of the colonies transferred, but plate H which
contained the aromatic amino acids did not. The aros in plate H were present in too high of a
concentration, which caused them to precipitate from the media upon incubation at 50 °C.

Next, the mannitol concentration was doubled in plate set | & J, which also contained 4X
trace vitamins and 1X YEMAA. This higher concentration of mannitol supported growth of all

colonies transferred to these plates. Finally, p-aminobenzoic acid was removed from the trace

vitamins in plate K and all the aromatic vitamins were present in plate L. Plate set K & L supported
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growth of all colonies that were transferred to them and contained all the necessary

supplementation that would be required for a shikimate pathway mutant of B. methanolicus.
Plate set K & L (renamed Sel and SelAros, respectively) supported growth of MGA3 both

with and without aros and aromatic vitamins. These plate recipes are likely to be an effective

screening method for shikimate pathway mutants of B. methanolicus.

CONCLUSION

B. methanolicus has been recognized as a potential production host for value-added
chemical from methanol. A major limitation in generating B. methanolicus production strains is the
lack of targeted gene knock-out technology. Being a thermophile, the traditional methods for
disrupting genes are not viable in B. methanolicus.?' Successfully generating genomic mutations
via random mutagenesis is possible but requires a meticulous screening method which must be
tailored specifically for the desired mutant. The work presented here lays the foundation for
engineering the shikimate pathway in Bacillus methanolicus MGA3 by random chemical
mutagenesis. Culturing protocols were established and modified to accommodate mutagenesis
techniques.

The starvation method for sporulating MGA3 was found to be a reliable way to store
mutants. Germination of these spores can be achieved by culturing in either liquid or solid media.
For selection of a mutation in the shikimate pathway, aros and aromatic vitamins must be
supplemented in the growth media. Due to the hydrophobicity of the aros, their concentration
must be kept to a minimum.

Solid media for selecting shikimate pathway mutants were defined as Sel and SelAros. B.
methanolicus containing a mutation in the shikimate pathway should not grow on Sel plates but
should grow on SelAros plates. Plates should be spotted in the following order with a pipette tip
to avoid false positives: Sel, SelAros, SOB. SOB plates act as a master plate and a positive
control, ensuring enough biomass was transferred to the minimal plates.
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CHAPTER 4 — Experimental

MATERIALS

All chemicals were purchased from MilliporeSigma unless otherwise stated. DNA primers,
codon optimized genes, and E. coli BL21(DE3) were purchased from Integrated DNA
Technologies. High efficiency E. coli NEB5a competent cells, restriction enzymes, Monarch gel
extraction kit, Monarch DNA clean-up kit, Q5 DNA polymerase, HiFi master mix, and 1 kb DNA
ladder were purchased from New England Biolabs. The 1 kb+ DNA ladder was purchased from
Promega. Pre-cast 4-20 % (w/v) acrylamide Mini-PROTEAN TGX gels and Precision Plus Protein
All Blue Ladder were purchased from BioRad. Plasmid extraction kits were purchased from
Qiagen. Nickel affinity columns for protein purification were HisTrap Fast Flow Sepharose from
GE life sciences. Protein samples were concentrated using an Amicon Ultra-15 10K Centrifugal
Filter with an Ultracel-50 membrane. Buffer exchanges and desalting of protein samples were
performed using a GE Life Sciences PD-10 column. B. methanolicus MGA3 was received as a
gift from Dr. Trygve Brautaset (Norwegian University of Science and Technology, Trondheim,
Norway). E. coli BL21-CodonPlus(DE3)-RP and pMHTA238 were received as gifts from Dr.
Heedok Hong (Michigan State University, East Lansing, MI). All commercial kits were used

according to the manufacturer’s instructions.

INSTRUMENTAL MEASUREMENTS

UV-visible measurements were recorded on a SpectraMax iD3 microplate reader and
visualized using Softmax Pro 7.1. DNA and protein concentrations were measured using a
Thermo Scientific™ Nanodrop™ OneC. Fast protein liquid chromatography (FPLC) was carried
out using a GE Life Sciences AKTA Start. Mass spectral analysis of AroG1 and AroG2 were
performed using electrospray ionization mass spectrometry (ESI-MS) on a Xevo G2-XS time-of-

flight mass spectrometer provided by the Michigan State University Research Technology
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Support Facility (MSU RTSF) Mass Spectrometry Core. Images of agarose gels and SDS-PAGE

gels were recorded using an Axygen GD-1000 Gel Documentation System.

BACTERIAL STRAINS AND PLASMIDS

All bacterial strains and plasmids are shown in Table 13. DH5a was used for long-term
plasmid storage while BL21(DE3) and BL21-CodonPlus(DE3)-RP were used for protein
expression. High efficiency E. coli NEB5a competent cells were used for transformation of NEB
HiFi DNA Assembly products. The aroG1 and aroG2 gene sequences were codon-optimized for
expression in E. coli and inserted into pUC vectors by Integrated DNA Technologies, resulting in
pUC-IDTamp+aroG1 and pUC-IDTamp+aroG2. Plasmid pET-15b was used as the general
cloning vector for preparation of plasmids pMG2.109 and pMG2.128 via HiFi DNA Assembly.
Plasmid pET-21(a)+ was used as the cloning vector for preparation of pMG2.209 via HiFi DNA
Assembly.

All plasmids were transformed into electrocompetent DH5a and frozen at -80 °C for long-
term storage. All bacterial strains were stored in 20% glycerol at -80 °C. E. coli glycerol freezes
were prepared by combining 250 pL of sterile 80% glycerol with 750 pL of an overnight cell culture
in the late log growth phase in a sterile cryo-vial. This mixture was incubated at room temperature
for two hours and then flash frozen in liquid nitrogen prior to storage at -80 °C. B. methanolicus
glycerol freezes were prepared in the same manner except the samples were immediately flash

frozen without an incubation period.
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Table 13. Bacterial strains and plasmids used in this work.

Strain or Plasmid Description Ref

E. coli strains

DH5a Host for plasmid storage Invitrogen
NEB5a General cloning host NEB
BL21(DE3) Expression host for AroG1, AroG2, and TktA  Invitrogen
BL21-CodonPlus(DE3)-RP Expression host for TEV protease HongP

B. methanolicus strains?

MGA3 Wild-type 1
F-MGA3 Faulty MGAS strain This work
Plasmids
pUC-IDTamp+aroG1 aroG1 cloning vector, AmpR IDT
pUC-IDTamp+aroG2 aroG2 cloning vector, AmpR IDT
pET-15b General cloning vector, AmpR Lab plasmid
pET-21(a)+ General cloning vector, AmpR Lab plasmid
pMG2.109 AroG1 in pET-15b, AmpR This work
pMG1.128 AroG2 in pET-15b, AmpR This work
pMG2.208 TktA in pET-21(a)+, AmpR This work
pPMHTA238 TEV protease expression vector, KanR Hong®

@ The faulty B. methanolicus strain (F-MGA3) was received by mail from the lab of Dr. Trygve
Brautaset in January, 2018. The correct B. methanolicus strain (MGA3) was transported
personally from the lab of Dr. Trygve Brautaset in July, 2019.

® BL21-CodonPlus(DE3)-RP and pMHTA238 were gifts from Dr. Heedok Hong at Michigan State
University.
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CULTURE MEDIA

LB medium contained Bacto tryptone (10 g L"), Difco yeast extract (5 g L"), and NaCl (10
g L'.2 SOC medium contained Bacto tryptone (20 g L"), Difco yeast extract (5 g L"), NaCl (0.5 g
L"), KCI (0.186 g L"), Mg2SO4 (2.4 g L"), and glucose (10 mM). Commercial SOC medium (NEB)
was used for recovery of NEB5a transformants. 2xYT medium contained Bacto Tryptone (16 g L-
"), Difco yeast extract (10 g L"), and NaCl (5 g L"). Solid media was prepared by addition of 1.5%
agar. When required for plasmid maintenance, ampicillin (Amp) or kanamycin (Kan) were added
to a final concentration of 50 ug mL". Solutions of Mg>SO4 and glucose were autoclaved
separately from the rest of the media and were combined after sterilization.

B. methanolicus MGA3 was cultured in MVcM minimal medium, MVcMY minimal medium,
or SOB media.> MVcM and MVcMY were supplemented with 50 mM mannitol and/or 200 mM
methanol. Mannitol solutions were autoclaved separately from other media components.
Methanol was not sterilized. Methanol or sterilized mannitol was added to sterile media as
needed. MVcM contained K;HPO4 (40.93 g L"), KH2PO4 (12.96 g L), and (NH4).SO4 (21.14 g L
. MVcMY was MVcM media supplemented with Difco yeast extract (0.25 g L™"). The minimal
media described above was supplemented with 1X trace metals, 1X trace vitamins, and 0.1 mM
Mg>SO4. The trace metals and trace vitamins were prepared as 1000X concentration solutions,
sterilized by passage through a 0.22 um filter, and added to sterile media. Trace metals (1000X)
contained FeSO4-7H20 (5.56 g L"), CuSO4 - 5H,0 (0.04 g L"), CaCl, - 2H,0 (7.35 g L"), CoCls -
6H20 (0.04 g L"), MnCl; - 4H,0 (9.90 g L"), ZnSO4 - 7H,0 (0.29 g L"), (NH4)2M0oO4 - 4H,0 (0.01
g L™"). 1000X trace vitamins contained D-biotin (0.1 g/L), thiamine HCI (0.1 g/L), riboflavin (0.1
g/L), pyridoxine HCI (0.1 g/L), pantothenate (0.1 g L"), nicotinamide (0.1 g L"), p-aminobenzoic
acid (0.1 g L™, folic acid (0.02 g L"), and alphamine (0.1 g L™'). SOB media contained Bacto
tryptone (20 g L"), Difco yeast extract (5 g L"), NaCl (0.5 g L"), KCI (0.186 g L"), and Mg,SO4
(2.4 g L™"). When using the salts sporulation method MnCl, (15 mg L), MgCl, (1.0 g L"), and
CaCl, (0.8 g L") were added to MGA3 cultures growing in MVcMueotzoo.
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The selection plates for B. methanolicus MGA3 shikimate pathway mutant selection are
as follows. All solid media was prepared by addition of 1.5% agar. Sel medium contained K;HPO4
(40.93 g L"), KH2PO4 (12.96 g L"), (NH4)2S04 (21.14 g L"), 1X trace metals, 4X trace vitamins
excluding p-aminobenzoic acid, 1X yeast extract mimic amino acids (YEMAA), 0.1 mM Mg>SOs4,
and 100 mM mannitol. SelAros medium was Sel medium supplemented with 1X YEMAA and 1X
YEMAAaros. YEMAA (1000X) contained L-alanine (10.25 mg mL""), L-asparagine (7.0 mg mL™"),
L-cystine (1.5 mg mL™"), L-glutamate (27.5 mg mL""), L-glycine (6.25 mg mL™"), L-histidine (2.75
mg mL™"), L-isoleucine (6.5 mg mL"), L-leucine (9.25 mg mL™), L-lysine (10.5 mg mL™), L-
methionine (2.0 mg mL™"), L-proline (5.5 mg mL""), L-serine (6.75 mg mL™"), L-threonine (6.5 mg
mL™), L-valine (7.75 mg mL™"). YEMAAaros (1000X) contained L-phenylalanine (6.25 mg mL™"), L-
tryptophan (2.0 mg mL™), and L-tyrosine (2.0 mg mL™"). SOB medium contained Bacto tryptone
(20 g L"), Difco yeast extract (5 g L"), NaCl (0.5 g L"), KCI (0.186 g L"), and Mg,SO4 (2.4 g L).
Solutions of Mg>SO. and mannitol were autoclaved separately and added to sterile media as
needed. Solutions of YEMAA and YEMAAaros were sterilized separately by passage through a

0.22 ym syringe filter and added to sterile media as needed.

GENERAL DNA MANIPULATION TECHNIQUES

For small-scale plasmid purification, the appropriate DH5a strain was cultured for 12-15 h
in a 5 mL culture of LB supplemented with the appropriate antibiotic. The cells were pelleted by
centrifugation at 14,100 x g for 2 minutes at room temperature. The plasmids were extracted from
the cell pellets. For large-scale plasmid purification, the appropriate DH5a was cultured for 12-15
h in a 100 mL culture of LB supplemented with the appropriate antibiotic. The cells were pelleted
by centrifugation at 7,200 x g for 30 minutes at 4 °C. The plasmids were extracted from the cell
pellets.

Restriction digests were performed by incubating the DNA with the appropriate restriction
enzyme(s) using the recommended buffer supplied by the manufacturer. The reactions were
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incubated at 37 °C for one hour and terminated by addition of 0.1 volumes of 10X endostop (1.1
mM EDTA pH 8.0, 50% glycerol, 0.1% xylene cyanol, 1.0% sodium dodecyl sulfate, 0.1%
bromophenol blue). The products were visualized by agarose gel electrophoresis.

Agarose gels were prepared by dissolving 0.7 % (w/v) agarose in TAE buffer (40 mM Tris,
20 mM acetic acid, 50 mM EDTA) by heating. Ethidium bromide was added to the gel at a
concentration of 0.5 yg mL™". Gels were submerged in TAE buffer and loaded with the DNA
samples and a DNA ladder. A 100 V current was applied to the gel for approximately one hour.

Polymerase chain reaction (PCR) was preformed using the NEB Q5 polymerase in the
provided Q5 reaction buffer. The manufacturer's recommended reaction component

concentration and thermocycler conditions were used.

PLASMID CONSTRUCTION

Plasmids pMG2.109, pMG2.128, and pMG2.208 were prepared from templates pUC-
IDTamp+aroG1, pUC-IDTamp+aroG1, and pKD17.037, respectively by the Gibson Assembly
method using NEB'’s HiFi DNA Assembly master mix. The plasmids pMG2.109 and pMG2.128
were prepared using the vector pET-15b linearized with BamHI and Ndel. The plasmid pMG2.208
was prepared using the vector pET-21(a)+ linearized with Ndel and Xhol. The linearized vector
was isolated from the restriction digest reaction using a DNA clean-up kit. Gene fragments were
amplified by PCR with primers that added a TEV protease recognition site and contained regions
homologous to both the vector and the gene fragment (Table 14). The PCR-amplified gene
fragments were purified by agarose gel electrophoresis prior to additional processing.

The linearized vector and PCR-amplified gene fragment were incubated at 50 °C with the
HiFi DNA Assembly master mix for 15 minutes at a picomolar ratio of 1:2. High efficiency NEB5a
competent cells were transformed with 2 pL of the reaction product. Transformants were plated
onto LB media supplemented with the appropriate antibiotic and incubated at 37 °C overnight.
Plasmid DNA was isolated from 5 mL cultures of 5 to 10 single colonies, and DNA was analyzed
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by restriction digest. Large-scale plasmid purifications were performed on two colonies containing
insert-carrying vectors. The isolated plasmids were confirmed to carry the insert with a restriction

digest and were submitted to the MSU RTSF Genomics Core for Sanger sequencing.

Table 14. Primers for amplification of aroG1, aroG2, and tktA for Gibson Assembly.

Amplification of Primer Sequence
5-TGGTGCCGCGCGGCAGCCAAGAAAACCTGTATTTTC
aroG1 Forward AGATGAGTGACAAATTGCAGCAAG-3’

5-TCGGGCTTTGTTAGCAGCCGTTAATGGTACAAACCC
Reverse GAATC-3

5’-TGCCGCGCGGCAGCCAAGAAAACCTGTATTTTCAGA
aroG2 Forward  TGTCTAATA AAGAACTGGATCAAT-3’

5-TCGGGCTTTGTTAGCAGCCGTTAGACACGTGCAAGG
Reverse AC-3

5-CTTTAAGAAGGAGATATACAATGTCCTCACGTAAAGA
tktA Forward G-3

5-AGTGGTGGTGGTGGTGGTGCACGCCCTGAAAATAC
AGGTTTTCCAGCAGTTCTTTTGCTT-3’

Underlined bases are regions homologous to the vector. Bolded bases encode for the modified
TEV protease recognition site* (in the case of aroG1 and aroG2) or the unmodified TEV protease
recognition site (in the case of tktA). Remaining bases are regions homologous to the gene
fragment.

Reverse

TRANSFORMATIONS

Electrocompetent E. coli cells were prepared using a modified procedure.® Bacterial cells
were cultured initially in 5 mL of LB medium at 37 °C, 300 rpm for 12-15 h. A 2 mL aliquot of the
culture was then inoculated into 200 mL of 2xYT medium and cultured at 37 °C, 300 rpm to an
ODeoo between 0.5 and 0.7. The culture was chilled on ice for 30 minutes. All following solutions
were kept on ice. Chilled cells were collected by centrifugation (2,700 x g, 5 min, 4 °C). The
supernatant was removed, and the cell pellet was resuspended in 200 mL of cold, sterile water.

The cells were harvested by centrifugation (2,700 x g, 10 min, 4 °C) and the supernatant was
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removed. The wash step was repeated with 100 mL of cold, sterile water. Cells were harvested
by centrifugation (2,700 x g, 10 min, 4 °C) and the supernatant was removed. Finally, the cell
pellet was resuspended in 100 mL of cold, sterile 10 % (v/v) glycerol. The cells were harvested
by centrifugation (2,700 x g, 10 min, 4 °C) and the supernatant was removed. The cell pellet was
resuspended in 500 pL of cold, sterile 10 % (v/v) glycerol and were aliquoted (50 L) into
microfuge tubes, flash frozen in liquid nitrogen, and stored at -80 °C.

Transformation of electrocompetent E. coli proceeded as follows: 0.5 pL of plasmid (10
ng uL™") was added to 50 uL of thawed, chilled electrocompetent cells. The sample was mixed
with gentle tapping and was transferred to an ice-cold Bio-Rad Gene Pulse cuvette. A single pulse
(2.5kV, 25 pF, 200 Q) was applied using a Bio-Rad Gene Pulser Il Electroporator. The cells were
then resuspended in 1.0 mL of SOC media and transferred to a sterile culture tube. Following a
recovery period of 1 h at 37 °C with shaking (300 rpm), the transformants were selected by plating

onto LB media supplemented with the appropriate antibiotic.

PROTEIN EXPRESSION AND PURIFICATION

The buffers used for protein purifications are: lysis buffer (20 mM sodium phosphate, pH
7.4, 500 mM sodium chloride, and 20 mM imidazole), buffer A (20 mM sodium phosphate, pH 7.4,
and 500 mM sodium chloride), buffer B (20 mM sodium phosphate, pH 7.4, 500 mM sodium
chloride, and 500 mM imidazole), TEV reaction buffer (50 mM sodium phosphate, pH 8.0, 0.5 mM
EDTA, and 1.0 mM DTT), TktA storage buffer (100 mM potassium phosphate, pH 7.4 and 1.0 mM
MgCl), and DAHPS storage buffer (10 mM BTP, pH 7.5, 0.05 mM CoCl», and 10 % (v/v) glycerol).
Buffers A and B were used simultaneously by the FPLC. Concentrations of imidazole used during
an FPLC run are denoted as a percentage of buffer B.

TktA-Hise overexpression utilized BL21(DE3)/pMG2.208. The strain was cultured in 1 L of
LB containing Amp at 37 °C, 300 rpm to an ODsg of 0.5 to 0.7. Expression was induced by
addition of 1.0 mM isopropyl-p-D-thiogalactopyranoside (IPTG) and culturing was resumed at 30
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°C, 300 rpm for an additional 5-6 hours. Cells were collected by centrifugation (7,200 x g, 15 min,
4 °C) and stored at -20 °C (<1 month). Cells were resuspended in 2 mL of lysis buffer per gram
of wet cell weight. Cells were lysed with two passages through a SLM Aminco French Pressure
Cell Press (18,000 psi) and cell lysate was clarified by centrifugation (38,500 x g, 30 min, 4 °C).
Clarified lysate was filtered through a 0.45 pm syringe filter. A nickel affinity column was pre-
equilibrated with 4% buffer B and then the clarified lysate was loaded onto the column. The
unbound proteins were eluted from the nickel affinity column by 14 column volumes of 4% buffer
B. TktA-Hiss was eluted from the nickel affinity column by 5 column volumes of 30% buffer B.
Eluate fractions that absorbed at 280 nm were pooled and concentrated. The concentrated protein
sample was desalted and exchanged into TktA storage buffer. A 100 yL sample of TktA-Hise was
diluted 10-fold with 6 M guanidine HCI and the absorbance at 280 nm was measured to calculate
the protein concentration (MWrkia-tiss = 73.9 kDa, €rka-Hiss = 93.3 mM-'ecm™").

The expression and purification of His7-TEV protease was performed in the same manner
as TktA-Hiss described above with the following modifications. The strain BL21-CodonPlus(DE3)-
RP/pMHTA238 was used to overexpress Hisz-TEV protease. His7-TEV protease was eluted from
the nickel affinity column using 50% buffer B. The concentration of His7-TEV protease was
measured using the following constants: MWhisz.tev = 32.5 kDa, €is7.tev = 32.3 mM'em™.

Hise-AroG1 overexpression utilized BL21(DE3)/pMG2.109. This strain was cultured in 1 L
of LB containing Amp at 37 °C, 300 rpm to an ODsog of 0.5 to 0.7. Expression was induced by
addition of 1.0 mM isopropyl-p-D-thiogalactopyranoside (IPTG) and culturing was resumed at 30
°C, 300 rpm for an additional 10-12 hours. Cell lysis and nickel affinity column equilibration was
carried out as described previously. Hise-AroG1 was eluted from the nickel affinity column using
10 column volumes of 70% buffer B. Eluate fractions that absorbed at 280 nm were pooled and
concentrated as described previously. The concentrated protein sample was desalted and
exchanged into TEV reaction buffer. A 100 uL sample of Hise-AroG1 was diluted 10-fold with 6 M
guanidine HCI and the absorbance at 280 nm was measured to calculate the protein
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concentration (MWhiss-aroc1 = 33.1 kDa, €hiss-aroc1 = 12.10 mM-'cm™). TEV protease was added to
the sample at a ratio of 1:50 (TEV protease: Hiss-AroG1). The reaction mixture was then
incubated at 30 °C for five hours. The reaction mixture was subsequently passed through a 0.45
um syringe filter and reloaded onto a nickel affinity column pre-equilibrated with 4% buffer B.
AroG1 eluted in the flow through. Flow through fractions that absorbed at 280 nm were pooled
and concentrated as described above. AroG1 was exchanged into the DAHPS storage buffer and
the concentration was measured as described above (MWare1 = 30.1 kDa, €anc1 = 10.81 mM-
Tem™).

The expression and purification of AroG2 was performed in the same manner as AroG1
described above with the following modifications. The strain BL21(DE3)/pMG2.128 was used to
overexpress Hisg-AroG2. Hise-AroG2 was eluted from the nickel affinity column using 10 column
volumes of 30% buffer B. The concentration of Hise-AroG2 and AroG2 were measured using the
following constants: MWhyiss-aroc2 = 42.9 kDa, €hiss-aroc2 = 12.80 mM-'ecm™, MWare2 = 40.0 kDa,
€aroc2 = 11.52 mM-'cm™.

Protein samples for SDS-PAGE analysis were quantified using the Bradford Assay.®
Protein samples (100 pL) were diluted with 5 mL of Bradford reagent (Bio-Rad). The solution was
incubated at room temperature for five minutes and then the absorbance at 595 nm was
measured. The concentration of protein was calculated using a calibration curve prepared from
bovine serum albumin. SDS-PAGE samples were prepared by diluting 25 pyL of a 300 ng/uL
protein sample with 25 pL of 2X Laemmli sample buffer (0.125 M Tris-HCI pH 6.8, 4.0% (w/v)
sodium dodecyl sulfate, 20% (v/v) glycerol, 0.005% (w/v) bromophenol blue). Samples were
vortexed and then incubated at 95 °C for five minutes. Pre-cast gels were loaded with 25 pL of
each sample. The gel was submerged in SDS-PAGE running buffer containing 1.0% sodium
dodecyl sulfate, 192 mM L-glycine, and 25 mM Tris. A constant voltage of 200 V was applied to
the gel for 25 minutes. The gel was then rinsed with water, removed from the casing, and stained
with a solution containing 50% (v/v) methanol, 10% (v/v) acetic acid, and 0.025% (w/v) Coomassie

89



blue for two hours. The gels were rinsed with water and then destained with a solution of 5.0%

(v/v) methanol and 7.5% (v/v) acetic acid overnight.

ENZYME ASSAYS

The transketolase (TktA) assay was used to quantify E4P. This coupled enzyme assay
followed the production of NADPH (g = 6.22 mM-'cm™") at 340 nm. The assay was carried out in
150 mM triethanolamine, pH 7.6 and contained 5 mM MgCl,, 0.4 mM NADP*, 0.2 mM thiamine
pyrophosphate, 0.4 mM B-hydroxypyruvic acid, 10 U phosphoglucose isomerase, 3 U glucose-6-
phosphate dehydrogenase, varying amounts of E4P, and TktA-Hise. Figure 33 shows the

reactions occurring during this assay.

O
HOﬁOHLOH

TktA OH
-HPA
B TPP H203POA<_Z/

G6PD ﬁ
HzoapoVé\OH — PR mogo

OHO HO OH

H203POM NADP*  NADPH
OH D-fructose-6-phosphate D-glucose-6-phosphate D-gluconolactone
E4P

Figure 34. The TktA assay. Production of NADPH is monitored at 340 nm.

AroG1 and AroG2 activity was measured using a continuous assay that followed the loss
of PEP (¢ = 2.84 mM'cm™) at 232 nm.” Assays were monitored for 30-60 seconds. Initial rates
were calculated from linear portions of the absorbance slope (Equation 1). Specific activities and

velocities were calculated from the initial rates (Equation 2 and Equation 3, respectively).
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Equation 1: rate (AU/min) = |Slope (mAU/min)| - 1000

Equation 2: specific activity (uM/min-mg) = rate - (;) . (1) . (—) 1000

[enzyme] (mg/mL) €

Equation 3: Velocity (uM/min) = rate / (+55-555 008 505

The effect of pH on DAHP synthase activity was evaluated between pH 6.3 and 8.6 at
room temperature with 1.6 mM PEP, 3.0 mM E4P, 0.05 mg of AroG1 or AroG2 in 50 mM
bistrispropane (BTP). The effect of temperature on DAHP synthase activity was evaluated
between 35 °C and 60 °C with 1.6 mM PEP, 3.0 mM E4P, 0.05 mg of AroG1 or AroG2 in 50 mM
BTP pH 7.2 £ 0.1. The assay mixture (except E4P) was incubated at the assay temperature for
five minutes, and the reaction was initiated with the addition of E4P.

Thermostability was evaluated by incubating AroG1 and AroG2 at 50 °C and periodically
measuring the activity. Assay reactions contained 0.05 mg of AroG1 or AroG2, 3.0 mM E4P, 1.6
mM PEP in 50 mM BTP pH 7.2 + 0.1.

Kinetic assays were conducted with 0.05 mg of AroG1 or AroG2 in 50 mM BTP buffer pH
7.2+ 0.1 at 50 °C. For PEP measurements, the E4P concentration was held steady at 3.0 mM
and the PEP concentration was varied from 0.04 mM to 1.8 mM. For E4P measurements, the
PEP concentration was held steady at 1.6 mM and the E4P concentration was varied from 0.06
mM to 3.6 mM. The assay mixture (except E4P) was incubated at 50 °C for five minutes, and the
reaction was initiated with the addition of E4P. The Michaelis-Menten constant (K») was
calculated using the Michaelis-Menten function in Origin Pro 9.0.

Feedback inhibition assays were conducted with 0.05 mg of AroG1 or AroG2, 3.0 mM
E4P, 1.6 mM PEP, and 0.25 mM potential inhibitor in 50 mM BTP buffer pH 7.2 £ 0.1 at 50 °C.
The potential inhibitors were L-phenylalanine, L-tyrosine, L-tryptophan, chorismate, and
prephenate. The assay mixture (except E4P) was incubated at 50 °C for five minutes, and the

reaction was initiated with the addition of E4P.
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E4P SYNTHESIS AND QUANTIFICATION

D-Erythrose-4-phosphate (E4P) was synthesized from glucose-6-phosphate (G6P).% An
addition funnel was attached to a 3-neck round bottom flask and flushed with nitrogen gas. Glacial
acetic acid (500 mL) and 2.0 mmol (1 equivalent) of GEBP were added to the flask. To the addition
funnel, 80 mL of glacial acetic acid, 192 L (1.8 equivalents) of concentrated sulfuric acid, and
1.5 g (1.7 equivalents) of lead tetraacetate were added. The contents of the addition funnel were
added to the round bottom over the course of an hour with stirring. The resulting solution
contained lead sulfate which precipitated. The lead sulfate was removed by two passages through
a celite pad. The filtrate was then concentrated to 80 mL using a Buchi rotary evaporator. The
solution was diluted 2-fold with water and concentrated to 80 mL. This step was repeated an
additional four times. The final 80 mL solution was passed through a 50 mL Dowex 50WX column
that had been equilibrated with 200 mL of 2 N HCI and 500 mL of water. 300 mL of water was
used to elute E4P from the column. Eluate was collected from the addition of the E4P solution
and stored at room temperature in an amber bottle. E4P was quantified using the transketolase

assay described above. The concentration of E4P was calculated using Equation 4.

Equation 4: [E4P] (mM):(

AOD340) ( lf)
€ Vi
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