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Abstract

Strain engineering and bioprocessing strategies were applied for biobased production of
porphobilinogen (PBG) using Escherichia coli as the cell factory. The non-native Shemin/C4
pathway was first implemented by heterologous expression of hemA from Rhodopseudomonas
spheroids to supply carbon flux from the natural tricarboxylic acid (TCA) pathways for PBG
biosynthesis via succinyl-CoA. Metabolic strategies were then applied for carbon flux direction
from the TCA pathways to the C4 pathway. To promote PBG stability and accumulation, Clustered
Regularly Interspersed Short Palindromic Repeats interference (CRISPRI) was applied to repress
hemC expression and, therefore, reduce carbon flowthrough toward porphyrin biosynthesis with
minimal impact to cell physiology. To further enhance PBG biosynthesis and accumulation under
the hemC-repressed genetic background, we further heterologously expressed native E. coli hemB.
Using these engineered E. coli strains for bioreactor cultivation based on ~30 g L* glycerol, we
achieved high PBG titers up to 209 mg L2, representing 1.73% of the theoretical PBG yield, with
improved PBG stability and accumulation. Potential biochemical, genetic, and metabolic factors

limiting PBG production were systematically identified for characterization.
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Chapter 1

Introduction

Porphobilinogen (PBG) is a pyrrole-containing intermediate in the metabolic pathways for
biosynthesis of essential porphyrin/tetrapyrrole compounds known as “pigments of life”, including
heme, cobalamin, chlorophyll, siroheme, and heme ds, etc., in almost all types of biological cells
(Frankenberg et al., 2003). For application purposes, PBG can act as a marker for diagnosis of
diseases, such as acute intermittent porphyria (Anderson, 2019) and lead (Pb) poisoning (Gibson
et al., 1968). Naturally in biological systems, the precursor of PBG, i.e., 5-aminolevulinic acid (5-
ALA), is synthesized via either of the two unrelated metabolic routes, i.e., the Beale/C5 pathway
and the Shemin/C4 pathway (Zhang et al., 2015). Found in most bacteria (including Escherichia
coli) and all archaea and plants, the C5 pathway starts with the C5-skeleton of glutamate for
conducting two enzymic reactions, i.e., initial reduction of glutamyl-tRNA to glutamate-1-
semialdehyde (GSA) via NADPH-dependent glutamyl-tRNA reductase (GIUTR) and subsequent
transamination of GSA via glutamate-1-semialdehyde-2,1-aminomutase (GSAM), to form 5-ALA
(Jahn et al., 1992). On other hand, the C4 pathway, present in humans, animals, fungi and the a-
group of proteobacteria, involves ALA synthase (ALAS or HemA, encoded by hemA) for
molecular condensation of succinyl-CoA and glycine to form 5-ALA with the release of carbon
dioxide and coenzyme A (CoA) (Nandi, 1978). Subsequently, PBG is synthesized via a common
reaction for molecular condensation of two 5-ALA molecules catalyzed by ALA dehydratase

(ALAD or HemB, encoded by hemB) (Layer et al., 2010).

Even with relatively limited applicability up to date, technologies for PBG production have

been explored. Chemical synthesis of PBG has been carried out using a variety of precursor



molecules, such as diethyl 4-oxopimelate (Jones et al., 1976), 2-methoxy-4-methyl-5-nitropyridine
(Frydman et al., 1965), and 2-Hydroxy-4-methyl-5-nitropyridine (Frydman et al., 1969), as well
as reaction processes, such as modified synthesis via a porphobilinogen lactam (Kenner et al.,
1977), MacDonald’s method (Jackson & MacDonald, 1957), and ozonide cleavage reaction
(Jacobi & Li, 2001). However, these chemical approaches are expensive, time-consuming,
complex, and requiring harsh reaction conditions with typically low yields (Neier, 2000). While
purification of PBG from the urine of patients with acute porphyria is feasible, the producing
capacity is knowingly limited (Westall, 1952). While biosynthesis of PBG has been alternatively
explored in different microbial cell factories, such as Rhodopseudomonas spheroides (Hatch &
Lascelles, 1972), E. coli (Lee et al., 2013), Chromatium vinosum (Vogelmann et al., 1975), and
Propionibacterium freudenreichiietc (Y. Piao et al., 2004), enhancing such biobased production is

considered technically challenging since PBG, as a metabolic intermediate, hardly accumulates.

While various cell factories have been developed for biobased production (Chen et al.,
2013), bacterium E. coli remains the most common one. In native E. coli, PBG is synthesized via
the C5 pathway and barely accumulates extracellularly since the produced PBG will be readily
tetramerized into hydroxymethylbilane (HMB) via porphobilinogen deaminase (PBGD or HemC,
encoded by hemC) for subsequent biosynthesis of essential porphyrins, such as heme. In this study,
we chose to first implement the non-native C4 pathway into E. coli for PBG biosynthesis and
promote PBG extracellular accumulation, from the structurally unrelated carbon of glycerol by
heterologous expression of hemA from R. spheroids (Figure 1). Recently, glycerol has been
recognized as a promising carbon source for biobased production due to its low cost (Ciriminna et
al., 2014), abundancy, and high degree of reduction (Westbrook et al., 2019), resulting in high

product yield compared to traditional sugars (Dharmadi et al., 2006). We also developed effective



metabolic strategies for carbon flux direction via succinyl-CoA, a key precursor of the C4 pathway.
The direction of dissimilated carbon toward succinyl-CoA is dependent on three oxygen-sensitive
metabolic routes associated with the central metabolism, i.e., oxidative tricarboxylic acid (TCA)
cycle, reductive TCA branch, and glyoxylate shunt (Figure 1) (Cheng et al., 2013). Under oxygen-
deprived (i.e., anaerobic) conditions, succinate (the precursor of succinyl-CoA) acts as an electron
acceptor in place of oxygen and accumulates as a final product of mixed acid fermentation via the
reductive TCA branch (Thakker et al., 2012). Under oxygen-rich (i.e., aerobic) conditions,
succinate acts as a metabolic intermediate of the oxidative TCA cycle without accumulation, but
it can also be alternatively derived via the glyoxylate shunt (Thakker et al., 2012). Here, we
explored the manipulation of select genes involved in the TCA pathways and cultivation conditions

to enhance carbon flux direction into the C4 pathway via succinyl-CoA.

To promote PBG accumulation, we had to limit the activity of subsequent PBG-consuming
reactions toward porphyrins. Since porphyrin biosynthesis is essential for cell survival, knocking
out any of these PBG-consuming reactions would be lethal. Hence, we applied Clustered Regularly
Interspersed Short Palindromic Repeats interference (CRISPRI) (Qi et al., 2013) to repress the
expression of hemC, whose encoding gene product of HemC mediates the conversion of PBG to
HMB, with minimal impact to cell physiology. To further enhance PBG biosynthesis and
accumulation under the hemC-repressed genetic background, we also conducted heterologous
coexpression of hemA from R. spheroides and the native hemB. In summary, we demonstrated the
application of integrated strain engineering and bioprocessing strategies to enhance biosynthesis
and ultimate extracellular accumulation of PBG, with systematic identification of potential

biochemical, genetic, and metabolic factors limiting PBG production for characterization.



1.1 Research objectives
The main objectives of this research are outlined as follows:

1. Implement non-native Shemin pathway in E. coli for PBG biosynthesis with glycerol as a sole

carbon source.

2. Establish metabolic strategies for carbon flux direction from TCA cycle and CRISPRi based
hemC gene repression for enhanced PBG biosynthesis in E. coli under different oxygenic

conditions.

3. Introduce heterologous expression of native E. coli hemB for further improvement in PBG

extracellular accumulation.
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Figure 1. Schematic representation of the natural metabolism and the implemented Shemin
pathway for PBG and porphyrin biosynthesis in E. coli from glycerol. Metabolic pathways
outlined: glycolysis, glycine biosynthesis, pyruvate carboxylation, and oxidative TCA cycle (in
black); glyoxylate shunt in the TCA cycle (in light brown); reductive branch of TCA cycle (in
blue); Shemin/C4 pathway (in green); porphyrin formation (in red). Colored proteins: mutations
(in red); heterologous expression (in purple); carbon source: glycerol (in blue). Metabolite
abbreviations: 5,10-MTH, 5,10-methenyltetrahydrofolic acid; 5-ALA, 5-aminolevulinic acid; 3-
PG, 3-phosphoglycerate; 3-PP, 3-phosphooxypyruvate; O-P-Serine, O-phospho-L-serine; PBG,
porphobilinogen; HMB, hydroxymethylbilane; PEP, phosphoenolpyruvate; CoA, coenzyme A.
The number of carbon atoms for each metabolite is specified in orange/red. Protein abbreviations:
AceA, isocitrate lyase; AceB, malate synthase A; AceK, isocitrate dehydrogenase
kinase/phosphatase; AckA, acetate kinase; AdhE, aldehyde-alcohol dehydrogenase; FHL, formate
hydrogenlyase; HemA, 5-aminolevulinate synthase; HemB, 5-aminolevulinate dehydratase;
HemC, porphobilinogen deaminase; IcIR, AceBAK operon repressor; IDH, isocitrate
dehydrogenase; IDH-P, isocitrate dehydrogenase-phosphate; LdhA, lactate dehydrogenase A; PC,
pyruvate carboxylase; PckA, phosphoenolpyruvate carboxykinase; PDH, pyruvate
dehydrogenase; PFL, pyruvate formate-lyase; PK, pyruvate kinase; PPC, phosphoenolpyruvate

carboxylase; Pta, phosphotransacetylase; SdhA, succinate dehydrogenase complex (subunit A).



Chapter 2

Literature Review

2.1 Background- Biofuels

Roughly, 1-2 million years ago humans learned to control fire and with that begin series of changes
in their living style and set in motion an early stage for energy demand, which is ever-increasing
to this day. Dry leaves, grass, tree bark, branches, dead wood etc. comprised the simple and readily
available fuel source for early human civilizations to carry out certain activities like keeping them
warm in cold nights, cooking, making tools and weapons for hunting, protection, and agriculture.
Then, fast forwarding to industrial age in 18" century, vast quantities of non-renewable resources
like natural gas, petroleum, and coal consumption begin to drive industries and shape economies,
which still stands true today, as it constitutes a major portion of fuel for meeting energy demands
(104.67 PWh on primary energy basis) of around 7.18 billion people around world in 2013 and
this energy utilization is expected to rise to 262.8 PWh in near future (2050) [1]. In 2011, around
85% of the energy needs were fulfilled just with fossil fuels [2]. The depleting nature of non-
replenishable resources, increasing threat of Green House Gases (GHGs) emissions and other
pollutants deteriorating the ecosystem, increasing demand of energy due to population rise and
technology-driven lifestyle (Osman et al., 2021) calls for researchers worldwide to search for green
and sustainable alternatives. Unlike other renewable energy sources such as wind, solar,
geothermal, hydropower, etc., biomass can directly produce fuel and chemicals (Farrell et al.,
2020). Moreover, biomass feedstock has other advantages like low dependence on location and
climate as they can grow in varied conditions as presence of diversity of vegetation is everywhere,

easy storage, and transportation, and low cost associated with waste biomass, etc., thus, biomass



feedstock is a lucrative choice not only for developed nations, but for developing countries in

world to counter emerging energy and climatic crisis.

The development of clean and sustainable technologies to convert biomass feedstocks into biofuels
is an extensively explored research field. Biofuels are liquid /gaseous fuels manufactured by
utilizing biomass feedstocks. They are employed in the transportation sector, generate heat and
electricity as well as can be used as the feedstock to synthesise value-added chemicals (Kargbo et
al., 2021). Different biomass-based fuels and chemicals like dimethyl ether, ammonia, methane,
ethane, propane, butane, ethylene, methanol, ethanol, butanol, acetic acid, gasoline, diesel,
paraffin, bio-jet fuels, and many more are produced through various biomass to liquid routes and
are sold in the markets throughout the world (Reid et al., 2020). Biofuels are classified as first
generation, second generation, third generation and fourth generation biofuels (Demirbas, 2011)
(figure 2). The type of biomass used, and process employed determine their composition and
calorific content. First generation biofuels like bio-methanol, bioethanol, bio-propanol, bio-
butanol, fatty acid esters, etc., are produced from simple sugars, starch, fats and vegetable oils
(Naik et al., 2010), but they have disadvantage of causing conflict with global food security (Singh
et al., 2011). The second-generation biofuels, such as ethanol are produced by the ‘biomass-to-
liquid’ route by using inedible lignocellulosic biomass, i.e., switchgrass and agricultural/forest
residues. The third and fourth generation biofuels are part of ‘algae-to-biofuel’ route. In third gen,
algal biomass is cultivated for biofuel production whereas metabolic engineering of algae is used
for generating biofuels from oxygenic photosynthetic microbes and creating artificial carbon sinks,

in fourth generation approach (Lu et al., 2011).
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Figure 2. Different generations of biofuels. Image adopted from (Sikarwar et al., 2017).

2.2 Biomass conversion technologies

Due to abundance of biomasses, such as agriculture and domestic wastes, forest residues, industrial

wastes, etc., harnessing them is realistically sustainable, reliable, affordable, and full of potential

(Ullah et al., 2015). Primordial ways of biomass combustion are not a good method of harnessing

energy due environmental and energy output efficiency concerns, but there are other routes namely

thermochemical and biochemical, currently in use. Thermochemical methods use heat source and

controllable oxygen atmosphere to transform biomass into different energy forms. It is further

categorized into (i). combustion, (ii) gasification (where biomass is converted into fuel gas or

syngas, which cab be cleaned prior to combustion), and (iii) pyrolysis (in absence of oxygen,

converts biomass at temperatures around 500 °C to liquid (bio-oil), gaseous and solid (char)

fractions. The biochemical methods use biological enzymes, bacteria, or other engineered




microbial systems to transform biomass into liquid fuels like drop-in-biofuels. They majorly

comprise processes of digestion, fermentation, and extraction. (Guo et al., 2020).

2.3 Engineering of natural TCA cycle for bio-based chemical production

The TCA cycle is an important biochemical hub of the cell. It has two main functions: generation
of energy and synthesis of precursors. The intrinsic problem of lower maximum pathway yields
respective to theoretical maximum yields, for instance - for succinate, can be solved metabolically,
by creating two pathways to the product by using both branches of the TCA cycle and joining them
with the glyoxylate shunt (GS) (Vuoristo et al., 2016). In, fermentation industry, chemicals such
as citric acid (Papagianni, 2007), L-glutamic acid (Hermann, 2003), and recently, the production
of new chemicals, such as succinic acid (Cao et al., 2013), itaconic acid (Hevekerl et al., 2014),
propionic acid (Miscevic et al., 2020), and 1,4-butanediol (Yim et al., 2011) are benefitted by this

new metabolic strategy.

Most anaerobic microorganisms producing succinate via the reductive branch of the TCA cycle
require two NADH units. But via the glyoxylate shunt, it does not require input of NADH. Product
biosynthesis from the oxidative branch of the TCA cycle, such as citric acid and L-glutamic acid,
causes reduction in cofactors, and oxygen is needed for NAD+ regeneration. Therefore, a
combination of both the reductive and oxidative branches of the TCA cycle with glyoxylate shunt
proves to be effective as it allows regeneration of cofactors and improve product yield.
Thermodynamically, also easy to channel intermediates from the oxidative branch to the reductive
branch, as valid for succinate and other product yielding pathways connected at succinyl-CoA

node (Vuoristo et al., 2016).

10



2.4 Relevant heterologous pathway - Heme biosynthetic pathway

Heme biosynthesis is one of highly conserved biochemical pathways existing in all living entities
and is thoroughly researched and documented (Layer et al., 2010) (Dailey et al., 2017) (Kwon et
al., 2003). The common precursor for biosynthesis porphyrins/tetrapyrroles is 5-aminolevulinic
acid (5-ALA), which is preceded by either of the two unrelated metabolic routes - C4 (Shemin)
and C5 (or Beale) pathway. Note that all subsequent reactions after 5-ALA formation toward heme
are identical. The C5 pathway, found in most bacteria and all archaea and plants, is initiated with
ligation step of glutamate and tRNAGIu via glutamyl-tRNA synthase (GIuTS). Further, the
reduction via glutamyl-tRNA reductase (GIUTR) to form glutamate-1-semialdehyde (GSA)
occurs. Then, GSA is transaminated by glutamate-1-semialdehyde-2,1-aminomutase (GSAM) to
synthesise 5-ALA. Whereas, in the C4 pathway, found in humans, animals, fungi, and some
proteobacteria, 5-ALA is produced in a single step reaction catalyzed by 5-ALA synthase (ALAS

or HemA\) resulting from molecular fusion of succinyl-CoA and glycine (Figure 1 & 3).

The further steps for biosynthesis of various tetrapyrroles/heme (Figure 3) need fusion of two 5-
ALA molecules to form the monopyrrole - porphobilinogen (PBG) catalyzed by porphobiliongen
synthase (PBGS or HemB). Next, enzyme porphobiliongen deaminase (PBGD or HemC)
polymerizes four molecules of PBG to form an unstable intermediate of the linear tetrapyrrole
class known as hydroxymethylbilane (HMB). The action of small enzyme called
uroporphyrinogen-I11 synthase (Cosynthase or HemD) perform cyclization of HMB with the
inversion of ring D to produce first cyclic tetrapyrrole (porphyrin) intermediate in the heme
pathway, i.e., uroporphyrinogen-111 (URO-III). The intermediate URO-IIl forms a major
branch/node for various sub-pathways leading to a wide range of porphyrins (Mathews et al.,

2001). The decarboxylation step catalyzed by uroporphyrinogen decarboxylase (URO-D or
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HemE), yield four methyl groups in a newly formed coproporphyrinogen-111 (CPP-I111). Here,
HemeE is the first known decarboxylating enzyme which does not require a cofactor (de Verneuil
et al., 1983). The propionate sidechains of CPP-I11 are converted to vinyl groups by different types
of coproporphyrinogen-111 oxidases (CPOs), resulting in formation of protoporphyrinogen-1X
(PPG-IX). The two different types of CPOs exist - oxygen-dependent HemF and oxygen-
independent HemN. Next, a protoporphyrinogen-1X oxidase (PPO or HemG) catalyzes the
oxidation of PPG-1X to produce a conjugated double-system tetrapyrrole called protoporphyrin-
IX (PP-IX), which is red-pigmented. Lastly, an iron forms a coordination bond with PP-IX

catalyzed by ferrochelatase (HemH) to produce heme.

These porphyrins/metalloporphyrins can be analysed with UV-Visible spectrophotometer. At
around 405 nm, strong band, called the Soret band, is observed for all porphyrins due to an electron
dipole movement that allows m-n* transitions. The weaker bands in the region of 500 to 600 nm
are called "Q bands. The free base porphyrins show four bands, while metalloporphyrins have only
two. The optical absorption spectra can characterize these compounds in solution. Qo in
metalloporphin is caused by pure electronic transition (with no molecular vibrations) between the
electronic ground state and the first electronic excited state whereas Q1 due to the same electronic
transition but with molecular vibrations (called a vibronic band). The subscripts 0 and 1 for free
base porphin have a similar interpretation. The x and y subscripts refer to the orientation

(polarization) of the electric vector of the absorbed light with respect to the axes shown in diagram.

Spectroscopy of porphyrins (by Kim and Bohandy)
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13



2.5 Glycerol as a carbon feedstock

The glycerol feedstock have several advantages over traditional sugars, with high degree of
reduction (reductance k = 4.67), glycolytic degradation of glycerol can produce nearly twice the
number of reducing equivalents (i.e., NADH) in comparison to xylose and glucose (k = 4)
((Dharmadi et al., 2006). The glycerol metabolism leads to higher yields, along with wider range
of chemicals and fuels that can be produced from microbial systems. Under anaerobic conditions,
the metabolic dissimilation of glycerol is negatively affected as the cellular redox balance (the
NAD+/NADH ratio) must be maintained through terminal transfer of electrons to other metabolic
compounds as opposed to molecular oxygen (Gonzalez et al., 2008). Thus, only few organisms
(e.g., Clostridium pasteurianum and Klebsiella pneumoniae) can consume glycerol in anaerobic

conditions.

Intracellular glycerol is metabolized either in the presence of electron acceptors (i.e., respiratory
branch) or in the absence of electrons acceptors (i.e., fermentative branch) (Gonzalez et al., 2008).
Under respiratory conditions, glycerol dissimilation to DHAP (dihydroxyacetone phosphate)
follow two different two-step routes, (i) the aerobic GlpK-GlpD pathway, or (ii) the anaerobic

GIpK-GIpABC pathway (Blankschien et al., 2010).
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Chapter 3

Materials and Methods

3.1 Bacterial strains and plasmids

All bacterial strains and plasmids used in this study are listed in Table 1. Isolation of Genomic
DNA from bacterial cells was performed using the Blood & Tissue DNA lIsolation Kit (Qiagen,
Hilden, Germany). Standard recombinant DNA technologies were applied for molecular cloning
(Miller, 1992). Phusion and 7ag DNA polymerase were obtained from New England Biolabs
(Ipswich, MA, USA). All synthesized oligonucleotides were ordered from Integrated DNA
Technologies (Coralville, IA, USA). DNA sequencing was performed by the Centre for Applied
Genomics at the Hospital for Sick Children (Toronto, Canada). E. coli BW25113 was the parental
strain for derivation of all engineered strains in this study and DH5a was used as a E. coli host for
molecular cloning. The /dhA gene encoding lactate dehydrogenase (LDH) was previously
inactivated in BW25113, generating BWAIdhA (K. Srirangan et al., 2014), a strain with much
lower byproduct metabolite production.

Genetic implementation of the Shemin/C4 pathway in BWAIdhA was previously described
(Miscevic et al., 2021). Heterologous expression of the hemA gene cloned in the pK184 vector was
under the control of the Pi. promoter. For heterologous coexpression of hemA and hemB in
BWAIdhA, the native E. coli hemB gene was first amplified by polymerase chain reaction (PCR)
using the primer set g-hemA-hemB and the genomic DNA of BWAIdhA as the template. The
amplified hemB gene was Gibson—assembled with PCR-linearized pK184-hemA using the primer
set g-pK-hemA-hemB to generate the plasmid pK184-hemA-hemB. Heterologous co-expression

of the hemA and hemB genes cloned in the pK184 vector was also under the control of the Py
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promoter.

Gene knockouts, including sdhA (encoding succinate dehydrogenase (SDH) complex
flavoprotein subunit A, SdhA) and ic/R (encoding transcriptional AceBAK operon repressor, IclR),
were introduced into BWAIdhA by P1 phage transduction (Miller, 1992) using the appropriate
Keio Collection strains (The Coli Genetic Stock Center, Yale University, New Haven, CT, USA)
as donors (Baba et al., 2006). For eliminating the co-transduced FRT-Kn®-FRT cassette, the
transductants were transformed with pCP20 (Cherepanov & Wackernagel, 1995), a temperature
sensitive plasmid expressing a flippase (Flp) recombinase. After Flp-mediated excision of the Kn®
cassette, a single Flp recognition site (FRT “scar site”’) was generated. The pCP20-containing cells
were cured by incubation at 42°C. The genotypes of derived knockout strains were confirmed by
colony PCR using the appropriate verification primer sets (Table S1).

Expression of the hemC expression was repressed by CRISPRi using various derived
plasmids from pdcas9-bacteria (Addgene plasmid # 44249) and pgRNA-bacteria (Addgene
plasmid # 44251). The web tool ChopChop (Labun et al., 2016) was used to design sgRNAs with
hemC-targeting sequences based on predicted expression efficiencies ranging from approximately
20 to 70% (Table S2). All synthesized oligonucleotide pairs have 60 nucleotides (nt), which
include 20 nt hemC-targeting sequence, 20 nt upstream and 20 nt downstream sequences of
pgRNA-bacteria vector (Figure 4). They were annealed as described previously (Pengpumkiat et
al., 2016), generating double-stranded DNA fragments. These DNA fragments were then
individually Gibson-assembled with the PCR-linearized pgRNA-bacteria using the primer set g-
pgRNA to generate plasmids, such as pgRNA-D9 (Table 1). The hemC-repressed strains can be
developed based on a triple-plasmid system (Figure 4) containing pK184-hemA (or pK184-hemA-

hemB), pdcas9-bacteria, and the gRNA-containing plasmid (such as pgRNA-D9).
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Figure 4. Molecular strategy for CRISPRi-based hemC repression. The four plasmids with their major genetic features, such
as promoters, antibiotic resistance markers, key genes, for CRISPRi are shown. Select hemC-targeting sequences and their
associated positions in the hemC gene (i.e., D1, D2, D3, D4, D5, D6, D7, D8, and D9) are shown as well. Note that the sequence
location, GC content, and predicted hemC expression efficiency for various hemC-targeting sequences are shown in Table S2, in
which select hemC-repressed strains derived from DSLAic/RAsdhA were characterized for quantification of the relative hemC

MRNA level using gRT-PCR compared to the control DSLAic/RAsdhA (Figurel2). All gRT-PCR experiments were conducted in

duplicate.

Coding strand / I
5 |
3 |
Template strand

genomic DNA
I et

T




Table 1. E. coli strains and plasmids used in this study

Name Description or relevant genotype Source
E. coli host strains
DH5a F—, endAl, gInV44, thi-1, recAl, reldl, gyrd96, deoR, nupG p80d lacZAacZd ladlacZYA —  Lab stock

BW25113
BWAIdhA

DMH

DMHAsdhA
DMHAIcIR
DMHAIcCIRAsdhA
DMH-D9AsdhA
DMH-D9AicIRAsdhA
DSL

DSLAsdhA
DSLAicIR
DSLAIicIRAsdhA
DSL-D9AsdhA
DMH-CT

DMH-D1

DMH-D2

DMH-D3

DMH-D4

DSL-CT

DSL-D1

DSL-D2

DSL-D3

DSL-D4
DSL-D1AiclRAsdhA
DSL-D2AiclRAsdhA
DSL-D3AiclRAsdhA
DSL-D4AiclRAsdhA
DSL-D5AiclRAsdhA
DSL-D6AicIRAsdhA
DSL-D7AiclRAsdhA
DSL-D8AicIRAsdhA
DSL-D9AiclRAsdhA

argF) U169, hsdR17(rK-mK +), -

F-, A(araD-araB)567, AlacZ4787(::rrnB-3), A-, rph-1, A(rhaD-rhaB)568, hsdR514
BW25113 IdhA null mutant

BWAIdhA/pK-hemA

sdhA null mutant of DMH

icIR null mutant of DMH

icIR and sdhA mutants of DMH
DMHAsdhA/pK-hemA/pgRNA-D9/pdcas9-bacteria
DMHAIcIRAsdhA /pK-hemA/pgRNA-D9/pdcas9-bacteria
BWAIdhA/pK-hemA-hemB

sdhA null mutant of DSL

icIR null mutant of DSL

icIR and sdhA mutants of DSL
DSLAsdhA/pK-hemA-hemB/pgRNA-D9/pdcas9-bacteria
DMH /pK-hemA/pgRNA-bacteria/pdcas9-bacteria

DMH /pK-hemA/pgRNA-D1/pdcas9-bacteria

DMH /pK-hemA/pgRNA-D2/pdcas9-bacteria

DMH /pK-hemA/pgRNA-D3/pdcas9-bacteria

DMH /pK-hemA/pgRNA-D4/pdcas9-bacteria

DSL /pK-hemA-hemB/pgRNA-bacteria/pdcas9-bacteria

DSL /pK-hemA-hemB/pgRNA-D1/pdcas9-bacteria

DSL /pK-hemA-hemB/pgRNA-D2/pdcas9-bacteria

DSL /pK-hemA-hemB/pgRNA-D3/pdcas9-bacteria

DSL /pK-hemA-hemB/pgRNA-D4/pdcas9-bacteria
DSLAIcIRAsdhA /pK-hemA-hemB/pgRNA-D1/pdcas9-bacteria
DSLAIcIRAsdhA /pK-hemA-hemB/pgRNA-D2/pdcas9-bacteria
DSLAicIRAsdhA /pK-hemA-hemB/pgRNA-D3/pdcas9-bacteria
DSLAicIRAsdhA /pK-hemA-hemB/pgRNA-D4/pdcas9-bacteria
DSLAicIRAsdhA /pK-hemA-hemB/pgRNA-D5/pdcas9-bacteria
DSLAicIRAsdhA /pK-hemA-hemB/pgRNA-D6/pdcas9-bacteria
DSLAicIRAsdhA /pK-hemA-hemB/pgRNA-D7/pdcas9-bacteria
DSLAicIRAsdhA /pK-hemA-hemB/pgRNA-D8/pdcas9-bacteria
DSLAIcIRAsdhA /pK-hemA-hemB/pgRNA-D9/pdcas9-bacteria

(Datsenko & Wanner, 2000)
(K. Srirangan et al., 2014)
(Miscevic et al., 2021)
(Miscevic et al., 2021)
This study

(Miscevic et al., 2021)
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

Plasmids

pCP20

pK184
pdcas9-bacteria
pgRNA-bacteria
pgRNA-D1
pgRNA-D2
pgRNA-D3
pgRNA-D4
pgRNA-D5
pgRNA-D6
pgRNA-D7
pgRNA-D8
pgRNA-D9
pK-hemA
pK-hemA-hemB

Flp+, X cl857+, A pR Rep(pSC101 ori)ts, ApR, CmR
p15A ori, KmR, Plac::lacZ’

p15A ori, Pre-dCas9

ColE1 origin, Pis311-gRNA

Derived from pgRNA-bacteria, Psper::nemC-gRNA-D1
Derived from pgRNA-bacteria, Psper::nemC-gRNA-D2
Derived from pgRNA-bacteria, Psper::nemC-gRNA-D3
Derived from pgRNA-bacteria, Psper::nemC-gRNA-D4
Derived from pgRNA-bacteria, Pspei::nemC-gRNA-D5
Derived from pgRNA-bacteria, Pspei::nemC-gRNA-D6
Derived from pgRNA-bacteria, Pspei::nemC-gRNA-D7
Derived from pgRNA-bacteria, Pspei::nemC-gRNA-D8
Derived from pgRNA-bacteria, Pspei::hemC-gRNA-D9
Derived from pK184, Pjac::hemA

Derived from pK184, Piac::hemA-hemB

(Cherepanov & Wackernagel, 1995)
(Jobling & Holmes, 1990)
(Qietal., 2013)

(Qietal., 2013)

This study

This study

This study

This study

This study

This study

This study

This study

This study

(Miscevic et al., 2021)
This study
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3.2 Media and bacterial cell cultivation
All medium components were obtained from Sigma-Aldrich Co. (St Louis, MO, USA) except
yeast extract and tryptone which were obtained from BD Diagnostic Systems (Franklin Lakes, NJ,
USA). E. coli strains, stored as glycerol stocks at -80°C, were streaked on lysogeny broth (LB; 10
g L tryptone, 5 g L! yeast extract, and 5 g L' NaCl) agar plates with appropriate antibiotics
[ampicillin (100 mg L), kanamycin (50 mg L"), and chloramphenicol (25 mg L')] and incubated
at 37°C for 14-16 h.

For shake-flask cultivations, single colonies were picked from LB plates to inoculate 30 mL
LB medium in 125 mL conical flasks. The cultures were shaken at 37°C and 280 rpm in a rotary
shaker (New Brunswick Scientific, NJ, USA) and used as seed cultures to inoculate 220 mL LB
media at 1% (v/v) in 1 L conical flasks with appropriate antibiotics. This second seed culture was
shaken at 37°C and 280 rpm until the cell density reached 0.80 ODsoo. Cells were then harvested
by centrifugation at 9,000xg and 20°C for 10 minutes and resuspended in 30 mL modified M9
production medium. The suspended culture was transferred into 125 mL screwed cap plastic flasks
for shaking at 37°C at 280 rpm in a rotary shaker. Unless otherwise specified, the modified M9
production medium contained 25 g L' glycerol, 5 g L yeast extract, 10 mM NaHCOs, 1 mM
MgClo, 200 mL L of M9 salts mix (33.9 g L'! Na;HPO4, 15 g L KH2PO4, 5 g L' NH4C1, 2.5 ¢
L' NaCl), 1 mL L! dilution of Trace Metal Mix A5 (2.86 g L"! H3BO3, 1.81 g L"! MnCl,*4H,0,
0.222 g L' ZnSO47H,0, 0.39 g L' Na;Mo04+2H,0, 79 pug L' CuSO45H-0, 49.4 ng L
Co(NO3)26H>0), and was supplemented with 0.1 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG).

For bioreactor cultivation, single colonies were picked from LB plates to inoculate 30 mL

super broth (SB) medium (32 g L! tryptone, 20 g L™! yeast extract, and 5 g L' NaCl) in 125 mL
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conical flasks. The overnight cultures were shaken at 37°C and 280 rpm in a rotary shaker (New
Brunswick Scientific, NJ, USA) and used as seed cultures to inoculate 220 mL SB media at 1%
(v/v) in 1 L conical flasks with appropriate antibiotics. This second seed cultures were shaken at
37°C and 280 rpm for 14-16 hours. Cells were then harvested by centrifugation at 9,000xg and
20°C for 10 minutes and resuspended in 50 mL fresh LB media. The suspended culture was used
to inoculate a 1 L stirred tank bioreactor (containing two Rushton radial flow disks as impellers)
(CelliGen 115, Eppendorf AG, Hamburg, Germany) at 37°C and 430 rpm. The semi-defined
production medium in the batch bioreactor contained 30 g L™! glycerol, 0.23 g L™! K;HPO4, 0.51
g L' NH4Cl, 49.8 mg L' MgCl,, 48.1 mg L' K»SO4, 1.52 mg L™ FeSO4, 0.055 mg L™! CaCly,
2.93 g L' NaCl, 0.72 g L ™! tricine, 10 g L™! yeast extract, 10 mM NaHCOs, and 1 mL L' trace
elements (2.86 g L™! H3BOs, 1.81 g L™! MnClp* 4H0, 0.222 g L' ZnSO4s 7H>0, 0.39 g L™
NaxMoOse 2H>0, 79 pg L™! CuSO4e 5H,0, 49.4 pg L' Co(NO3)2* 6H20) (Neidhardt et al., 1974),
and was supplemented with 0.1 mM isopropyl f-D-1-thiogalactopyranoside (IPTG). Aerobic and
microaerobic conditions were maintained by purging air into the bulk culture at 1 vvm and into
the headspace at 0.1 vvm, respectively. The pH of the media was maintained at 7.0 = 0.1 with 30%

(v/v) NH4OH and 15% (v/v) H3PO4 throughout the bioreactor cultivation.

3.3 Analysis

Culture samples were diluted with 0.15 M saline solution for measuring cell density in ODgoo using
a spectrophotometer (DU520, Beckman Coulter, Fullerton, CA). Cell-free medium (Table S3) was
prepared by centrifugation of the culture sample at 9,000xg for 5 minutes and filter sterilization
using a 0.2 uM syringe filter. The quantification of extracellular metabolites and glycerol was

conducted using high-performance liquid chromatography (HPLC) (LC-10AT, Shimadzu, Kyoto,
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Japan) with a refractive index detector (RID; RID-10A, Shimadzu, Kyoto, Japan) and a
chromatographic column (Aminex HPX-87H, Bio-Rad Laboratories, CA, USA). The HPLC
column temperature was maintained at 35°C and the mobile phase was 5 mM H>SOs (pH 2)
running at 0.6 mL min™!. The RID signal was acquired and processed by a data processing unit
(Clarity Lite, DataApex, Prague, Czech Republic).

PBG titer in the cell-free medium was measured using a regular Ehrlich’s reagent and PBG
was colorimetrically quantified by taking a absorbance reading at 555 nm (Mauzerall & Granick,
1956). The percentage yield of PBG was defined as the mole ratio of the produced PBG to the
theoretically maximal PBG produced based on the consumed glycerol with a molar ratio of one-
to-six (i.e., one-mole PBG is derived from six-mole glycerol). Note that one-mole succinyl-CoA
(derived from two-mole glycerol) and one-mole glycine (derived from one-mole glycerol) generate
one-mole 5-ALA, whereas two-mole 5-ALA forms one-mole PBG. The bulk level of porphyrin
compounds in the cell-free medium was estimated using a spectrophotometer at two specific
wavelengths, i.e., 405 nm (measuring Soret band) and 495 nm (measuring Q-band). Note that all
bioreactor cultivation results shown in this study were respectively obtained from a single batch
run, with most of cultivation batches being duplicated or even triplicated to ensure their data

reproducibility.

3.4 Real-time quantitative reverse transcription PCR (qRT-PCR)

For RNA extraction, E. coli cells were cultivated in 30 mL liquid LB medium at 37°C and
harvested in the exponential growth phase. Total RNA isolation was done using the High Pure
RNA Isolation Kit (Roche Diagnostics, Basel, Switzerland) as per manufacturer’s instructions and

stored at -80°C for later analysis. Complementary DNAs (cDNAs) were synthesized from 100 ng
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of total RNA using the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific,
MA). Sequence-specific primers for hemC cDNA (i.e., g-hemC) and internal control rrsA
(encoding ribosomal RNA 16S) cDNA (i.e., g-rrsA) were used for real-time PCR amplification in
25 uL reaction mixture. Real-time gRT-PCR was carried out using the Power SYBR® Green PCR
Master Mix (ThermoFisher Scientific; MA) in an Applied Biosystems StepOnePlus™ System as

per the manufacturer’s instructions. All quantification experiments were performed in duplicate.

3.5 Statistical analysis

All experimental data in this study were collected in duplicate for statistical analysis. In addition,
data comparison was statistically analyzed with an unpaired two-tail Student’s t-test based on 95%
confidence level to ensure its statistical significance (Table S4). Hence, P < 0.05 was used as a
standard criterion of statistical significance when comparing the means of experimental data, such

as PBG titer.
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Chapter 4

Results

4.1 Shake-flask cultivation for PBG bioproduction

The Shemin/C4 pathway was implemented in E. coli via heterologous expression of hemA from
R. sphaeroides in BWAIdhA (Miscevic et al., 2021). The effects of implemented Shemin pathway
were observed by comparing the native BWAIdhA E. coli strain and the resultant control strain,
DMH, in screw-cap shake-flasks cultivation experiment with ~25 g L™ of glycerol as the carbon
source. While BWAIdhA produced no detectable levels of PBG or porphyrin, DMH showed
considerable porphyrin biosynthesis (Figure 5), suggesting the active Shemin pathway. The dark
red color pigmentation of the DMH culture (Figure 5) suggests that a substantial amount of

glycerol was converted to porphyrin pigments but with minimal PBG accumulation.

To prevent PBG intracellular conversion into HMB and then towards porphyrin formation, gene
knockout of hemC would result in detrimental effects on cell physiology as hemC is an essential
gene for heme synthesis and cell survival. Alternatively, CRISPRi was applied by designing four
hemC-targeting gRNAs with different relative expression efficiencies (as predicted by the Chop-
Chop online tool), generating four corresponding strains of DMH-D1, DMH-D2, DMH-D3, and
DMH-D4 (Figure 5) (Table S2). Here, DMH-CT is the control strain without any hemC-targeting
gRNA. Additionally, DMH-D4Aic/RAsdhA was tested to evaluate the effect of carbon flux
direction from TCA cycle. Compared to DMH strain, the cell growth was minimally affected for
other compared strains but some noticeable effect of reduced glycerol consumption in hemC-
repressed strains, excluding DMH-D3, was observed. The low titers for produced acetate in control

strains, DMH and DMH-CT, was due to complete consumption of glycerol before experiment
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completion and acetate consumption follows. The reduction in degree of pigmentation in all hemC-
repressed strains is supporting evidence for reduced carbon flux direction towards porphyrin
formation due to CRISPRI effect. It was noticed that all these strains failed to produce significant

amounts of PBG in shake flask cultivation with titers in range of few milligrams.

To enhance PBG biosynthesis and accumulation, we cloned the native hemB gene from E. coli for
heterologous expression along with hemA from R. sphaeroides, resulting in another control strain
DSL and other derived strains, including different set of hemC-repressed strains. Some effective
on cell growth was observed for hemC-repressed strains, except for DSL-D4Aic/RAsdhA, but no

appreciable improvement in overall PBG titers was observed.

Consequently, strain characterization studies with bioreactor fermentation were designed for
testing in aerobic and microaerobic conditions and new gRNAs (along with previously designed
set of four gRNASs) were explored for improved PBG titers and reduced carbon flux direction

towards porphyrin synthesis.

24



20 20
A) ] [ ]Cell Growth B) ] [_]cell Growth
L] .
16 ' 16 '
. P ' P
o I =
Sl 2 Bl L
S 124 — - Q 1271 il =
Q] 3 .0
© 10+ — © 10+
o 1 © J
2 84 2 g
g | o |
3 61 2 6
< | < ]
4 4
2 1 2
0 1 I 1 I 1 I 1 I 0 T T T T T T T T
BWAIdhA DMH-CT DMH-D2 DMH-D4 BWAIdhA DSL-CT DSL-D2 DSL-D4
DMH DMH-D1 DMH-D3 DMH-D4AicIRAsdhA DSL DSL-D1 DSL-D3 DSL-D4AicIRAsdhA
C) 26 D) 26
24 ] [ Glycerol 04 ] [ Glycerol
__—la 20—_ % 20__ B =
= 18- = 18] —
2 461 B e
£ 16 1 =1 = £ 167 ES
g - £a || .
] = 1
Q 121 G 124 M
o 1 —]_L O 12 | 1
5 10- 5 10
Q8- o 8
g" 5_- g‘* 1
o "] o 87
4 4
21 2
0 T T T T T T T T 0 T T T T T T T T
BWAIdhA DMH-CT DMH-D2 DMH-D4 BWaldhA DSL-CT DSL-D2 DSL-D4
DMH DMH-D1 DMH-D3 DMH-D4aic/RAsdhA DSL DSL-D1 DSL-D3 DSL-D4AicIRAsdhA
E) s F) s
B Acetate ] B Acetate
74 74
= 6 = 6
5 | o |
g 5- 3 5-
o 3]
= =
© -
9 4" 9 4
o 1 a ]
% 3 % 3
w1 Q
Q
&J 2 £ 2
14 14
BWaldhA DMH-CT DMH-D2 DMH-D4 BWAIdhA DSL-CT DSL-D2 DSL-D4 )
DMH DMH-D1 DMH-D3 DMH-D4AicIRASdhA DSL DSL-D1 DSL-D3 DSL-D4AiciRASdhA

25



Figure 5. Shake flask cultivation of BWAIdhA, DMH, DSL and other derived hemC-
repressed strains for PBG extracellular accumulation. Comparison results shown for 48 hr.
shake-flask cultivation include A) cell density (OD600) with the images of final cell-free media
sample, C) glycerol consumption, and E) acetate titers for strains: BWAlIdhA, DMH, DMH-CT,
DMH-D1, DMH-D2, DMH-D3, DMH-D4, and DMH-D4Aic/RAsdhA. Other results shown for 48
hr. shake-flask cultivation include B) cell density (OD600) with the images of final cell-free media
sample, C) glycerol consumption, and E) acetate titers compared for for strains: BWAIdhA, DSL,
DSL-CT, DSL-D1, DSL-D2, DSL-D3, DSL-D4, and DSL-D4AicIRAsdhA. All values are reported

as means = SD (n = 2).

4.2 Carbon flux direction from the TCA pathways to the Shemin/C4 pathway

The control strain, DMH, was cultivated under aerobic conditions in a batch bioreactor with ~30
g Lt of glycerol as the carbon source. The supply of excess oxygen supported cell growth with
effective glycerol consumption, resulting in 120 mg L™ of the peak PBG titer (1.31% yield) with
substantial acetate formation (69.3% yield) (Figure 6). Extending the cultivation, based on the
remaining glycerol, and produced acetate, resulted in reduction of PBG titer to 75.1 mg L™ (0.65%
yield) with increased porphyrin formation. While the formation of other byproduct metabolites,
such as ethanol, succinate, and formate, was minimal, the results suggest the need for metabolic
strategies to reduce carbon flux drainage toward acetogenesis and porphyrin biosynthesis for

enhanced PBG accumulation.

PBG biosynthesis via the C4 pathway utilizes succinyl-CoA as a key precursor (with the

other being glycine) to produce 5-ALA as an intermediate before subsequent conversion to PBG.
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The intracellular succinyl-CoA supply is affected by three oxygen-sensitive metabolic routes
associated with the central metabolism, i.e., oxidative TCA cycle, reductive TCA branch, and
glyoxylate shunt (Figure 1). Due to more effective cell growth and glycerol consumption, we first
characterized our engineered strains under aerobic conditions. To direct more carbon flux toward
the succinyl-CoA node, we inactivate the oxidative TCA cycle by knocking out the sdhA gene,
resulting in the mutant strain DMHAsdhA, with an improved peak PBG titer of 154 mg L™ (1.41%
yield) and 115 mg L (1.01% vyield) at the end of bioreactor cultivation (Figure 6). On the other
hand, we also deregulated glyoxylate shunt by knocking out the icIR gene, resulting in the mutant
strain DMHAIcIR in which more carbon flux could be directed toward the succinyl-CoA node via
glyoxylate shunt with reduced decarboxylation through bypassing the oxidative TCA cycle.
Aerobic bioreactor cultivation of DMHAIcIR also showed improved peak PBG titer of 130 mg L~
1(1.13% yield) and 80.7 mg L (0.69% yield) at the end of the cultivation (Figure 6). Both single-
mutant strains of DMHAIcIR and DMHAsdhA displayed effective cell growth and glycerol
consumption, with reduced acetate production (32.1% and 38.0% yield, respectively) compared to

control strain DMH.

Next, we derived the double mutant strain DMHAic/RAsdhA such that the carbon flux from
the deregulated glyoxylate shunt could be further directed toward the succinyl-CoA mode via the
reductive TCA branch for enhanced biosynthesis of PBG and porphyrins while minimizing
decarboxylation. Aerobic bioreactor cultivation of DMHAic/RAsdhA produced 87.3 mg L™ (0.66%
yield) at the end of cultivation (Figure 7). Moreover, we observed significantly reduced acetate
formation with 35.9% yield, compared to the control strain DMH. These results indicate successful
carbon flux direction from the TCA pathways to the C4 pathway in DMHAic/RAsdhA. However,

the directed carbon flux appeared to proceed toward porphyrin formation rather than PBG
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accumulation in these engineered strains, as indicated by subsequent reduction in PBG titer after
reaching a peak value. While blocking the conversion of PBG to HMB by knocking out hemC
appears to be a feasible way to promote PBG accumulation, such gene knockout is lethal due to

physiological requirement of essential porphyrins.
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Figure 6. Bioreactor cultivation of DMH, DMHAsdhA, and DMHAIcIR for PBG biosynthesis under aerobic conditions

. Time

profiles of cell density (ODeoo), glycerol consumption and metabolite production profiles, acetate and PBG percentage yields, and

extracellular accumulation of porphyrins (represented by the absorbance readings of the Soret peak (A405) and Q-band (A495)) are

shown. The percentage yields of acetate/PBG and absorbance readings of porphyrin compounds are calculated/measured based on the

consumed glycerol at end of cultivation. (1) DMH, (11) DMHAsdhA, (111) DMHAIcIR. All values are reported as means £ SD (n = 2).
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4.3 Repression of hemC expression for PBG biosynthesis and accumulation

Since hemC is an essential gene, gene knockdown to repress hemC expression was explored to
promote PBG accumulation with minimal impact on cell physiology and PBG biosynthesis.
Hence, CRISPRi was applied using hemC-targeting gRNAs with distinct expression efficiencies
(predicted by CHOPCHOP). Upon first screening of a selection of gRNAs targeting different areas
of hemC (Figure 4; Table S2) based on bioreactor cultivation, hemC-gRNA-D9 appeared to show
effective hemC repression with enhanced PBG biosynthesis and accumulation. The hemC-
repression effect was further verified by gRT-PCR (Figure 12). Hence, the resulting hemC-
repressed strains based on the use of hemC-gRNA-D9 were selected for complete bioreactor
characterization. Under aerobic bioreactor conditions, cell growth and glycerol utilization for
DMH-D9AicIRAsdhA were minimally affected compared to the control strain DMHAic/RAsdhA,
suggesting that the need of essential porphyrins for cell survival was properly met in the presence
of hemC repression. Importantly, we observed more effective biosynthesis and accumulation of
PBG, achieving a peak/final titer of 140 mg L™ (1.22% yield) at the end of the cultivation (Figure
7). Note that the Soret peak and Q-band absorbance values of the cell-free medium for the culture
sample of DMH-D9AicIRAsdhA was reduced to some extent, suggesting successful hemC

repression with reduced porphyrin formation.
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Figure 7. Bioreactor cultivation of DMHAicIRAsdhA and DMH-D9AicIRAsdhA for PBG biosynthesis under aerobic conditions.
Time profiles of cell density (ODeoo), glycerol consumption and metabolite production profiles, acetate and PBG percentage yields, and
extracellular accumulation of porphyrins (represented by the absorbance readings of the Soret peak (A405) and Q-band (A495)) are
shown. The percentage yields of acetate/PBG and absorbance readings of porphyrin compounds are calculated/measured based on the
consumed glycerol at end of cultivation. Final PBG titer comparison for DMH, DMHAic/RAsdhA, and DMH-D9Aic/RAsdhA was
deemed to be statistically significant (Table S4). (I) DMHAicIRAsdhA, (11) DMH-D9AicIRAsdhA. All values are reported as means +
SD (n =2).
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4.4 Increasing hemB expression to enhance PBG biosynthesis and accumulation

To further enhance PBG biosynthesis and accumulation, we cloned the native hemB gene from E.
coli for heterologous expression along with hemA from R. sphaeroides, resulting in another control
strain DSL. While aerobic bioreactor cultivation of DSL led to a much higher peak PBG titer
compared to DMH, the PBG titer reduced rapidly upon extended cultivation to 65.7 mg L (0.52%
yield) (Figure 8), a level similar to DMH. Porphyrin biosynthesis in DSL appeared to be higher
than DMH, as evidenced by higher Soret peak and Q-band absorbance values of the cell-free
medium for the culture sample. Also note that cell growth and glycerol consumption remained

effective for DSL compared to DMH.

Similar to DMH, the metabolic limitations associated with excessive carbon flux drainage
toward acetogenesis and porphyrin formation in DSL should be addressed. We derived single
mutant strains of DSLAsdhA and DSLAiIcIR with the sdhA and icIR gene knockouts, respectively.
While these single mutant strains didn’t improve PBG biosynthesis significantly upon aerobic
bioreactor cultivation, they showed metabolic effects similar to the corresponding DMH single
mutant strains (Figure 8). We further derived the double mutant strain DSLAic/RAsdhA, which
showed significantly enhanced PBG biosynthesis compared to the DSL control and single mutant
strains upon aerobic bioreactor cultivation, i.e., a PBG titer of 104 mg L™ (0.81% yield) at the end
of the cultivation (Figure 9). Moreover, reduced acetogenesis was observed in DSLAic/RAsdhA
with effective glycerol utilization and cell growth, suggesting successful carbon flux direction
towards the succinyl CoA node for PBG and porphyrin biosynthesis under this new genetic

background.
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Different gRNAs (D1, D2, D3, D4, D5, D6, D7, D8, and D9) (Table S2) were initially
designed and tested experimentally in a bioreactor setup for accessing their effectiveness in
enhancing PBG titer compared to the control strain, DSLAicIRAsdhA (Figure 9, 10, and 11). Based
on these preliminary results, two gRNA candidates (D6 and D9) with superior culture performance
were selected for further evaluation. Finally, D9-gRNA system was identified to outperform D6-
gRNA under various genetic background and therefore was chosen for more complete
characterization The effectiveness of hemC-gRNA-D6 and hemC-gRNA-D9 in repression of
hemC gene was also confirmed with gRT-PCR studies, where reduced levels of hemC gene

expression was seen compared to control strain, DSLAicIRAsdhA (Figure 12)

Furthermore, aerobic bioreactor cultivation of DSL-D9Aic/RAsdhA showed much
improved PBG biosynthesis and accumulation, i.e., a PBG titer at 209 mg L (1.73% yield) at the
end of the cultivation, though glycerol consumption and cell growth were slightly affected. Note
that the final PBG vyield for DSL-D9Aic/lRAsdhA was 2.14-fold that for the control
DSLAicIRAsdhA, suggesting the effectiveness of hemC repression toward enhanced PBG

biosynthesis and accumulation (Figure 9).

33



=z

ODgy / Metabolite titer (g/L)

m
—

Soret peak (A405) & Q-band (A495)

I: DSL
—— ——— —— 260
30F - 240
27 4 220
2] - 200
’ - 180
] - 160
18+ L 140
15 L 120
12 4 100
0] - 80
6 *1 60
] - 40
3 20
0 T T T T T T T T T T T T = 0
0 3 6 9 12 15 18 21 24 27 30 33 36 39
Time (h)
16
14
124
101
3-
403
64
4
0.52
2_
0-

Il: DSLAsdhA
30 T T T T T T T T T T T T 260
274 240
220
# L 200
214 ) L 180
184 160
14
154 0
+120
121 L 100
9 +80
6 - 60
+40
3'; L 20
U-: T T T T L| T T T T T T 1‘ 0
0 3 6 9 12 15 18 21 24 27 30 33 36 39
Time (h)
16
14 -
12
10
8 485
6
4 0.58
2-
0_

llI: DSLAicIR

304 T T T T T T T T T T 260
240
274
220
24 L 200
214 180
oo — .
18] — o F160
; 140
° L120
124 - 100
9 80
6 60
40
3, L20
4______——.——_4______ -
0= T T T T T T T T T T T T 0
0 3 6 9 1215 18 21 24 27 30 33 36 39
Time (h)
[ Soret Peak
16+ [ Q-Band
I PBG
144 Il Acetate
12 4
104
84
411
64
4] 072
24
04

PBG titer (mg/L)

>
50 50

—o— Cell Density

—— Glycerol

—=—PBG

—— Acetate
Ethanol

—e— Succinate
Formate

r 100
90
80
F70
2 - 60

40

% Acetate yield

r30
20
F10

Figure 8. Bioreactor cultivation of DSL, DSLAsdhA, and DSLAIcIR for PBG biosynthesis under aerobic conditions. Time profiles

of cell density (ODeoo), glycerol consumption and metabolite production profiles, acetate and PBG percentage yields, and extracellular

accumulation of porphyrins (represented by the absorbance readings of the Soret peak (A405) and Q-band (A495)) are shown. The

percentage yields of acetate/PBG and absorbance readings of porphyrin compounds are calculated/measured based on the consumed

glycerol at end of cultivation. (I) DSL, (I1) DSLAsdhA, (111) DSLAicIR. All values are reported as means + SD (n = 2).
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Figure 9. Bioreactor cultivation of DSLAic/RAsdhA and DSL-D9AicIRAsdhA for PBG biosynthesis under aerobic conditions.
Time profiles of cell density (ODeoo), glycerol consumption and metabolite production profiles, acetate and PBG percentage yields, and
extracellular accumulation of porphyrins (represented by the absorbance readings of the Soret peak (A405) and Q-band (A495)) are
shown. The percentage yields of acetate/PBG and absorbance readings of porphyrin compounds are calculated/measured based on the
consumed glycerol at end of cultivation. Final PBG titer comparison for DSL, DSLAic/RAsdhA, and DSL-D9AicIRAsdhA was deemed

to be statistically significant (Table S4). (1) DSLAic/RAsdhA, (11) DSL-D9Aic/RAsdhA. All values are reported as means + SD (n = 2).
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4.5 Strain engineering for PBG biosynthesis under microaerobic conditions

Using engineered strains with the single sdhA mutation, we also explored PBG biosynthesis under
oxygen-limited (i.e., microaerobic) conditions. Due to the inactivated oxidative TCA cycle with a
regulated glyoxylate shunt, cell growth and glycerol utilization under microaerobic conditions for
these control and mutant strains were ineffective compared to aerobic cultivation. In general, PBG
biosynthesis under microaerobic conditions was also ineffective compared to aerobic cultivation.
For the control strain DMH, the final PBG titer for microaerobic bioreactor cultivation was lower
than that for aerobic cultivation, only reaching 48.7 mg L™ (0.41% vyield) (Figure 13), with poor
glycerol utilization and cell growth. Interestingly, porphyrin biosynthesis under microaerobic
conditions appeared to be more effective, as evidenced by higher Soret peak and Q-band
absorbance values, than aerobic cultivation. Compared to the control strain DMH, PBG
biosynthesis under microaerobic conditions for the single mutant strain DMHAsdhA, in which only
the reductive TCA branch was functional, was slightly improved, reaching a final PBG titer of
55.9 mg L (0.46% vyield), with similar acetogenesis, cell growth, glycerol utilization, and
porphyrin formation (Figure 13). We then evaluated the effects of hemC repression in DMH-
D9AsdhA under microaerobic conditions and observed slightly better PBG biosynthesis, achieving
a final PBG titer of 62.5 mg L™ (0.53% yield), with reduced porphyrin formation (Figure 13). Note
that the peak PBG titers for DMH and DMHAsdhA cultivations were comparatively higher than
that for DMH-D9AsdhA, implying PBG was rather unstable under such genetic backgrounds.
Similar genetic and metabolic effects under microaerobic conditions described above in DMH
single mutant strains were also observed in the corresponding DSL single mutant strains with
higher hemB gene dosages. The final PBG titers for microaerobic bioreactor cultivation were 57.9,

67.2, and 83.8 mg L for DSL, DSLAsdhA, and DSL-D9AsdhA, respectively (Figure 14). Note
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that the PBG yield for DSL-D9AsdhA was only 1.16-fold that for DSLAsdhA, suggesting that the
effect of hemC repression on PBG biosynthesis and accumulation was insignificant under

microaerobic conditions.

40



A) I: DMH Il: DMHAsdhA Il: DMH-DOAsdhA —o— Cell Density

30 : - T r T T T T T T T T T 160 30 r r . T - - - r . . - . T - 160 Z: ] T T T T T T T T T T T T T T T 150 Glycer0|
2 L140 274 L 140 - 140 = PBG
o 24 o] 244 [+ Acetate
2 - 120 F120 5] - Ethanol
g 21 214 = ;
e [ 100 o0 18] 100 ® —*— Succinate
o 189 18 1 . E Formate

3 154 Le0 ©
g 1 sF80 15 80 o I
= 124 s 0 O
) g "
s " Leo 12 , e . ®a
T3 91 9- g L0
s L 40 -40 6
Q 64 6
0 5l 120
3] L20 3] L 20
. L R B e e e S LR
A o ot I I . It 0 0 4 8 1216 20 24 28 32 36 40 44 48 52 56 60 64
0 4 8 1216 20 24 28 32 36 40 44 48 52 56 60 64 0 4 8 1216 20 24 28 32 36 40 44 48 52 56 60 64 fime (h
) . ime
Time (h) Time (h) ®
B) [ Soret Peak
16 - 16 - 16 [JQBand 30 r 100
o I Pec 27 -90
2 14 14 B Acetate
Sl 14
< 24 20
T 124
£ 121 124 L21 0 4
4 e o
G 104 104 104 F18Q 60 ",
o5 53.6 2
a 525 . 0.7 L1500 |50 &
¢ " > 2 1.3
<t L L
] ] 6 12 40<E
x Log 30 %
V] 44
o 4 4 0.53 0.6 20
[0]
= 0.41 0.46 2]
G F0. 1
8 2 24 03 0
L0.0 0
0 0- 0

Figure 13. Bioreactor cultivation of DMH, DMHAsdhA, and DMH-D9AsdhA for PBG biosynthesis under microaerobic
conditions. Time profiles of cell density (ODsoo), glycerol consumption and metabolite production profiles, acetate and PBG percentage
yields, and extracellular accumulation of porphyrins (represented by the absorbance readings of the Soret peak (A405) and Q-band
(A495)) are shown. The percentage yields of acetate/PBG and absorbance readings of porphyrin compounds are calculated/measured
based on the consumed glycerol at end of cultivation. (I) DMH, (I11) DMHAsdhA, (111) DMH-D9AsdhA. All values are reported as

means + SD (n = 2).
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Figure 14. Bioreactor cultivation of DSL, DSLAsdhA, and DSL-D9AsdhA for PBG biosynthesis under microaerobic conditions.

Time profiles of cell density (ODeoo), glycerol consumption and metabolite production profiles, acetate and PBG percentage yields, and

extracellular accumulation of porphyrins (represented by the absorbance readings of the Soret peak (A405) and Q-band (A495)) are

shown. The percentage yields of acetate/PBG and absorbance readings of porphyrin compounds are calculated/measured based on the

consumed glycerol at end of cultivation. Final PBG titer comparison for DSL, DSLAsdhA, and DSL-D9AsdhA was deemed to be

statistically significant (Table S4). (I) DSL, (I1) DSLAsdhA, (111) DSL-D9AsdhA. All values are reported as means + SD (n = 2)
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Chapter 5

Discussion

As an intermediate in the metabolic pathway for essential porphyrin biosynthesis, PBG barely
accumulates and, therefore, can be hardly detected in the extracellular medium upon cultivation of
wild-type E. coli. In this study, we employed genetic and metabolic strategies for strain
engineering of E. coli to enhance PBG biosynthesis for extracellular accumulation. First, the
Shemin/C4 pathway was genetically implemented in E. coli by heterologous expression of hemA
from R. sphaeroides to mediate molecular fusion of succinyl-CoA and glycine to form the key
precursor 5-ALA for biosynthesis of PBG and porphyrins. Second, metabolic strategies were
applied to direct carbon flux from the TCA pathways to the C4 pathway via the succinyl-CoA
node. Third, the metabolic flux within the C4 pathway was further boosted by heterologous
coexpression of hemA from R. spheroides and the native E. coli hemB. Finally, CRISPRi was
applied to repress hemC expression to promote PBG accumulation with minimal impact to cell
physiology and viability. PBG biosynthesis and accumulation in various engineered E. coli strains
were characterized using bioreactor cultivation under different oxygenic (i.e., aerobic and
microaerobic) conditions. Note that inclusion of episomal plasmids for heterologous expression of
genes and implementing CRISPRI strategy in various engineered strains require constant use of

antibiotic selection during cultivation, subsequently increasing the overall production cost.

Compared to the native E. coli in which porphyrin biosynthesis was primarily mediated via
the C5 pathway, implementation of the heterologous C4 pathway significantly enhanced porphyrin
biosynthesis based on visualization of high red-pigmentation upon bacterial cultivation (Table S3).

Nevertheless, PBG titer remained low with significant carbon spill toward acetogenesis, as shown
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in the control strain DMH cultivated under aerobic conditions. Since succinyl-CoA serves as a key
precursor of the C4 pathway for biosynthesis of PBG and porphyrins, metabolic strategies were
developed to increase this precursor supply. In E. coli, succinyl-CoA can be derived via three
oxygen-dependent TCA pathways: (i) reductive TCA branch, (ii) oxidative TCA cycle, and (iii)
glyoxylate shunt (Figure 1) (Cheng et al., 2013). In this study, we explored two metabolic routes
for carbon flux direction toward succinyl-CoA within the TCA pathways, i.e., (i) deregulated
glyoxylate shunt and reductive TCA branch via the double mutation of icIR and sdhA under aerobic
conditions, and (ii) reductive TCA branch via the single mutation of sdhA under microaerobic
conditions. Hence, the effects of individual single mutations and double mutation of icIR and sdhA

on PBG biosynthesis were investigated.

Under aerobic conditions, biosynthesis of PBG and porphyrins was enhanced in
DMHAicIRAsdhA compared to the control DMH, suggesting that carbon flux was successfully
directed toward succinyl-CoA and then into the C4 pathway. Also, note that acetogenesis was
reduced upon involving glyoxylate shunt (which can bypass decarboxylation associated with the
oxidative TCA cycle) for carbon flux direction, improving biosynthesis yields for PBG and
porphyrins. Nevertheless, a general trend of the time course of PBG titer remained unchanged, i.e.,
the PBG titer reached a peak value and then declined toward the end of the cultivation. Such PBG
instability, potentially caused by unregulated subsequent reactions toward porphyrins, was
alleviated by repression of hemC expression via CRISPRi in DMH-D9AicIRAsdhA. PBG (and
porphyrin) biosynthesis was further enhanced by heterologous coexpression of hemA from R.
spheroides and the native E. coli hemB and, most importantly, all the above metabolic and hemC-
repression strategies were still functional under this new genetic background, as shown in all

corresponding DSL strains. Note that ALA dehydratase (i.e., HemB, encoded by hemB) is subject
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to feedback inhibition by its downstream metabolite of protoporphyrinogen 1X (PPIX) (Zhang et
al., 2015), potentially limiting the PBG yield. Repression of hemC expression could potential
reduce PPIX formation and its feedback inhibition on hemB expression, and subsequently increase
PBG formation. The effects of heterologous expression of hemB could be clearly observed by
much higher peak and final PBG titers between the corresponding DMH and DSL strains. The
effects of amplification of various genes in the porphyrin biosynthetic pathway on porphyrin
formation were documented (Lee et al., 2013). Note that, under aerobic culture conditions, the
PBG yield of DSL-D9Aic/RAsdhA with all implemented metabolic and genetic strategies was 2.66-

fold that of the control DMH.

Under microaerobic conditions, succinyl-CoA was derived primarily via the reductive
TCA branch (Shin et al., 2007) and, therefore, the oxidative TCA cycle had to be inactivated, such
as mutating sdhA in DMHAsdhA, to support functional operation of the central metabolism. While
PBG can be produced under microaerobic conditions, bioreactor cultivation suffered poor cell
growth and glycerol utilization with significant acetogenesis and PBG instability. Interestingly,
porphyrin biosynthesis appeared to be more effective under microaerobic conditions (as evidenced
by higher absorbance values for Soret peak and Q-band) than aerobic cultivation though PBG
biosynthesis showed the opposite. Compared to aerobic cultivation, significant amounts of formate
were observed for PBG-producing strains cultivated under microaerobic conditions, presumably
due to the induced activity of pyruvate formate lyase (PFL) under oxygen-limited conditions
instead of pyruvate dehydrogenase (PDH) which is mostly active in oxygen-rich environment
(Durnin et al., 2009). Adverse effects arising from accumulated formate and acetate on culture
performance were reported (Kirkpatrick et al., 2001). Nevertheless, the strain engineering

strategies developed for aerobic cultivation, specifically heterologous hemB expression and
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repression of hemC expression, were still applicable to microaerobic cultivation though the
improving effects were less significant than those under aerobic conditions. Under microaerobic
culture conditions, the PBG yield of DSL-D9AsdhA with all implemented strain engineering

strategies was 1.73-fold that of the control DMH.

This study has several advantages over other reported PBG biosynthesis studies in variety of
microbial systems. We utilized glycerol as cheap feedstock for direct PBG biosynthesis, compared
to the process of PBG preparation from 5-ALA by pretreated cells of Chromatiumvinosum
(Vogelmann et al., 1975). We attained a PBG concentration of 0.182 mmol/g-DCW in E. coli
without extraneous supplementation of succinate and glycine. We obtained maximum PBG
concentration of 924 uM compared to 72 uM from Propionibacterium freudenreichii (Y. Z. Piao

et al., 2004) or 200 uM from Rhodopseudomonas spheroids (Hatch & Lascelles, 1972).
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Chapter 6

Conclusions

In this study, we demonstrated that implementation of the non-native C4 pathway in E. coli was
effective to supply carbon flux from the natural TCA pathways for PBG biosynthesis via succinyl-
CoA. Metabolic engineering and bioprocessing strategies were further applied for effective carbon
flux direction from the TCA pathways to the C4 pathway for enhanced PBG biosynthesis. To
promote PBG accumulation, CRISPRi was successfully applied to repress hemC expression with
minimal impact to cell physiology. The heterologous expression of the native E. coli hemB further
enhanced overall PBG biosynthesis which was limited by fusion of two 5-ALA molecules
catalyzed by HemB. Overall, we enhanced PBG formation and accumulation in engineered E. coli
by utilizing a cheap carbon source for direct biosynthesis without precursor supplementation. In
addition, potential biochemical, genetic, and metabolic factors limiting PBG production were

characterized.
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Appendix A: Supplementary Tables

Table S1: DNA oligonucleotide sequences used in this study

Primers/oligo name

Primer/oligo sequence (Top DNA strand 5’ 2 3°)

Source

v-ldhA

v-sdhA

v-icIR

c-frt

c-ptrc

cf-gRNA
g-hemC

g-rrsA

g-hemA
g-pK-hemA
g-hemA-hemB
g-pK-hemA-hemB
cf-pK-hemA
cf-pK-hemA-hemB
9-PgRNA
hemC-gRNA-D1
hemC-gRNA-D2
hemC-gRNA-D3
hemC-gRNA-D4
hemC-gRNA-D5
hemC-gRNA-D6
hemC-gRNA-D7
hemC-gRNA-D8

hemC-gRNA-D9

GATAACGGAGATCGGGAATGATTAA,

GGTTTAAAAGCGTCGATGTCCAGTA

CTCTGCGTTCACCAAAGTGT,

ACACACCTTCACGGCAGGAG

GGTGGAATGAGATCTTGCGA,;

CCGACACGCTCAACCCAGAT

AGATTGCAGCATTACACGTCTTGAG;
CCAGCTGCATTAATGAATCGGGCCATGGTCCATATGAATATCCTCC
CCGATTCATTAATGCAGCTGG,;

GGTCTGTTTCCTGTGTGAAATTGTTA

ATCTTTGACAGCTAGCTCAGTCC;

CAAGCTTCAAAAAAAGCACCGA

TCCAGTTTACGTCGCCAGTG,;

AATACCCACCGCACCTTGTC

AACTGGAGGAAGGTGGGGAT,;

TCACCGTGGCATTCTGATCC
CACAGGAAACAGCTATGACCATGGACTACAATCTGGCACTCGA,;
GAGCTCGAATTCGTAATCATTCAGGCAACGACCTCGGC
GCGCCGAGGTCGTTGCCTGAATGATTACGAATTCGAGCTCGGTAC;
AGTGCCAGATTGTAGTCCATGGTCATAGCTGTTTCCTGTGTG
CCGAGGTCGTTGCCTGAATTTCACACAGGAAACAGACCATGACAGACTTAATCC;
ACCGAGCTCGAATTCGTAATCATTTAACGCAGAATCTTCTTCTCAGCC
TTAAGTCTGTCATGGTCTGTTTCCTGTGTGAAATTCAGGCAACGACCTCGG;
CTGAGAAGAAGATTCTGCGTTAAATGATTACGAATTCGAGCTCGGTACC
AACAGCTATGACCATGGACTAC,;

ATTCGTAATCATTCAGGCAACG

AACAGCTATGACCATGGACTAC,;

TTCGTAATCATTTAACGCAGAAT

GTTTTAGAGCTAGAAATAGCAAGTT,;

ACTAGTATTATACCTAGGACTGAGC
GTCCTAGGTATAATACTAGTCTCTGGCAAGGATGTTAGGAGTTTTAGAGCTAGAAATAGC,;
GCTATTTCTAGCTCTAAAACTCCTAACATCCTTGCCAGAGACTAGTATTATACCTAGGAC
GTCCTAGGTATAATACTAGTGTTACCGTCATTATCATCCGGTTTTAGAGCTAGAAATAGC,;
GCTATTTCTAGCTCTAAAACCGGATGATAATGACGGTAACACTAGTATTATACCTAGGAC
GTCCTAGGTATAATACTAGTAGACCTTGCGGGAATTCAACGTTTTAGAGCTAGAAATAGC,;
GCTATTTCTAGCTCTAAAACGTTGAATTCCCGCAAGGTCTACTAGTATTATACCTAGGAC
GTCCTAGGTATAATACTAGTAGCTTATTGATGGCGAAATCGTTTTAGAGCTAGAAATAGC;
GCTATTTCTAGCTCTAAAACGATTTCGCCATCAATAAGCTACTAGTATTATACCTAGGAC
GTCCTAGGTATAATACTAGTACACTGACATCACTCTGGCAGTTTTAGAGCTAGAAATAGC,;
GCTATTTCTAGCTCTAAAACTGCCAGAGTGATGTCAGTGTACTAGTATTATACCTAGGAC
GTCCTAGGTATAATACTAGTCGACGTTGCCGCGCAGGGAGGTTTTAGAGCTAGAAATAGC,;
GCTATTTCTAGCTCTAAAACCTCCCTGCGCGGCAACGTCGACTAGTATTATACCTAGGAC
GTCCTAGGTATAATACTAGTAGAAATCTCGGGTGGCAACGGTTTTAGAGCTAGAAATAGC;
GCTATTTCTAGCTCTAAAACCGTTGCCACCCGAGATTTCTACTAGTATTATACCTAGGAC
GTCCTAGGTATAATACTAGTCGCCTGAGCAAACTGGATAAGTTTTAGAGCTAGAAATAGC;
GCTATTTCTAGCTCTAAAACTTATCCAGTTTGCTCAGGCGACTAGTATTATACCTAGGAC
GTCCTAGGTATAATACTAGTITGGCACTGGCGACGTAAACGTTTTAGAGCTAGAAATAGC,;
GCTATTTCTAGCTCTAAAACGTTTACGTCGCCAGTGCCAAACTAGTATTATACCTAGGAC

(Akawi et al., 2015)
(Miscevic et al., 2021)
(Miscevic et al., 2021)
(Kajan Srirangan et al., 2014)
(Kajan Srirangan et al., 2014)
(Miscevic et al., 2021)
This study

This study

(Miscevic et al., 2021)
(Miscevic et al., 2021)
This study

This study

This study

This study

(Miscevic et al., 2021)
This study

This study

This study

This study

This study

This study

This study

This study

This study

Notation for oligonucleotides: v-verification primer, c-cloning primer, cf- confirmation primer, g-reverse transcription primers, and g-
Gihson DNA assemhlv nrimer. 20 nt hemC-taraetina seatience is tinderlined.
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Table S2: gRNA sequences targeting hemC for CRISPRI in this study. See Figure S1 for qRT-PCR results for select gRNAs.

gRNA 20 nt targeting sequence sgRNA location Predicted % expression % GC Content RQ for hemC
on hemC gene efficiency expression
(From gRT-PCR)
hemC-gRNA-D1 CTCTGGCAAGGATGTTAGGA -150 43.6 50 -
hemC-gRNA-D2 GTTACCGTCATTATCATCCG -174 57.9 45 -
hemC-gRNA-D3 AGACCTTGCGGGAATTCAAC +456 48.4 50 -
hemC-gRNA-D4 AGCTTATTGATGGCGAAATC +952 39.2 40 -
hemC-gRNA-D5 ACACTGACATCACTCTGGCA -138 65.4 50 1.27
hemC-gRNA-D6 CGACGTTGCCGCGCAGGGAG +635 49.6 75 0.06
hemC-gRNA-D7 AGAAATCTCGGGTGGCAACG +754 65.5 55 -
hemC-gRNA-D8 CGCCTGAGCAAACTGGATAA +663 57.9 50 -
hemC-gRNA-D9 TTGGCACTGGCGACGTAAAC +583 26.9 55 0.128
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Table S3: Tabulated images of bioreactor cultivation samples under aerobic and microaerobic conditions

Strain Name

0hr

DMH

DMHAsdhA

DMHAIcIR

DMHAIicIRAsdhA

DMH-
D9AicIRAsdhA

DSL

— -
— - 8
e -

DSLAsdhA

DSLAicIR

—

DSLAicIRAsdhA

DSL-
D9AicIRAsdhA

DMH

DMHAsdhA

DMH-D9AsdhA

DSL

DSLAsdhA

DSL-D9AsdhA

13-14 hr

s

B - N~

18-19 hr

]

A
E
v
L4
| |
L

HE s eSS

23-24 hr

:
g
:
:

37-39 hr

42-44 hr

47-48 hr

61-63 hr

Final PBG titer
(mg LY?

\
\

751+15
(0.65%)

115+ 2.0
(1.01%)

80.7 0.4
(0.69%)

87.3+0.3
(0.66%)

1402+ 18
(1.22%)

65.7+3.7
(0.52%)

66322
(0.58%)

86.6 + 0.1
(0.72%)

104+14
(0.81%)

209+0.3
(1.73%)

Aerobic

48.7£0.6
(0.41%)

55.9+0.6
(0.46%)

625+2.1
(0.53%)

N/A

57.9+1.2
(0.54%)

/

67.2+0.9
(0.61%)

83.8+0.2
(0.71)

Micro-
aerobic

@ PBG extracellular accumulation (mg L) after complete consumption of glycerol, theoretical percent yield based on consumed glycerol is
presented in parentheses
N/A not applicable
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Table S4: Statistical analysis for comparing experimental data of PBG titers

- Group #1 =5 - Group #2 =5 ovalue _Sta_ti_stical

Strain name (mg L) Strain name (mg LY significance
Aerobic Conditions
DMH 75.1+15 DMHAsdhA 115+2.0 0.0015 P<0.05"
DMH 75.1+15 DMHAiIcIR 80.7+0.4 0.104 P>0.05
DMH 75.1+15 DMHAiIcIRAsdhA 87.3+0.3 0.049 P<0.05"
DMH 75.1+15 DMH-D9AiclRAsdhA 1402+ 1.8 0.0008 P<0.05"
DMHAIcIRAsdhA 87.3+0.3 DMH-D9AicIRAsdhA 1402+ 1.8 0.0132 P<0.05"
DSL 65.7 3.7 DSLAsdhA 66.3+2.2 0.860 P >0.05
DSL 65.7 3.7 DSLAicIR 86.6 + 0.1 0.041 P<0.05"
DSL 65.7 + 3.7 DSLAicIRAsdhA 104+1.4 0.024 P <0.05"
DSL 65.7 + 3.7 DSL-D9AicIRAsdhA 209 +0.3 0.011 P<0.05"
DSLAicIRAsdhA 104 +1.4 DSL-D9AicIRAsdhA 209 +0.3 0.004 P<0.05"
DMH 75.1+15 DSL 65.7 +3.7 0.133 P >0.05
DMHAicIRAsdhA 87.3+0.3 DSLAicIRAsdhA 104 + 1.4 0.030 P<0.05"
DMH 75.1+15 DSL-D9AicIRAsdhA 209 + 0.3 0.003 P <0.05"
Microaerobic Conditions

DMH 48.7+0.6 DMHAsdhA 55.9 + 0.6 0.007 P <0.05"
DMH 48.7+0.6 DMH-D9AsdhA 62.5+2.1 0.053 P>0.05
DMHAsdhA 55.9 + 0.6 DMH-D9AsdhA 62.5+2.1 0.122 P>0.05
DSL 57.9+1.2 DSLAsdhA 67.2+0.9 0.017 P <0.05"
DSL 57.9+1.2 DSL-D9AsdhA 83.8+0.2 0.018 P <0.05"
DSLAsdhA 67.2+0.9 DSL-D9AsdhA 83.8+0.2 0.018 P <0.05"
DMH 48.7+0.6 DSL 57.9+1.2 0.027 P<0.05
DMHAsdhA 55.9 + 0.6 DSLAsdhA 67.2+0.9 0.006 P<0.05
DMH 48.7+0.6 DSL-D9AsdhA 83.8+0.2 0.004 P<0.05

“ Difference between two means is considered to be statistically significant
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