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ABSTRACT

Acinetobacter baylyi ADP1 degrades many aromatic compounds and has a uniquely
tractable genetic system. Recent interest in aromatic compound metabolism stems from diverse
biotechnology applications. My research focused on increasing the number and range of
aromatic compounds metabolized by 4. baylyi to enhance this bacterial host’s ability to convert a
heterogenous lignin-derived mixture to a valuable product. The lignin portion of renewable
lignocellulosic biomass is currently vastly underutilized. Foreign DNA segments encoding
catabolic pathways were inserted in the ADP1 chromosome and amplified in tandem arrays prior
to adaptive laboratory evolution. Additional research goals include understanding how metabolic
functions become regulated and integrated in a new host. This approach, therefore, explores
fundamental aspects of evolution, horizontal gene transfer, and metabolic regulation. In this
dissertation, I describe the chromosomal integration and adaptation in A. baylyi of a meta-
cleavage protocatechuate degradation pathway from Pseudoalteromonas atlantica. Similar
experiments used a codon-optimized pathway for veratrate and isovanillate degradation from
Pseudomonas putida. A. baylyi strains able to grow on aromatic compounds using these non-

native pathways were isolated and characterized. Whole genome sequencing revealed multiple



mutations, and new strains were constructed with different combinations of mutations to
determine the significance of genetic changes. A single chromosomal copy of the 7-kbp meta-
cleavage pathway was sufficient for growth at 25 °C, whereas growth using this pathway at
higher temperatures (up to 37 °C) occurred only with multiple chromosomal copies. A
remarkable expansion of the chromosome initially added as much as 2 Mbp of repeated DNA to
the normally 3.6 Mbp chromosome. After long-term culturing, copy number decreased and
mutations accrued that increase the growth temperature at which the foreign pathway is
functional. Mutations unveiled the importance of a previously undescribed phosphotransferase
system, several peptidyl-prolyl isomerases, and the GroE chaperone. In additional studies, |
characterized aspartate metabolism and regulation in ADP1. This research was done in
conjunction with teaching an undergraduate microbiology research course. All studies focused
on metabolic regulation and involved the development and modification of methods that exploit
the exceptional efficiency of natural transformation and allelic replacement in ADP1, an ideal

model organism for synthetic biology.
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catabolism, thermal tolerance
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

Purpose of study

This dissertation focuses on expanding the catabolism of lignin-derived aromatic
compounds by the non-pathogenic soil bacterium, Acinetobacter baylyi ADP1. Aromatic
compounds are highly abundant in the environment, including as components of lignin, a
complex polymer that is prevalent in plant biomass. Due to the defining aromatic, or benzene,
ring, aromatic compounds are resistant to degradation. The majority of the recycling of carbon
from aromatic compounds is done by specialist microorganisms because of the chemical stability
of these compounds. Some microbes can utilize the oxidative power of molecular oxygen to
break open the benzene ring, despite the risk that oxygen radicals will be produced and can cause
damage to the cells. This potential danger has been proposed as the reason that higher organisms
evolved to exclude enzymes that use molecular oxygen from most metabolic reactions (1).

Interest in the bacterial degradation of aromatic compounds originally focused on the
critical role played by microorganisms in catabolizing lignin and other plant-produced
compounds as part of the natural carbon cycle (2). Recently, interest has developed in using
lignin as a renewable resource to produce economically valuable chemicals, a process called
lignin valorization (3). One promising scheme takes advantage of the ability of certain bacteria to
catabolize the many components of lignin and accumulate a chemical product of interest, such as
pyruvate or wax esters (4, 5). To make such a scheme feasible in the laboratory, researchers need

to modify aspects of microbial metabolism for biotechnology goals. For example, in nature, the



microbial degradation of lignin occurs very slowly by a consortium of microbes including
aerobic and anaerobic fungi and bacteria (6). The net result in such an ecosystem is the
production of new cells rather than the accumulation of a target chemical.

The advent of molecular, systems, and synthetic biology has ushered in exciting new
possibilities for manipulating bacterial metabolism for biotechnology (7, 8). Various bacterial
species, including Acinetobacter baylyi ADP1, have been studied for their ability to degrade a
wide variety of lignin-derived aromatics (9). 4. baylyi ADP1 is uniquely suited for the
manipulation of aromatic compound metabolism because of its catabolic versatility, its facile
genetic system, and newly developed genetic tools that facilitate laboratory evolution (10-12).
My doctoral research contributes to the use of Acinetobacter baylyi ADP1 as an ideal host for
engineering aromatic compound metabolism (11).

My focus has been to expand A. baylyi’s ability to degrade lignin-derived aromatic
compounds by introducing foreign pathways to increase the number of aromatics it can
catabolize. I also seek to improve the efficiency of degrading multiple aromatic compounds in a
mixture. The following literature review provides background material about the principles of
lignin and aromatic compound degradation, the 4. baylyi genetic system, and metabolic
expansion using laboratory evolution. Additional background information is provided concerning
proteins and processes that were revealed to contribute to the acquisition of new phenotypic traits
in A. baylyi during my studies. For example, mutations affecting a phosphotransferase system,
the GroE chaperone, peptidyl-prolyl isomerases, and the CIpAP protease provided selective

benefit during metabolic studies described in this thesis.



Principles of aromatic compound and lignin degradation

Lignin, a major component of lignocellulosic biomass, is the second most abundant naturally
occurring polymer on earth after cellulose (13). It functions to provide strength to plants, aids in
water transport, and protects plants from decomposition (14). While cellulose has been well
researched as a renewable resource for producing biofuels, lignin is typically separated from the
polysaccharides and essentially discarded (8, 15, 16). Lignin is too valuable a renewable resource
to be wasted. Not only is this polymer naturally abundant, but it has even greater energy content
than cellulose due to its higher carbon to oxygen ratio. For the conversion of lignocellulose to
biofuels to be profitable, compounds of value need to be produced from lignin. This process of
lignin valorization is difficult because of the polymer’s inherent chemical complexity.

Lignin is synthesized from p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units, three
aromatic components that differ from each other in their amount of methoxylation (Figure 1.1)
(17). These units are connected by various C-O and C-C linkages involving the a, 3, and/or y
carbons (14). The content and composition of lignin in different plant species varies widely
depending on the ratios of the monomeric units and the type of linkages that connect them.
Heterogeneity of lignin feedstocks can additionally result from the types of harsh pre-treatment
methods used for separation and initial breakdown of this polymer (9). Common pre-treatment
methods involve chemical, thermal, and biological processes that yield different complex
mixtures that tend to be rich in aromatic compounds and organic acids (18). Since no two lignin
streams are identical, further processing methods for the production of industrially relevant

chemicals must be able to tolerate heterogeneity in lignin feedstocks (3).
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Figure 1.1: Monomeric units of lignin and lignin structure

Panel A: Line structures of the three monomeric units of lignin. In orange, a p-hydroxyphenyl
unit (H) that arises from p-coumaryl alcohol. In green, a guaiacyl unit (G) that arises from
coniferyl alcohol. In purple, a syringyl unit (S) that arises from sinapyl alcohol. The a, 3, and/or
y carbons contribute to bonds with other monomers and with substituted oxygens. Panel B:

Interconnected lignin structure adapted from (19).

One approach to lignin valorization takes advantage of the natural process of microbial lignin
catabolism (20). In nature many fungi and bacteria utilize the aromatic components of lignin as
carbon and energy sources channeling the carbon into intermediates of the tricarboxylic acid
(TCA) cycle. These microbes have catabolic pathways that convert the various lignin-derived
aromatics into a few conserved substrates which undergo aromatic ring cleavage, typically
protocatechuate (PCA), catechol, gallate, or 3-O-methylgallate (21, 22). This process is often

thought of as a biological funnel that channels many different aromatics into a few ring-cleavage



substrates (Figure 1.2) (8). In theory, a microbe could bring all lignin-derived aromatics into
central carbon metabolism, remediating issues of lignin stream complexity. One limitation of this
method is that no single microbe can catabolize all components of lignin. Another challenge is to
redirect the carbon flow from central metabolism to a valuable product that can be extracted and

sold.

Various Lignin-Derived Aromatics
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©:OH
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Figure 1.2: Biological catabolic funneling

Aromatic compound catabolism resembles a funnel, since many differently substituted aromatic
compounds (upper blue region) are each converted into one of a very limited number of single
ring-containing compounds that can be enzymatically cleaved (middle green region).

Protocatechuate and catechol are the most common ring-cleavage substrates, and all aromatic



compounds degraded by 4. baylyi ADP1 are converted to one of these compounds. After ring-

cleavage, multi-step conserved catabolic pathways channel metabolite into the TCA cycle.

Salvachtia and co-authors sought to identify microbes suitable for lignin valorization by
using an actual biomass feedstock and studying the depolymerization and catabolic activities of
various bacteria (3). Five bacteria were identified as being especially promising: Amycolatopsis
sp., Pseudomonas putida KT2440, Rhodococcus jostii, Pseudomonas putida mt-2, and
Acinetobacter baylyi ADP1. To improve their use for lignin valorization, metabolic engineering
can be used to increase the number of lignin-derived aromatics consumed and to enhance end-
product formation.

P. putida KT2440 is one model organism for aromatic compound degradation that is
amenable to genetic manipulation. This bacterium has been used to convert lignin-derived
streams into pyruvate, adipic acid, muconic acid, and fifteen other metabolites that can be used
as precursors to industrially relevant materials (5, 23-27). Although fewer studies have focused
on A. baylyi ADP1, this bacterium naturally accumulates industrially relevant products such as
wax esters and triacylglycerols (28, 29). Researchers have not only demonstrated but improved
upon A. baylyi’s ability to produce wax esters from lignin rich streams (4, 30-32). Recently,
Arvay and coauthors also engineered and demonstrated the production of mevalonate, an
important chemical in cosmetics industries and a precursor to some polyesters, from lignin rich
streams in A. baylyi as well (33).

To complement these advancements in using ADP1 to generate valuable chemicals, my
doctoral research aims to increase the number of lignin-derived aromatic compounds that can be

metabolized. The combination of increased consumption of lignin-derived compounds with



improved accumulation of end products is key to making this type of lignin valorization a reality.
The powerful genetic system of ADP1 enables the chromosomal introduction of large fragments
of DNA that can encode entire catabolic pathways. In the following sections of this review, |
will discuss the unique abilities of 4. baylyi ADP1 that make it a good platform organism for

biotechnology as well as a good organism for undergraduate laboratory courses.

Acinetobacter baylyi ADP1: An ideal organism for synthetic biology and teaching

A. baylyi ADP1 is a strictly aerobic, nonpathogenic, nonmotile, gram-negative, gamma-
proteobacterium. It was first isolated in the 1960’s by Juni and Janik through growth on 2,3-
butanediol and named Acinetobacter calcoaceticus BD4 (for butanediol) (34, 35). After
subjecting the bacterium to ultraviolet radiation, an unencapsulated derivative was distinguished
by its exceptional competence for natural transformation (36). This strain, BD413, was later
called ADP1 and its species designation was reassigned as baylyi (37). ADP1 has a fully
sequenced genome of 3.6 Mb, a G+C content of 40%, and simple nutritional requirements. It
grows quickly and can utilize a wide variety of compounds for carbon and energy sources (38).
The distribution of coding sequences (CDS) in the chromosome is asymmetric with about 60%
on the leading strand and 40% on the lagging strand.

A. baylyi ADP1 readily takes up linear DNA from its environment through a unique DNA
uptake system, which has components similar to type IV secretion systems. Single-stranded
DNA is taken into the cell (39, 40). Transformation depends on Mg?*, Mn?* or Ca*", and it is
inhibited by a metal chelator, EDTA (39). ADP1 competence increases during log growth phase
and rapidly declines when cultures enter stationary phase (41). After DNA uptake, cells readily

incorporate the DNA into the chromosome via homologous recombination. Chromosomal



incorporation of non-homologous DNA can occur, but at very low rates (42). When the target
DNA is flanked by sequences identical to the ADP1 chromosome, allelic replacement occurs
with high frequency that can vary based on the length of the sequence identity and on the genetic
context (43). ADP1’s natural transformation ability has been used to improve DNA cloning
strategies that may be a bottleneck in high-throughput work flows if done in Escherichia coli
(44). Figure 1.3 shows allelic replacement in A. baylyi whereby chromosomal changes are easily

engineered via transformation and homologous recombination using linear donor DNA.

A. baylyichromosome

DNA sequence to be introduced SN .
with flanking sequence identity to |:> sacB ﬂ-

A. baylyichromosome

Modified A. baylyichromosome

oooﬁoo@w..-...

Figure 1.3: Allelic replacement in A. baylyi ADP1

Linear DNA can replace the corresponding region of the chromosome if flanking sequence
identity enables recombination events to occur upstream and downstream of a target region. In
this example, four native genes are removed and replaced with a cassette. The
Streptomycin/Spectomycin resistance (S®) gene can be selected. A second gene, encoding levan
sucrase (sacB), enables subsequent counter-selection since the SacB enzyme is lethal in the

presence of sucrose.



Genetic malleability may contribute to chromosomal organization in ADP1 as well as
being important in bioengineering applications. It has been argued that the supraoperonic
clustering of catabolic genes evolved under adaptive conditions where the chromosome can
expand and contract significantly (43, 45). There are five islands of catabolic diversity (38),
chromosomal regions with clustered genes responsible for ADP1’s catabolic versatility (46, 47).
This type of arrangement may reflect horizontal gene transfer because genes are more likely to
be transferred together if they are neighbors than if they are in distant regions of the
chromosome. Additionally, gene clustering could allow rapid environmental adaptation by
increasing expression through chromosomal gene amplification (duplication and divergence)
(48). Such transient changes are typically difficult to investigate. However, the natural
transformation system of ADP1 facilitates the characterization of chromosomal rearrangements
and enabled the Neidle lab to study spontaneous duplication events, some involving an insertion
element, IS7236 (43, 45, 49).

The natural transformation system of ADP1 also facilitated the development (or
modification) of genetic tools to increase the efficiency of molecular biology approaches
compared to what is possible in traditional model organisms, such as E. coli. For example,
Stiarez and coauthors recently developed a method for rapid deletion, modification, and additions
to the 4. baylyi genome, termed “Golden Transformation” as it uses linear DNA generated by
Golden Gate Assembly to create these modifications (12). They also generated an ADP1
transposon insertion library and used Tn-seq to determine essential and non-essential genes,
expanding on the previous 4. baylyi ADP1 single gene knock-out collection (12, 46).
Furthermore, after observing that IS7236 elements often eliminated beneficial traits in A. baylyi,

such as competency, during extending laboratory culturing, researchers in the Barrick lab created
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a strain with all IS/236 elements removed (50, 51). This new strain, ADP1-ISx, demonstrated
reduced mutation rates and higher transformation efficiency, characteristics which could be
beneficial for future experimentation and methodology development in A. baylyi (51).

During my doctoral studies, I collaborated with Bradley Biggs and other members of Dr.
Keith Tyo’s lab at Northwestern University to develop and verify a genetic toolkit for A. baylyi
ADP1 (11). This work included the development of a promoter library and ribosome binding site
variants which I tested by applying them to research on aromatic compound catabolism.
Additionally, Biggs developed a marker-less, scar-less Cas-9 genomic integration method for A.
baylyi ADP1 (11). Similarity, Stiarez and coauthors have reprogramed A. baylyi’s native
CRISPR/Cas locus to validate the removal of and prevent the reacquisition of genes from the
chromosome (12). A recent manuscript by Luo and colleagues details yet another new method
for laboratory evolution of A. baylyi ADP1 termed “Rapid Advantageous Mutation ScrEening
and Selection” (RAMSES) (52). I am a co-author on this manuscript, which was positively
reviewed and currently in revision, having contributed to the analysis of whole genome
sequencing. Using this RAMSES method, A. baylyi evolved to tolerate and consume increasing
concentrations of the aromatic compound ferulate by stepwise adaptation to high levels of this
compound (52). These recent developments display A. baylyi ADP1’s potential for synthetic
biology and biotechnology applications.

The ease of genetic experimentation makes ADP1 an ideal bacterium for experimentation
by undergraduate students. Much less is known about the metabolism and physiology of ADP1
compared to traditional model organisms. There are interesting and important scientific questions
that can be addressed rapidly by relatively simple laboratory studies. On this basis, an

experiential laboratory class was developed, by Drs. Ellen Neidle and Anna Karls, in which



11

students could conduct authentic research guided by professors and teaching assistants (TAs).
Offered at UGA for the first time in 2012, Experimental Microbiology Lab (MIBO4600L) is a
semester-long course in which students are characterizing the functions of some of the 44
predicted LysR-Type Transcriptional Regulators (LTTRs) in 4. baylyi ADP1 (53). Of the 16
families of transcriptional regulatory proteins, LTTRs are the most common in prokaryotes (54).
In A. baylyi, LTTRs comprise 44 of the 174 predicted transcriptional regulators (38, 53, 54).
These regulators are predicted to participate in diverse metabolic functions, and several that
control aromatic compound degradation in ADP1 have been the focus of research in the Neidle
lab for many years, particularly BenM and CatM (55-63). These two regulators have overlapping
functions controlling a complex regulon for benzoate and catechol degradation (63, 64). In 2008,
an analysis of all possible LTTRs in ADP1 predicted functions based on genome context and
comparative biology (53). In the past ten years, approximately 5-10 LTTRs have been studied by
students in the course. The target genes were chosen based on the ability to generate testable
hypothesis concerning their functions and on the chances that novel and important information
could be obtained readily. Some LTTRs have been studied during several semesters to generate
sufficient data for publication.

The first paper resulting from studies done in MIBO4600L was published in 2017 and
included professors, TAs, and undergraduates as coauthors (65). The research described the role
of an LTTR, MdcR, in malonate utilization by ADP1. I was a TA for MIBO4600L for two
semesters, guided by Drs. Neidle and Hoover, during which we characterized two LTTRs, AalR
(aspartate-ammonia lyase-regulator) and DarR (D-aspartate-responsive-regulator). These LTTRs,
which control aspartate metabolism in ADP1, were studied during four different semesters of the

course. In addition, I completed many experiments outside of class to complete the project.
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These regulatory studies complement my other doctoral studies, as all of them address various
aspects of metabolic and genetic regulation in ADP1. As the first author of a manuscript, I am

preparing our work for publication that is described in Chapter 3 of this thesis.

Aromatic compound catabolism: pathways and regulation in A. baylyi ADP1

A. baylyi and other Acinetobacter species degrade many naturally occurring aromatic
compounds. Strain ADP1 has enzymes for the catabolism of vanillate, hydroxycinnamates
(caffeate, coumarate, p-coumarate, and ferulate), benzoate, p-hydroxybenzoate, quinate,
chlorogenate, salicylate esters, aryl esters, and anthranilate (38, 66-68). Each of these
compounds is converted into protocatechuate or catechol and catabolized through the B-
ketoadipate pathway (Figure 1.4) (69). This pathway is conserved in diverse eukaryotic and
prokaryotic microbes, although there are some significant variations, especially in regulation.

As shown in Figure 1.4, there are two parallel pathway branches. In contrast to other
bacteria, ADP1 uses isozymes to catalyze the same three final reactions of the pathway; one set
of enzymes degrades metabolites generated from protocatechuate (PCA) cleavage and one set
degrades the same metabolites if they are generated by the cleavage of catechol. The requirement
for isozymes reflects differential regulation of the cat and pca genes encoding these enzymes.
The cat and pca genes are located in different regions of the chromosome. The genes encoding
the PCA branch are located in catabolic island IV as part of a large dca-pca-qui-pob-hca cluster
(38). In contrast, genes encoding the catechol branch are located in catabolic island III as part of
the are-sal-ben-cat cluster (38). Two LTTRs, CatM and BenM, control a complex regulon in

which they play overlapping roles. Both regulators respond to cis, cis-muconate as an effector.
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BenM additionally responds to benzoate, with synergistic effects resulting from the presence of

both effectors. These LTTRs activate transcription of the ben and cat genes, and they repress

transcription of the pca genes (Figures 1.4 and 1.5: Panel A) (53, 58, 59, 64, 70).
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Left side: Protocatechuate branch with corresponding transcriptional regulators indicated Right

side: Catechol branch with corresponding transcriptional regulators indicated.

During growth on a mixture of benzoate and POB, ADP1 consumes almost all the
benzoate before catabolizing POB (Figure 1.5: Panel B). Previous studies demonstrated a role
for BenM and CatM in this preferred use of benzoate, although one observation was puzzling. It
appears that the LTTRs directly repress pca gene expression by binding to the promoter region
of an operon encoding the PCA branch. However, such repression of the pca genes should not
interfere with the conversion of POB to PCA, a reaction mediated by the PobA hydroxylase,
which is encoded by a gene that is not in the pca operon. Nevertheless, such conversion failed to
occur, indicating that the role of BenM and CatM might be complex. Inducer exclusion was
proposed as a mechanism that might prevent PobA from hydroxylating POB. PobA expression
requires this compound to enter the cell and serve as a transcriptional inducer. POB uptake is
mediated by PcaK, a transporter encoded in the pcaK operon. Thus, repression of the pca operon
by BenM and/or CatM might prevent POB degradation if its transport into the cell were blocked
by the absence of PcaK. However, there are other known POB transport proteins in addition to
PcakK, so it was not clear that pcaK repression could fully explain the preferential consumption of
benzoate and the delayed consumption of POB when both growth substrates are available to
ADPI.

During my doctoral studies, I contributed to the publication describing a new ADP1 tool
kit by testing synthetic promoters (developed by Bradley Biggs) in investigations of the
regulatory mechanisms underlying sequential aromatic compound consumption in ADP1 (11).

These studies, published in 2020, are briefly summarized here. I sought to test aspects of the
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hypothesis described above by expressing PcaK independently of the other genes in the pcaK
operon. | deleted pcaK from its chromosomal position and integrated it elsewhere in the
chromosome where it was expressed from constitutive promoters. When POB or PCA was
provided as the sole carbon source, the engineered strain grew well. However, as shown in
Figure 1.5 panel C, when benzoate was provided together with POB, the independent
transcription of pcaK did not result in the uptake of POB and its conversion to PCA until
benzoate had been consumed. These results indicate that the repression of pcaK is insufficient to
account fully for preventing the conversion of POB to PCA.

To test additional aspects of the regulatory model, I mutated the pca promoter region to
eliminate the repressor binding site for BenM and CatM while leaving intact a functional
promoter for PCA and POB consumption. As shown in Figure 1.5 Panel D, eliminating the
BenM/CatM binding site upstream the pca genes failed to abolish the hierarchical consumption
pattern. These results indicate that repression of the pca operon by BenM and/or CatM is
insufficient to account for the inhibition of POB degradation during benzoate catabolism.

My results raised questions about the roles of BenM and CatM in controlling the ADP1
preference for consuming benzoate before POB. Previous studies showed that muconate, a
metabolite of benzoate degradation is required for the repression of POB utilization (71). Since
BenM and CatM both respond to this effector compound, they seemed likely candidates to
mediate the inhibition of POB consumption during growth on benzoate. Mutants were generated
that degrade benzoate without BenM or CatM, and, in the absence of both LTTRs, benzoate and
POB are consumed simultaneously (63). These results indicated that BenM and CatM play
essential roles in the hierarchical consumption pattern. However, one feature of the mutants

raised concerns about drawing firm conclusions. The mutants all had multiple chromosomal
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copies of the ben-cat genetic region. It remained possible that increased gene dosage affected
regulation in some unanticipated fashion.

I created new mutants that could grow on benzoate without BenM and CatM and with a
single copy of the ben-cat chromosomal region. Normally the ben and cat genes require
activation by BenM and CatM (29, 45). However, by putting these genes under the control of
constitutive promoters, [ was able to delete the BenM and CatM coding sequences from the
chromosome while still allowing A. baylyi to grow on benzoate. This newly engineered ADP1-
derived mutant, capable of growing on benzoate without BenM and CatM, displayed
simultaneous consumption of benzoate and POB. Thus, in combination with previous studies,
my results demonstrated that BenM and CatM are essential for the sequential consumption of
benzoate and POB by ADP1 (Figure 1.5 Panel E). The role of BenM and CatM in multiple
carbon source regulation may include their ability to repress the pca operon, but such repression
must only be a portion of a more complex regulatory circuit, since my studies show that such
regulation is insufficient to account for the observed catabolic patterns. The ability to alter the
chromosome, relocate genes, and control transcription with a wide variety of promoter strengths
now enables us to test regulatory models in novel ways that can be readily accomplished using

our new tool set.
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Figure 1.5: Testing the regulation of hierarchical benzoate and POB consumption

Panel A: Depiction of the regulation and metabolism of POB and benzoate by BenM and CatM.
Regulators activate ben and cat genes, for benzoate and catechol catabolism, and repress the pca
genes, for PCA catabolism. Consumption patterns of benzoate, grey squares, and POB, grey
triangles, as measured by high performance liquid chromatography (HPLC) throughout growth
are shown for: (Panel B) ADP1, (Panel C) an ADP1-derived strain where the transporter gene
pcaK is transcribed constitutively, (Panel D) an ADP1-derived strain where the binding site for
BenM/CatM upstream of the pca operon has been scrambled to prevent binding of these
regulators, and (Panel E) an ADP1-derived strain without BenM and CatM and where the genes
for benzoate degradation, which are normally activated by BenM and CatM, are under
constitutive expression. ODsos (black circles) and samples for HPLC analysis were collected
hourly during growth for each strain. Data shown are average of at least three biological

replicates. Error bars represent standard deviation. (11)

While A. baylyi ADP1 catabolizes numerous aromatic compounds, there are some

notable catabolic pathways it does not possess. For example, there exist other pathways for the



18

degradation of PCA and catechol besides the -ketoadipate pathway. These other pathways
involve the meta-cleavage of PCA and catechol, outside of the hydroxyl groups rather than
between the hydroxyl groups as in the B-ketoadipate pathway (Figure 2.1) (72-74). Another
catabolic pathway that is not present in ADP1 involves the degradation of derivatives of S-lignin.
As shown in Figure 1.1 Panel A, there are three main monomeric units of lignin that differ in
their number of substituents on the aromatic ring. ADP1 catabolizes many derivatives of H- and
G-units, but it does not possess the catabolic genes for S-lignin units such as syringaldehyde,
syringate, 3-O-methylgallate, or gallate (6). A canonical pathway for the degradation of these S-
lignin-derived monomers is depicted in Figure 2.1. Additionally, recent studies characterized
enzymes involved in the degradation of veratrate and isovanillate by Comamonas testosteroni
BR6020 and Pseudomonas putida CSV86 (75, 76). While ADP1 cannot consume veratrate, it
does catabolize an intermediate of veratrate catabolism, vanillate, utilizing a O-demethylase
(VanAB) (66, 77). My doctoral research focused expanding 4. baylyi ADP1’s metabolic
repertoire to include a PCA meta-cleavage pathway and a pathway for the catabolism of the

veratrate and isovanillate; studies detailed in Chapters 2 and 4 respectively.

Metabolic expansion using EASy laboratory evolution

The genetic malleability of 4. baylyi can be exploited to alter its chromosome and
introduce non-native catabolic pathways for new aromatic carbon sources. However, 4. baylyi
may not be able to utilize such foreign pathways optimally. Many issues could underlie
ineffective utilization such as inappropriate transcriptional or translational expression levels, rare
codon usage, promoter or ribosome binding site incompatibility, intermediate metabolite

toxicity, and/or metabolic flux problems (78, 79). The EASy (Evolution by Amplification and
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Synthetic biology) method of laboratory evolution developed in the Neidle lab can allow A.
baylyi to overcome these barriers by increasing the amount of gene product produced to levels
that enable growth. In this method, a precise duplication event and subsequent amplification of a
specific region of the ADP1 chromosome is initiated (Figure 1.6) (80). In nature, the process of
gene duplication and amplification occurs infrequently and randomly (81, 82). In contrast, the
EASy method produces an immediate, designed amplification event, giving the bacterium the
ability to adapt quickly to its environment. Changes in gene dosage serve as a rudimentary form
of regulation. Under selective pressure, multiple gene copies can be maintained in a head-to-tail
array.

This process can be employed with chromosomally inserted foreign genes and pathways
to allow ADP1 to grow on new carbon and energy sources. With continuous selective pressure,
the evolutionary process will occur as mutations accumulate within the amplicon or elsewhere in
the genome. Because amplification is an unstable, dynamic process, when beneficial mutations
occur that allow better growth on the desired carbon source, a new allele may be selected and
retained on the chromosome. The whole process can occur in a relatively short time span,

permitting the rapid adaptation of ADP1 to new carbon sources (80).



A Evolution by Amplification and Synthetic Biology (EASYy)

oo ) oo M [T (—Je° (Zeco  Synthetic Bridging

Fragment (SBF)

<:‘ induces duplication

oo ey [T e
: 4

WSS WEEN r45 K roass K KR

Array expands and contracts. ‘

Cells with optimal copy number
take maijority in population

000@00 PCA4,5 KmR PCA45 KmR PCA4,5 Km® G538 mmm L

As mutations accrue, cell does not need
to maintain extra copies of pathway

o< [T e =

B —
°°0|:>oo|:> PCA-4,5 KmR <:|oo<:|ooo

Analyze Copy Number of KmR by qPCR

++++

Collect Genomic DNA

- —— = —
4 L B WLl
Days
#N#

Average Copy Number in Population

Figure 1.6 Evolution by amplification and synthetic biology (EASy)

20



21

Panel A: Schematic depiction of EASy. A synthetic bridging fragment is added to produce a
targeted duplication of the desired region of the A. baylyi chromosome. Selective pressure
chooses cells with the optimal number of copies to growth with the desired phenotype.
Beneficial mutations (red stars) occur during continuous culturing which allow the cells to
require fewer extra copies of the amplicon. Panel B: Depiction of the analysis of EASy evolving
populations. As populations are cultured, genomic DNA is routinely collected, and the copy
number of a gene in the amplicon is analyzed by gPCR (quantitative). Amplicon copy number
can be followed and used as a proxy for the selection of beneficial mutations.

EASy has previously been used in evolutionary studies to allow ADP1 to grow on the
aromatic compounds guaiacol and terephthalic acid as sole carbon sources following the
introduction of genes originating in Amycolatopsis sp. ATCC 39116 and Comamonas sp. E6
respectively (80, 83). In the guaiacol experiments, genes encoding an O-demethylase enzyme,
GcoAB, were introduced into the chromosome, and cells were evolved to grow on guaiacol as
the sole carbon source by the EASy method. GcoAB converts guaiacol into catechol, which can
then be catabolized by the native ADP1 B-ketoadipate pathway (84). Several evolved strains
formed a fusion protein of GcoA with the native CatA, whose coding sequence was located
upstream of the insertion site for gco4B. Researchers then put this fusion protein into the
chromosome of Pseudomonas putida KT2440 along with gcoB and discovered that it transferred
the ability to utilize guaiacol as a carbon source in this organism as well. This study
demonstrated that genes optimized through EASy in ADP1 can be utilized in other aromatic
compound-degrading bacteria as well (80, 85). In my doctoral studies described in Chapter 4,
EASy was employed in a similar fashion to allow 4. baylyi to utilize veratrate and isovanillate as

sole carbon sources through the introduction of genes from Pseudomonas putida CSV86.
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Furthermore, my doctoral research demonstrated that EASy can be used to optimize
growth for thermal tolerance, Chapter 2. Following the introduction of a predicted pathway for
protocatechuate (PCA) degradation from Pseudoalteromonas atlantica T6c, A. baylyi was able to
grow without any laboratory evolution on PCA or POB (p-hydroxybenzoate) as the sole carbon
source. However, strains with the foreign pathway were not able to grow on PCA or POB at
temperatures above 25 °C and had reduced growth rates compared to the native strain. 4. baylyi
is typically grown at 30 or 37 °C, so I sought to optimize growth through this foreign PCA
degradation pathway by evolving it for thermal tolerance by the EASy method. After inducing a
precise amplification of the foreign genes, I was able to select colonies that grew on PCA and
POB at 37 °C. Eleven of these isolates were cultured continuously on minimal media with PCA
or POB as the sole carbon source at 37 °C for about six months. All strains displayed a
drastically reduced gene dosage at the end of this time period as detailed in Chapter 2. This
result led us to believe that beneficial mutations occurred in the chromosomes that increased
thermal tolerance in the evolved 4. baylyi strains.

While various approaches were used to assess mutation significance, mutations were
initially identified by whole genome re-sequencing (WGS). Individual colonies were isolated
from the evolving populations at the week when they had the lowest copy number. Whole
genome re-sequencing (WGS) was then used to assess genetic changes compared to the parent
strain. WGS revealed a variety of mutations that might contribute to the acquisition of new traits,
primarily thermal tolerance. In the following sections of this chapter, background information is
provided relevant to some of the loci where mutations were discovered. As a first step in
understanding how these mutations might impact the selected phenotype, I sought to understand

previous characterization of these and related genes in ADP1 and other bacteria.
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These loci included ACIAD RS02085, which was annotated as ptsP indicating a possible
role in a phosphotransferase system, or PTS. The loci ACIAD RS12795 and ACIAD_RS12800
annotated as groEL and groES respectively were included in spontaneous amplifications in
multiple strains, suggesting that increasing their expression in the cell could be beneficial.
Multiple loci encoding peptidylprolyl isomerase and chaperone domains contained mutations
including ACIAD RS02420, annotated as tig (trigger factor), ACIAD RS05440, annotated as
slyD, ACIAD RS04740, annotated as fbp, and ACIAD RS06505, annotated as ppiD. Lastly,
included is a discussion of the CIpAP protease. A mutation was found in the 4. baylyi locus
ACIAD_RS06285, designated as clpA, in these EASy experiments. Similarly, c/pA mutations
were identified in 4. baylyi teaching experiments involving aspartate metabolism in A. baylyi, as
described in Chapter 3. Finding similar mutations in A. baylyi strains in multiple different
studies, implies an important role for the CIpAP protease. Therefore, background information on
this protease in provided to help define the role it could be playing in the selected phenotypes

from evolutionary studies in 4. baylyi.

Phosphotransferase systems (PTS) and metabolic regulation

Following laboratory evolution of A. baylyi growing through a foreign pathway, Chapter
2, mutations were discovered in ACIAD RS02085, a gene annotated as ptsP. The PtsP,
phosphoenolpyruvate-protein phosphotransferase, name was first used to indicate an E. coli
homolog that differs from the first component, enzyme I (EI), in canonical phosphotransferase
systems (PTS) used for bacterial sugar uptake (86). Subsequently, PtsP was shown to participate
in a distinct type of three-component PTS, composed of proteins PtsN, PtsO, and PtsP. Both the

canonical sugar-transport PTS and the three-component system, called PTSN", because of a
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connection to nitrogen metabolism in some systems, are described in the following section.
However, PtsP of ADP1 appears not to be involved in the same three-component system as its
namesake, since there is no homolog of PtsN in ADP1. PtsP in ADP1 has not previously been
studied, but the frequent, independent selection of mutations in ptsP in my studies indicates a
previously undescribed role for a novel phosphotransferase system in A. baylyi.

Of the eleven evolved populations in my experiments described in Chapter 2, a single
colony was selected from each and sent for whole genome re-sequencing. Seven of the eleven
independently evolved isolates had a mutation in ACIAD RS02085, and of these, six were
unique mutations. Below is a table of these mutations (Table 1.1). Based on where they occur,
we predict that all mutations would result in loss-of-function of PtsP, as illustrated by an
alignment of the 4. baylyi deduced protein product relative to a characterized E. coli PtsP
homolog (Figure 1.7). These proteins have two domains. In the N-terminal region is a GAF
domain, a conserved domain named for the first three protein families where it was discovered
(87), InterPro entry IPR00318 (88). This domain may exert allosteric control over enzymatic
activity and is often involved in phospho-transducing signaling pathways; it may bind cyclic
nucleotides, such as cGMP, or other metabolites (89, 90). Adjacent to the GAF domain is a
domain characteristic of the enzyme I-component of phosphotransferase systems, InterPro entry
IPR006318 (88). This enzyme initiates a series of transfers by accepting the activated high-

energy phosphate group from phosphoenolpyruvate (PEP).



Table 1.1: Summary of ACIAD_RS02085 (ptsP) mutations from laboratory evolution
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studies
Evolved Strain Change Nucleotide Position* Effect on Protein

ACN2140 Al bp coding (1405/2295 nt) C deletion in codon 469 causes a frameshift and a
premature truncation after amino acid residue 498
Abolishes binding sites, metal binding sites, and an

active site residue C680
ACN2429 A39 bp coding (1069-1107/2295 nt) | In frame deletion of 13 amino acid residues after A354
Abolishes active site residue H367
ACN2432 C—>T 452,510 Amino acid change that replaces a conserved amino
E340K (GAA acid (E) with a dissimilar residue (K)
—AAA)

ACN2433 Al bp coding (1405/2295 nt) C deletion in codon 469 causes a frameshift and a
premature truncation after amino acid residue 498
Abolishes binding sites, metal binding sites, and an

active site residue, C680
ACN2434 +A coding (2063/2295 nt) insertion of A in codon 689 causes a frameshift and a
premature truncation after amino acid 706
Frameshift changes protein sequence and
binding/active site residues
ACN2437 Al15bp coding (2032[12046/2295 n 5 amino acids removed by in-frame deletion after
t) residue V677 including S678-1679-C680-G681-E682
Abolishes an active site residue, C680
ACN2438 T—C intergenic ([J111/0174) Mutation in operator-promoter region of rppH/ptsP s

may affect expression levels

* Position refers to positions on the ADP1 chromosome in NCBI entry NC_005966.
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Figure 1.7: Protein sequence alignment of 4. baylyi predicted PtsP to a characterized

homolog from E. coli

The sequence of PtsP from ADP1 (Uniprot ID Q6FEWS) is aligned above that of an E. coli
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As the basis of comparison for variations, the canonical glucose PTS is depicted in
Figure 1.8, although ADP1 does not have this system. The sole sugar PTS in ADP1 mediates
fructose uptake. Surprisingly, ADP1 cannot use fructose as a sole carbon source (38, 92). The EI
enzyme of the fructose PTS is encoded by a gene distinct from ptsP. The EI components of sugar

PTS do not have a GAF domain.

Glucose PTS

pyruvate , El HPr < ElIA
PEP _ P~El P*HPF ; P~EIIA (periplasm)
1'3 glucose

EIB | ENC =
=]

glucose-6-P

(inside of cell)

Figure 1.8: Canonical glucose PTS signaling cascade

As shown, a phosphate (red P) from PEP is transferred first to enzyme I (EI), and then to a
protein containing a critical histidine residue (HPr). Next, the phosphate is transferred to enzyme
IT (EIT) which has three components (A, B, and C) that may be separate polypeptides or may be
different domains of protein fusions (93, 94). EIIB phosphorylates the sugar as it crosses the
inner membrane into the cytoplasm via the transport protein (EIIC). The formation of glucose-6-
phosphate sequesters the sugar inside the cell by preventing efflux, allowing it to accumulate

against a gradient.

Bacteria (especially those in the Enterobacteriaceae, Vibrionales and Firmicutes), often

have multiple PTS for the uptake and regulated consumption of different sugars. Consistent with
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ADP1 being unable to consume many sugars, genome sequence analysis revealed only one sugar
PTS. This fructose PTS, which was noted above, is composed of two proteins. A single
polypeptide, FruA, contains domains corresponding to EI, HPr, and EIIA. FruB contains two
domains corresponding to EIIB and EIIC (Figure 1.9). Although the glucose PTS was initially
the best characterized, the fructose system has been proposed to be the evolutionary ancestor of
all PTS (95).

A second type of bacterial PTS was discovered that is not associated with the uptake of
sugar but appears to be involved in carbon versus nitrogen metabolism, as reviewed (96). This
so-called nitrogen PTS (PTSNY), first identified in E. coli, lacks EIIB and the transmembrane
transport component (EIIC) (97). The genes encoding this abridged system were designated ptsN
(encodes EIIANY), ptsO (encodes an HPr homolog, Npr), and ptsP (encodes EIN"). In this system,
it is unclear where the EII protein donates the activated phosphate. Moreover, the exact role of
this system in nitrogen metabolism is controversial and may not be identical in all bacteria that
carry homologs. Nevertheless, complex effects of sugar uptake systems and PTSN' are evident in
diverse processes including carbon catabolite repression (98), virulence (99-101), biofilm
formation (102), and potassium homeostasis (103, 104).

The presence of a GAF domain in the EIN" is notable and has been associated with fine-
tuning metabolism and homeostasis. This regulatory domain can integrate signals from small
molecules and nucleotides (second messengers) and effect allosteric control. In some cases, but
not others, deletion of the GAF domain makes EIN" unable to self-phosphorylate (105-107). The
presence of a GAF domain as well as an El-like domain encoded by ACIAD RS02085 underlies
its PtsP designation. However, unlike the three-component PTSN" ADP1 has no gene resembling

ptsN (encodes EIIANT). Thus, there no paralogs of the EII A, B, or C domains of FruA and
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FruB. Searching for homologs of HPr revealed one gene, ACIAD RS13825, which encodes an
Hpr/Npr-like protein. I tentatively designated this gene ptsO to indicate a possible interaction of
its encoded protein with PtsP, although there is no evidence that PtsO and PtsP participate
together in a PTS. This gene is predicted to be co-transcribed as part of a large operon of unclear

function (Figure 1.9).

A
A. baylyi encoded fructose PTS: bacterium does NOT consume fructose
FruB
S b \
pyruvate x El ~ HPr x EIA
PEP P,~EI J SE=HPrE \ P~E|||f - (periplasm)
(mm oo : %"—\ fructose
| pyruvate E|Ntr | \
: NPr— BB ENC .
! PEP BE-ER" P~NPr | ; ,
! P
| PtsP PtsO | l—}l
| |
| Predicted A. baylyi PTS: "l { fructase-1-P
! PtsP has homology to El and l (inside of cell)
| PtsO has homology to HPr ? l R
I No corresponding protein with EIl homology i
P S P G NS G SR S S S NP i
B
»A;AAMSIWELAC\AD RS13830 |4ACIAD_RS13835 'A:(iJl/\D RS13840 Aéw’ﬁsmf? ACIAD_RS13850 ) .
ACIAD_RS13815 ptso

Figure 1.9: PTS encoded in 4. baylyi ADP1

Panel A. Although ADP1 cannot grow on fructose, the FruAB PTS was shown to be capable of
taking up fructose (92). The domains of FruA and FruB are discussed in the text. ADP1 encodes
only two other PTS-like proteins, PtsP (a homolog of EIN'r), and PtsO (a homolog of Hpr/Npr).
The function of PtsP of ADP1 is unknown, and its possible interaction with PtsO, the protein

product of ACIAD RS13825, is hypothetical. Panel B. the gene designated ptsO is predicted to
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be transcribed as part of a large operon of unknown function, as shown in this image of ADP1
chromosomal organization captured from the Biocyc web site (108).

The possibility that a two-component PTS, involving PtsP and PtsO, is functional in
ADP1 is supported by studies of a similar system in Legionella pneumophila (109). A partial
PTSN", lacking EII, was shown in L. pneumophila to mediate a phosphorelay using in vitro and
in vivo experiments. As in ADP1, it is unknown what may serve as a final phosphate acceptor.
However, researchers postulated that the PTS might govern a complex regulatory circuit via
signal integration involving two-component transcriptional regulators, which also carryout
phosphotransfers. Several two-component transcriptional regulators were investigated, and a
connection was demonstrated between the PtsP-PtsO cascade and a two-component
transcriptional system, PmrA (a response regulator) and PmrB (a sensor histidine kinase).
Despite experimental efforts, it was not possible to conclude if PtsO (the Npr component) could
directly phosphorylate PmrA, yet PtsO (Npr) did activate the PmR regulon in a fashion that was
dependent on this response regulator (109).

Based on the results in L. pneumophila, we are considering the possibility that PtsP in
ADP1 exerts its metabolic effects in connection with two-component transcriptional regulators.
A. baylyi has several such two-component transcriptional regulators (Table 1.2). Of special
interest is the GacA/GacS two-component system. In ADP1 GacA/GacS regulates the
transcription of non-coding RNAs that interact with CsrA, a small protein that modulates the
translation of carbon-utilization genes. We have recently discovered that CsrA controls aromatic
compound catabolism in ADP1 (Emily McIntyre, unpublished data). In ongoing aromatic-
compound degrading studies using the EASy method, several csr4 and gacA/gacS mutaations

have been selected. Future studies are needed to investigate the role of PtsP in ADP1 and



whether there is any connection between this protein and GacA/GacS or any two-component

transcriptional regulator in this bacterium.

Table 1.2: Two-component transcriptional systems in 4. baylyi ADP1

Locus Tag Gene Description NCBI-protein ID
ACIAD RS06315 ginL PAS domain-containing sensor histidine kinase WP _011182272.1
ACIAD RS06310 ginG DNA-binding transcriptional regulator NtrC WP _004925683.1
ACIAD RS02855 baeS two-component sensor histidine kinase WP 004919832.1
ACIAD RS02860 baeR DNA-binding response regulator WP 004919829.1
ACIAD RS15330 envZ two-component sensor histidine kinase WP_004923640.1
ACIAD RS15325 ompR DNA-binding response regulator WP _004923643.1
ACIAD RS03330 two-component sensor histidine kinase WP 004922536.1
ACIAD_RS03325 DNA-binding response regulator WP_000076440.1
ACIAD RS13430 kdpD sensor histidine kinase KdpD WP 004929597.1
ACIAD RS13425 kpdE DNA-binding response regulator WP _004929596.1
ACIAD_RS10245 two-component sensor histidine kinase WP_004927854.1
ACIAD_RS10250 DNA-binding response regulator WP_004927857.1
ACIAD RS01225 gacS two-component sensor histidine kinase WP 011182006.1
ACIAD RS01230 gacA DNA-binding response regulator WP 004920720.1
ACIAD_RS01220 sigma-54-dependent Fis family transcriptional regulator WP_004920725.1
ACIAD_RS07490 two-component sensor histidine kinase WP_004924986.1
ACIAD_RS07495 DNA-binding response regulator WP_004924983.1
ACIAD_RS13370 two-component sensor histidine kinase WP_004929571.1
ACIAD RS13375 gseB DNA-binding response regulator PmrA WP 004929572.1
ACIAD_RS06565 two-component sensor histidine kinase WP _011182281.1
ACIAD_RS06570 DNA-binding response regulator WP_004925537.1
ACIAD_RS16095 phoR phosphate regulon sensor histidine kinase PhoR WP_004923226.1
ACIAD _RS16090 phoB DNA-binding response regulator WP 004923228.1
ACIAD_RS11360 hybrid sensor histidine kinase/response regulator WP_004928507.1
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ACIAD_RS11355 DNA-binding response regulator WP_004928503.1
ACIAD_RS15690 DNA-binding response regulator WP_004923453.1
ACIAD_RS02715 two-component sensor histidine kinase WP_004919910.1
ACIAD RS13890 bar4 hybrid sensor histidine kinase/response regulator WP _004924459.1
ACIAD_RS14390 histidine kinase WP_004924206.1

* Regulator pairs are shaded together in table

Essential protein chaperone GroE

During laboratory evolution of A. baylyi, strains with increased thermal tolerance were
found to have mutations in loci ACIAD RS12795, annotated as groEL, and ACIAD RS12800,
annotated as groES, as detailed in Chapter 2. These two genes, groEL and groES together
encode the protein chaperone GroE. The L and S designations indicate the large and small
subunits of the protein complex. Because a selective pressure for increased thermal tolerance was
used in my evolution studies, changes to protein chaperones appear to affect the thermal stability
of proteins within my evolved cells. Table 1.3 outlines a mutation discovered in groES as well as
two independently evolved chromosomal amplifications encompassing groEL and groES. One of
these amplifications appears to cause a chromosomal duplication partway through the groEL
coding sequence and extending past the groES coding sequence. The second amplification,
which appears to have three or four chromosomal copies, encompasses a larger chromosomal
region starting in a gene upstream of groEL and ending in the gene downstream groES. In A.
baylyi ADP1 groEL and groES are essential, but they have not been studied outside of homology

searches (92). To better understand the role these groEL/groES changes might be having in my
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evolved strains, I will summarize the GroE chaperone mechanism as well as previous studies

implicating the GroE chaperone in metabolite toxicity tolerance.

Table 1.3: Summary of groES and groEL changes from laboratory evolution studies

Evolved Gene locus ID (name) Position* | Predicted description Mutation DNA Protein
strain type change effect
ACN2434 ACIAD RS12800 2,776,999 GroES substituition A—G *97Q
(groES)

* Position refers to positions on the ADP1 chromosome in NCBI entry NC_005966.

Evolved A. baylyi loci involved in amplification of groEL and groES
strain
ACN2437 ACIAD_RS12795 (groEL) and intergenic region between ACIAD RS12800 (groES) and ACIAD_RS12805

ACN2438 ACIAD_RS12785 and ACIAD_RS12805 (groEL and groES are between these loci within the amplicon)

Exactly how a protein forms from a string of amino acids to a fully folded, active protein
with tertiary structure is one of the great questions in biology. Anfinsen’s dogma in molecular
biology, earning a Nobel prize in chemistry in 1973, posits that a protein’s tertiary structure is
defined by its primary amino acid sequence (110, 111). Small differences in Gibbs free energy
drives such protein folding and many in vitro experiments corroborate this theory (112).
However, the demonstrated self-folding of proteins such as bovine pancreatic RNase is too slow
to be effective in vivo (113). Additionally, many proteins are prone to aggregation or misfolding
(114). Thus, numerous proteins require the help of molecular chaperones to hasten and/or
accomplish folding into their active conformations (115). One of the best studied molecular
chaperones, and the focus of this literature review section, is GroE (116-122).

The molecular chaperone subcategory of chaperonins is ubiquitous across all domains of
life (116). Chaperonins are ATP-dependent molecular chaperones composed of heat shock
protein (Hsp) 60 kD subunits that oligomerized into ring structures (123). Hsp proteins were

named for their role in the cellular stress response to heat. GroEL, growth essential large, and
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GroES, growth essential small, are the two protein subunits of the essential bacterial chaperonin
GroE (116). Characteristic of chaperonins, GroEL subunits oligomerize into two seven-
membered rings, with a double barrel shaped quaternary structure, each barrel of which can
accommodate proteins up to 57 kilodaltons is size (Figure 1.9 Panel A) (124). GroES subunits
oligomerize into a single seven-member ring that acts as a cap to the GroEL ring once a protein
has entered the cavity for folding. Current understanding of the GroE mechanism is depicted in

Figure 1.9 Panel B (125).
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Figure 1.10: Proposed mechanism of action for GroE cycle

Blue rings/barrels depict GroEL quaternary structure, purple ring depicts GroES quaternary
structure, and green lines represent a protein in various states of folding. Panel A: Depiction of
all components involved in GroE assisted protein folding. Each GroEL subunit can utilize 1
ATP, for a total of 7 ATP (one per GroEL subunit) per cycle. Panel B: Cycle of GroE assisted

protein folding starts at position 1 and circles around to position 5 where the cycle restarts with
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the bottom GroEL actively participating in protein folding. Approximate times for each step to

occur are reported next to arrows; ATP hydrolysis is rate limiting. Adapted from (125).

Briefly, binding of ATP to one GroEL ring, top ring Figure 1.10 Panel B, causes a
conformational change extending the barrel structure of GroEL (Step 1). The GroEL
conformational change also releases GroES attached to the bottom GroEL ring (Step 1). Exposed
hydrophobic residues on a cytosolic protein can then bind to hydrophobic patches on the edge of
GroEL allowing entrance into the folding cavity. GroES then binds to GroEL sequestering the
protein inside the cavity (Step 2). The binding of GroES to the top GroEL induces the bottom
GroEL heptamer to release its bound ADP and protein (Steps 2 and 3). The GroEL-bound ATP
is then hydrolyzed to ADP while protein folding occurs inside the GroE cavity (Step 4). It is
hypothesized that two mechanisms assist in protein folding inside GroE. First, the protein is
sequestered from other components of the cytosol, preventing interruptions and/or interactions
that could prevent correct folding in the cytosol (119). Second, hydrophobic patches inside the
GroEL cavity may stabilize certain, necessary transition states for the folding protein that are not
thermodynamically favored in the open cytosol (119). After ATP hydrolysis, new ATP can bind
to the bottom GroEL ring and the process cycles through the second GroEL ring (Step 5).
Proteins often go through multiple folding cycles with GroE to achieve their final tertiary
structure (126).

While this is the current, understanding of the GroE mechanism, some bacteria may
undergo variations of this mechanism (127-129). Additionally, there is still debate as to whether

or not a protein needs to be fully confined within the GroE complex to be assisted in folding
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(114). Because GroE has not been studied in 4. baylyi ADP1, the exact GroE mechanism
occurring in this strain is unclear.

Recently, overexpression of groEL and groES have been reported to increase toxicity
tolerance in a genome-reduced Pseudomonas putida strain growing on thermochemical
wastewater samples, a potential microbial feedstock containing many toxic substrates (130).
Similarly, overexpression of GroE encoding genes in E. coli increased cell viability when grown
on several relatively toxic metabolites (131). In both studies, researchers hypothesize that
increased levels of GroE helped cells overcome various metabolite toxicities by rescuing
unfolded, damaged, and/or unstable proteins. Furthermore, Laun et al. demonstrated that
heterologous expression of GroE components from solvent-tolerant or thermotolerant bacteria
can help other bacteria overcome various environmental stressors (132). Specifically, when
overexpressed in E. coli, the Psuedomonas putida (solvent-tolerant) GroE improved E. coli’s
ethanol-tolerance and thermal-tolerance (132). These studies have contributed to a rich literature
confirming GroE as important in various bacterial stress-response mechanisms and whose
overexpression increases cellular tolerance to many types of stresses (122, 133). It has been
noted that engineering post-translational machineries, such as GroE, is may be necessary to

enhance toxicity tolerance in many bacteria (130, 133).

Peptidyl-prolyl isomerases (PPIases)

Another type of post-translational modification system in which many mutations were
discovered during my laboratory evolution studies include peptidyl-prolyl isomerases (PPIases).
PPIlases are proteins that convert proline residues within a peptide chain between the cis and

trans conformers (Figure 1.11) (134). Proline isomerization is often necessary for proteins to
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achieve their final active conformations, and it is often the rate limiting step during protein
maturation (134). Eight ADP1-derived isolates from eleven independently evolved populations
had a mutation in a predicted PPlase. These mutations, listed in Table 1.4, appear to prevent
functioning of at least some of the PPlases based on the type of mutation found. The mutations
include two complete deletions of predicted PPlases, a premature truncation, an amino acid
replacement, and a frequently occurring small deletion. Furthermore, these mutations do not just
occur in one gene but in four, ACIAD RS02420 (tig), ACIAD_RS04740 (fbp),

ACIAD RS05440 (slyD), and ACIAD RS06505 (ppiD). While A. baylyi ADP1 encodes a
number of predicted PPlases listed in Table 1.5, only one PPlase, ACIAD RS16500
(rotA/ppiA), has been characterized (135). Therefore, it is unclear what role these coding
sequences might be playing in my A. baylyi strains, but previous studies may help shed some

light on to their possible effects in my evolved strains.

Table 1.4: Summary of FKBP-type (FK506 binding protein) peptidyl-prolyl isomerase

mutations from evolution studies

Evolved Gene Change Effect
Strain
ACN2140 | ACIAD RS02420 A2 bp 2 bp deletion AA328-329 causing
(tig) frameshift and premature truncation
after AA333
ACN2140 | ACTAD_RS04740 Chromosomal N/A
(bp) region deletion
ACN2429 | ACTAD RS05440 | (GATTTCAAC)2-1 Small deletion
(slyD)
ACN2430 | ACIAD RS05440 | (GATTTCAAC)2-1 Small deletion
(siyD)
ACN2431 ACIAD RS05440 C—-T E46K; AA replacement
(slyD)
ACN2432 | ACIAD RS05440 | (GATTTCAAC)2-1 Small deletion
(siyD)
ACN2433 | ACIAD RS05440 | (GATTTCAAC)2-1 Small deletion
(slyD)
ACN2434 | ACIAD RS05440 | (GATTTCAAC)2-1 Small deletion
(siyD)




ACN2714

(ppiD)

ACIAD_RS06505

Chromosomal N/A
region deletion

Table 1.5: Peptidyl-prolyl Isomerases in A. baylyi ADP1

* Position refers to positions on the ADP1 chromosome in NCBI entry NC_005966.

Locus Tag Gene Type (Based on sequence similarity) NCBI Protein ID
ACIAD_RS02420 tig WP_004920071.1
ACIAD_RS05440 slyD WP_004926184.1
ACIAD_RS04740 fbp FKBP WP_004921748.1

(Named for ability to bind human
ACIAD RS00315 |  fipd immunosuppressant FK506) (EK506 WP_004930852.1
- binding protein) -
ACIAD _RS00110 fkpB WP_004930977.1
ACIAD_RS00310 fkIB WP_004930855.1
ACIAD_RS16500 | rotA/ppid Cyclophilin WP_004930172.1
(Named after ability to bind
ACIAD_RS08845 ppiB cyclosporin A) WP_004927153.1
ACIAD_RS03240 ppiC WP_004922592.1
Parvulin
. (Named after first identified PPIase in
ACIAD_RS06505 ppiD E. coli not inhibited by FK506 or WP_004925574.1
cyclosporin A)
ACIAD_RS10850 surd WP _004928216.1

Peptide bonds have two forms, cis (0°) or trans (180°) (Figure 1.10). Because of steric

* Highlighting indicates loci in which mutations arose during adaptive evolution

hindrance, the trans form is greatly favored in nearly all peptide bonds. However, proline is

involved in peptide bonding, N-alkylation. Because of the stability offered to the peptide bond

from the N-alkylation, the cis peptide bond is much more stable than for other amino acids and

39

unique among the proteogenic amino acids because its side chain circularizes about the nitrogen
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thus occurs more frequently in peptide chains. Studies of short peptides demonstrate the stability
of Xaa-Pro (Xaa is used here as a stand in for any amino acid) cis conformers in peptide bonds as
they make up around 30% of all Xaa-Pro bonds (136, 137). In protein structures, prolines are
typically found located in B-turns and loops, and the specific conformation of the proline bond
defines the structure and thus type of turn (138, 139). Therefore, cells need to be able to
interconvert between the cis and trans forms of the proline peptide bonds for proper protein
folding and functioning. Because the spontaneous isomerization is very slow, typically on the
order of minutes, as it involves rotation around a partial double bond, cells have evolved specific
peptidylprolyl isomerases to carry out this reaction (140). During protein maturation, this step is

often rate limiting (141).

PPlase

P
~~——

Cis

Figure 1.11: cis-trans isomers of proline peptide bond

Black stick figure represents proline in a peptide chain. Green stick figure represents the C
terminus of the amino acid in the peptide chain before proline. Green squiggle lines represent
ongoing peptide chain not depicted. Peptide bond about which the cis-trans conformation is

oriented is red.



41

There are currently three major categories of PPlases characterized by sequence
homology, FK506-binding proteins (FKBPs), cyclophilins (inhibited by cyclosporin A), and
parvulin (not inhibited by FK506 or cyclosporin A) (142). This review will focus on FKBP-type
PPlases since most of the mutations discovered during my studies occurred in these types of
PPIases. Other reviews summarize cyclophilin-type and parvulin-type PPlases (143, 144).
FKBP-type PPlases, InterPro entry IPR0O01179, are present in all kingdoms of life, but the first
characterized was the human FKBP12 that bound FK506, an immunosuppressive macrolide
lactone (88, 145). FKBPs often also contain protein chaperone domains that assist in protein
folding (146).

In my laboratory evolution experiments, many strains developed a 9 bp deletion in the
DNA encoding an insert-in-flap (IF) chaperone domain of the predicted 4. baylyi SlyD. Some
prokaryotic FKBPs, including as SlyD, have an IF chaperone domain instead of the flap loop
domain common to most other FKBPs (147). IF domains are predicted to function by binding to
refolding proteins to act as a chaperone during PPlase activity (148). This domain is reported to
demonstrate 100 fold higher activity compared to flap loop chaperon domains, and in one study,
it increased the chaperone activity of FKBP12 200 fold when inserted in place of the native flap
loop domain (148, 149). The evolved 4. baylyi slyD allele has not been characterized, but it is
interesting that multiple strains evolved the same deletion in this IF chaperone domain. It
therefore appears that removing the IF chaperone domain from SlyD provides some benefit to
the evolved 4. baylyi cells under the selected conditions.

A truncation of the predicted FKBP-type PPlase trigger factor also evolved in my
laboratory evolution studies. While the s/yD mutations were found in many evolved strains, a

mutation affecting trigger factor was only present in one. Trigger factor, encoded by the gene fig,
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is the only currently known PPIase/chaperone in prokaryotes to associate with the ribosome to
assist in folding as nascent protein chains are synthesized (150). The E. coli trigger factor
associates with the ribosome in a 1:1 ratio by binding the L23 ribosomal subunit (151, 152).
Trigger factor has 3 domains. The N-terminus (residues 1-112) binds the L23 protein of the
ribosome and contributes to the chaperone activity of the protein, the middle domain (residues
150-246) contains the PPIase, and the C-terminal domain (residues 247-432) functions as a
molecular chaperone (Figure 1.12) (150).

Figure 1.12 shows an alignment of the characterized E. coli K12 trigger factor and the
predicted 4. baylyi ADP1 trigger factor protein sequence. The evolved fig allele from my studies
truncates the protein after amino acid 333, downstream of the PPlase domain (indicated in
yellow) and within the chaperone domain in the black box (Figure 1.12). Similar to the evolved
slyD allele, the evolved tig allele appears to be altering (in this case deleting) the chaperone
domain of this PPlase. While my studies in Chapter 2 indicate that the #ig mutation, in
combination with another evolved mutation, is sufficient to confer the evolved phenotype, future

studies are needed to elucidate how these alleles are functioning in A. baylyi.
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Figure 1.12: Alignment of E. coli K12 trigger factor to A. baylyi ADP1 predicted trigger
factor

Alignment of 4. baylyi predicted trigger factor (UniProt ID Q6FEP9) and E. coli trigger factor
(UniProt ID POAS850) (91). Residues highlighted in yellow indicate the PPlase domain.
Chaperone domain corresponds to all residues occurring after the PPlase domain within black
box. Red arrow shows where A. baylyi evolved allele truncates the protein. Markings underneath
each residue in the alignment indicate exact match (*), conserved substitution (:), or

semiconserved substitution (.) (91).

ClIpA: a molecular chaperone and component of the CIpAP protease

During my laboratory evolution studies in Chapter 2, one evolved ADP1-derived strain
acquired a mutation in the loci ACIAD_ RS06285, annotated as c/pA. Even though this locus
only acquired one mutation out of all eleven independently evolved 4. baylyi isolates, it was
noticeable because mutations in this locus appeared multiple times in my studies of aspartate

regulation in ADP1, Chapter 3. ADP1-derived strains missing the transcriptional regulator AalR
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lose the ability to grow on aspartate as a sole carbon source. However, suppressor mutants

appear after multiple days of incubation. When sequenced, many of these suppressors had

acquired mutations in the locus annotated as c/pA that are sufficient to restore growth on

aspartate in the strains missing AalR.

ClpA is the translocase/unfoldase chaperone component of the ATP-dependent ClpAP

protease (153-156). ClpA, often with the help of substrate modulators, recognizes, unfolds, and

translocates proteins to the ClpP protease for degradation (157, 158). ClpA is a major player in

the regulation of protein turnover in bacterial cells. The mutations discovered in my studies,

shown in Table 1.6, all appear to cause pre-mature truncations of c/pA4. In the AalR studies, we

demonstrated that the effects were caused by loss of a functional ClpA, thereby presumably

preventing the targeted degradation of certain proteins in the cell. To improve understanding of

this process, an overview of ClpA is provided here.

Table 1.6: clpA mutations from multiple adaptive evolution studies in A. baylyi ADP1

aalR

D-asp+

nucleotide of 2277)

Strain Genotype Growth Mutation in clpA Position of Truncation (natively
selection a 758 AA long sequence)
ACN2435 | ApcaUILJFBDCHG::lac POB’ AT (nucleotide 1736 0f 2277) | Alternative codon at AA 579 with
-pcaK52106 ; 6 AA alternative tail then stop
ACIAD_RSO07700:/igR
KUJIABC52119; oK"
52119; SBF52132
ACN2180 AaalR L-asp 11 nucleotide repeat Alternative codon at AA 383 with
(nucleotides 1138-1148) 622 AA alternative tail then stop
ACN2917 AaalR L-asp’ G->T (82nd nucleotide of AA28
2277)
ACN2926 sacBIC} interrupting L-asp+ and GG insertion (duplication of Alternative codon at AA 534 with
aalR D-asp’ nucleotides 1600 and 1601 of 14 AA alternative tail then stop
p CDS)
ACN2927 sacBIC} interrupting L-asp+ and AC (nucleotide 899 of 2277) Alternative codon at AA 300 with
aalR D—asp+ 5 AA alternative tail then stop
ACN2928 sacBK" interrupting L-asp and T insertion (after 560" Alternative codon at AA 191 with

4 AA alternative tail then stop
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CIpAP is a member of the AAA+ family of proteases, ATPases Associated with diverse
cellular Activities, that typically consist of an AAA+ unfoldase and a self-compartmentalized
peptidase (159-161). Each of the six subunits making up the ClpA unfoldase ring contain two
phylogenetically distinct AAA+ domains, D1 and D2 (Figure 1.13). D1 is from the extended
AAA group and D2 is from the protease, chelatase, transcriptional activators, and transport
(PACTT) group (159). Because each of the different AAA+ domains function in a large number
of cellular processes, clades are not differentiated by function but rather by the presence or
absence of distinct structural elements near the AAA+ domain (159). In studies of the E. coli
ClpA, it has been suggested that D1 acts primarily as the regulatory domain, recognizing proteins
to be degraded, and only assists D2 in its role as the major ATP-powered unfoldase and
translocase (162-164).

Figure 1.13 depicts the current understanding of ClpAP proteolysis in which ClpA
recognizes and unfolds a target protein. It then translocates the protein directly into the ClpP
protease channel (161, 165, 166). ClpP is a serine protease, meaning serine acts as the molecular
scissors to cleave the peptide chain (166). ClpA may directly recognize a degron on a protein, a
tag marking it for degradation, or protein recognition can be mediated by an adaptor such as
ClpS (not shown in figure) (158, 167). ClpS, a homolog of which appears to be present in ADP1,
binds to the exposed N-terminus of ClpA and targets proteins with an N terminal bulky
hydrophobic reside for degradation (leucine, phenylalanine, tyrosine, or tryptophan) (167).

Neither ClpA, nor ClpP, has been characterized in ADP1, but one previous study

explored evolved clpA mutants in ADP1 (50, 168). In this study, mutant c/pA4 alleles were
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selected during laboratory evolution as ADP1 was propagated on LB for 1,000 generations and
then analyzed for chromosomal changes. Researchers found that strains that developed mutations
in clpA also had statistically significant higher rates of IS/236-mediated events than other strains
(50). Since my selected strains lack CIpA, certain proteins normally targeted by CIpA appear to
evade degradation and are therefore present longer in the 4. baylyi cells. Because I have not
selected strains with mutated c/pS alleles, it could be possible that the proteins recognized do not

have the ClpS degron, but rather some other degron directly recognized by ClpA.

ATP-dependent unfolding ATP-dependent

target and translocation protein degradation
protein

ClpA -

D1{ o \D1 @ @
o2lpzjo2l  map {03 70} wmp  \{O34{0}
Protein Protei
ClpP 4 recogr?ized Ok deg;(r)a?jlgd
! by ClpA & 4|/ byClpP

Figure 1.13: CIpAP mechanism of action

)

Green ring represents ClpA hexamer with D1 and D2 ATP-binding domains which coordinate a
ratchet-like movement to translocate and unfold the target protein (gears within CIpA). Yellow
rings represent ClpP heptamers which cleave the protein fed into the ClpP ring by CIpA (scissors

within ClpP).
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Dissertation overview

The remaining chapters of this dissertation will focus on findings from the research I
have done during my doctoral studies that are not yet published. Papers on which I am a co-
author are cited or discussed as relevant (11, 52, 169). Chapter 2 will summarize the laboratory
evolution of a foreign protocatechuate degradation pathway inserted into the 4. baylyi
chromosome. This project demonstrated that large foreign pathways can be heterologously
expressed on the A. baylyi chromosome and subsequently evolved by the EASy laboratory
evolution method. These studies revealed a possible PTS regulatory system in 4. baylyi and
implicated multiple protein chaperones as important in thermal tolerance.

Chapter 3 summarizes the characterization of aspartate metabolism in A. baylyi ADPI.
The impacts of two transcriptional regulators on L-aspartate and D-aspartate were investigated as
well as multiple aspartate transporters. This work was done in collaboration with many
instructors, TAs, and students of the undergraduate course MIBO4600L, of which I was the TA
for two semesters.

Chapter 4 will cover my efforts to insert and express a pathway for the degradation of
the aromatic compounds veratrate and isovanillate in 4. baylyi ADP1. Chapter 5 will summarize
key information learned throughout my studies and detail future directions for the research
described here. A notable future direction is the continuation of my work in developing genetic
tools for use in A. baylyi ADP1. One tool seeks to discover new genetic pathways from
environmental DNA samples by taking advantage of the unique genetic system of ADP1 to take
up and incorporate large segments of environmental DNA directly into the ADP1 chromosome.
Another method being developed involves the expression a restriction enzyme in ADP1 to digest

DNA transformed into the cells for integration into multiple separate regions of the ADP1
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chromosome. It is hoped that collectively this work will increase the success of using ADP1 as
model bacterium for understanding fundamental biology and for achieving biotechnology goals,

such as lignin valorization.

Abbreviations

Amp ampicillin

Ben benzoate

Cat catechol

EASy evolution by amplification and synthetic biology
HPLC high performance liquid chromatography
Ivan isovanillate

Kan kanamycin

LB lysogeny broth

MM minimal media

OD optical density

PCA protocatechuate

PCA-2,3 protocatechuate 2,3-cleavage pathway
PCA-3,4 protocatechuate3,4-cleavage pathway

PCA-4,5 protocatechuate 4,5-cleavage pathway

PCR polymerase chain reaction
POB para-hydroxybenzoate
PPIase peptidyl-prolyl isomerase

PTS phosphotransferase system
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qPCR quantitative polymerase chain reaction

SBF synthetic bridging fragment

St/Sr spectinomycin and streptomycin

Ver veratrate

WGS whole genome sequencing

WT wild type
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CHAPTER 2

EVOLUTION OF THERMOADAPTATION BY TARGETED GENE AMPLIFICATION

Introduction

Aromatic compounds are prevalent in nature and are synthesized by plants, which
incorporate the aromatic components into a heterogenous polymer, lignin. Due to the chemical
stability of the benzene ring, aromatic compounds resist degradation (1). In nature, bacteria play
a key role in degrading aromatic compounds derived from lignin as part of the carbon cycle
because, unlike most higher organisms, they can capture the oxidative power of molecular
oxygen by using metal-dependent dioxygenases to cleave the benzene ring (2, 3). Current
research focuses on taking advantage of this natural process of microbial lignin degradation for
biotechnology to convert lignin into industrially relevant products (3-6). These biological
methods of lignin valorization seek to engineer bacterial pathways to convert lignin-derived
aromatic compounds into valuable chemicals.

Acinetobacter baylyi ADP1 was tested in a set of microbial hosts for the metabolism of a
biomass-derived, lignin-enriched feedstock (7). ADP1 was among the bacteria demonstrating
greatest potential for use in lignin bioprocessing that combines simultaneous depolymerization
and product generation (7). Specifically, ADP1 can convert the carbon and energy extracted
from lignin into wax esters, which are economically valuable storage compounds (8-10). Recent
developments in synthetic biology tools for ADP1 also (11) make it an attractive target for

biotechnology due to the ease of genetic modification and laboratory evolution (12-15).
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There are many challenges to microbial lignin valorization strategies. To date, no single
organism can degrade all lignin-derived aromatic compounds. Furthermore, initial processing of
lignin typically generates complex mixtures of many aromatic and non-aromatic compounds.
When multiple compounds are present, degradative pathways are often tightly regulated to
constrain sequential consumption of individual components (16-21). ADP1 converts each of the
aromatic compounds it degrades into either of two substrates of ring-cleavage enzymes, catechol
or protocatechuate (PCA). These compounds are then degraded through parallel branches of the
well-studied B-ketoadipate pathway (22). In ADP1, aromatic compounds degraded through the
catechol branch tend to be consumed before those degraded through the PCA branch (12, 23-25).
This regulation likely evolved in environments where the hierarchical consumption of varied
substrates is beneficial. For biotechnology purposes, it may be necessary to modify metabolic
pathways of ADP1 and/or override some of the natural regulatory features to maximize the rapid
and simultaneous conversion of diverse lignin-derived substrates to desired end products.

In this study, we sought to modify the PCA degradation pathway of ADP1, which
involves ortho cleavage of the aromatic ring between the hydroxyl substituents (3,4-cleavage,
Figure 2.1) (22). Other bacteria degrade PCA using meta-cleavage pathways that involve
cleavage of the aromatic ring on either side of the hydroxyl groups (2,3- or 4,5-cleavage, Figure
2.1) (26, 27). As a first step in expanding the metabolic capabilities of ADP1, we replaced the
PCA 3,4-cleavage pathway with a non-native PCA-4,5 cleavage pathway using DNA from a
marine bacterium, Pseudoalteromonas atlantica T6c. There were several reasons for this
experimental strategy. First, we wanted to establish methodology for the integration and
functional adaptation of foreign DNA in ADP1. The facile genetic system of ADP1 allows large

segments of foreign DNA to be incorporated directly into the ADP1 chromosome to broaden the
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range of compounds catabolized. Once integrated, this foreign DNA can also be adapted by a
method that mimics natural evolution by duplication and divergence. This method, termed EASy
(Evolution by Amplification and Synthetic Biology), has previously been used in 4. baylyi to
evolve and optimize one or two metabolic steps to allow the consumption of non-native aromatic
compounds, such as guaiacol and terephthalic acid (28, 29).

Our current studies of the PCA-4,5 pathway represent the most challenging chromosomal
integration efforts to date, involving 6 enzymatic steps. During aromatic compound degradation,
the accumulation of toxic intermediates can make it difficult to express multiple foreign genes at
appropriate levels. Necessary information for the rational design of metabolic flux may not exist
or even be predictable. However, the EASy method selects cells that grow rapidly with a target
growth substrate. The copy number of the foreign genes can readily increase or decrease, thereby
providing a rudimentary method to vary expression levels. Gene amplification also provides
increased DNA for mutations that can enable the selection of better-functioning alleles. After
strains are selected that can use the PCA-4,5 pathway, it should be possible to expand
degradative capabilities modularly. For example, as shown in Figure 2.1, the addition of another
pathway module could allow syringaldehyde and other S-lignin derivatives to be funneled into
central metabolism via a common metabolite (4).

Another reason for altering the PCA degradative pathway in A. baylyi is to engineer
different metabolic schemes. Thee three PCA degradation pathways use different redox balance
and yield different products entering central metabolism (Figure 2.1). There could be advantages
to each pathway, depending on the circumstances. Lastly, it is possible that by establishing

utilization of PCA via the non-native 4,5-pathway there will be perturbations in the regulation of
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multiple carbon source utilization that may improve the simultaneous consumption of different
compounds and/or reveal the molecular basis of novel regulatory mechanisms.

As described in this report, the initial chromosomal integration of the foreign DNA
enabled slow PCA consumption, but not at temperatures above 25 °C. ADP1 is typically grown
at 30 °C or 37 °C, depending on the application (12, 13). After applying the EASy method,
strains were isolated that grew more rapidly on PCA using the 4,5-cleavage pathway than they
did initially. Furthermore, whole genome sequencing revealed mutations that emerged during
laboratory evolution. By exploiting the natural transformability of ADP1 to test the functional
significance of mutations (30), genetic changes were identified that improve thermotolerance to

allow growth with the foreign pathway at increased temperatures (up to 30 °C).

Results
Heterologous expression of P. atlantica T6c¢ predicted PCA-4,5 degradation pathway

To allow ADP1 to utilize a foreign PCA degradation pathway, ADP1’s native PCA-3,4
pathway was first removed from strains. Genes encoding the PCA-3,4 pathway exist in ADP1 as
a single pca operon with an IcIR-type transcriptional regulator, pcaU, encoded divergently on the
chromosome (Figure 2.2) (31). Two strains were constructed missing some or all the pca genes.
The first strain, ACN462, had only the genes encoding the native PCA dioxygenase, pcaHG,
removed from the chromosome, with the rest of the operon left intact (32). The strain was unable
to grow on PCA. It also failed to use compounds funneled through PCA, such as p-
hydroxybenzoate (POB), as the sole carbon source (33). While ACN462 did not catabolize PCA,
it should be able to transport PCA since the native PCA/POB transporter, pcaK, remained

functional and natively expressed. This genetic background would thus avoid potential issues
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with transport of PCA and POB. ACN462 was later found to contain a spontaneous deletion of a
90 kbp segment from a historically unstable region of the ADP1 chromosome (Figure 2.2 Panel
B) (34-36), as discussed in greater detail later. The second strain, ACN2106, had the entire pca
operon removed. The PCA/POB transporter pcaK was put back in the chromosome under the
control of a synthetic promoter. Because this strain does not have any of the native pca genes,
there should be no interference from the native PCA-3,4 pathway or its regulator, PcaU, during
growth using the foreign pathway.

Furthermore, ADP1 encodes an additional transporter of PCA and POB, VanK. VanK
and PcaK are both members of the major facilitator superfamily (MFS) of transporters and have
been shown to transport multiple aromatic compounds including PCA and POB (37). The gene
encoding VanK is not located near the pca operon in the chromosome and should, consequently,
not be affected by manipulations to the pca operon. Therefore, in ADP1-derived strains missing
all or part of the native PCA-3,4 cleavage pathway, the aromatic compounds PCA and POB

should still be transported into the cell.
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Figure 2.1: Alternative PCA degradation pathways

Three bacterial PCA degradation pathways: 2,3-cleavage (green), 3,4- cleavage (blue), and 4,5-
cleavage (black). Each PCA pathway leads to the production of different products feeding into
the tricarboxylic acid (TCA) cycle. The pathways also utilize different reducing power, depicted
in red. In purple is the potential modular expansion for introducing a pathway for the catabolism
of syringaldehyde, modeled from that of Sphingobium sp. SYK6, which feeds into an
intermediate of the PCA-4,5 pathway. Abbreviations: 5-CHMS (5-carboxy-2-hydroxymuconate-
6-semialdehyde), HMS (2-hydroxymuconate-6-semialdehyde), HMA (2-hydroxymuconate),
OCA (4-oxalocrotonate), HPD (2-hydroxypenta-2,4-dienoate), HOV (4-hydroxy-2-oxovalerate),
CCM (cis,cis-muconate), CML (y-carboxymuconolactone), CHMS (4-carboxy-2-
hydroxymuconate-6-semialdehyde), PDC (2-pyrone-4,6-dicarboxylate ), CHM (4-carboxy-2-

hydroxymuconate), and OMA (4-oxalomesaconate)

A PCA-4,5 catabolic pathway from Pseudoalteromonas atlantica T6c was chosen for this
study. It had previously been predicted by sequence homology to have a PCA-4,5 pathway (38,
39). The pathway from this organism was chosen over those that had already been characterized
in Sphingobium sp. SYK6 and Comamonas testosteroni CNB-1 because these strains have a high
G+C content (63.4% and 61.5% respectively), whereas 4. baylyi and P. atlantica have similar
low G+C content (40.4% and 42.8% respectively) (27, 39). Additionally, the Sphingobium sp.
PCA-4,5 pathway is split up in two separate operons. The P. atlantica pathway, on the other
hand, may exist in a single operon with only catabolic pathway genes and a gene encoding a

LysR-type transcriptional regulator (LTTR) transcribed divergently from its pathway genes.
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Although transcription has not been studied, the neighboring genes are closely grouped together.
We predict that this LTTR controls expression of the P. atlantica catabolic genes because this
chromosomal organization is characteristic of LTTRs and a similar regulator has been
characterized in controlling expression of the Sphingobium sp. PCA-4,5 catabolic genes (40, 41).
Consequently, for simplicity and for the hope of optimal heterologous expression, the P.
atlantica pathway was preferred as the source of DNA to integrate into the ADP1 chromosome.
We used two ADP1 chromosomal locations for incorporation of the foreign PCA-4,5
genes from P. atlantica, referred to hereafter as /ig genes following their well-researched
homologs in Sphingobium sp. SYK6 (27). One location is within one of five catabolic islands in
the ADP1 chromosome that contain large clusters of catabolic genes (42). Catabolic island IV
was selected as a location for the insertion of the /ig genes because it is where the native pca
operon is located as well as genes encoding enzymes for the degradation of other aromatics that
are catabolized through PCA. Specifically, the /ig genes were put in between the convergently
transcribed quiAd, encoding quinate/shikimate dehydrogenase, and pobS, encoding a regulatory
protein. The second location for genomic integration of the foreign DNA is upstream catabolic
island IV in between two non-essential hypothetical genes, ACIAD_RS07700 and
ACIAD_RS07705 (43). This location was chosen so as to be separate from other clusters of
aromatic compound catabolism genes. To increase chances for success and to learn more about
chromosomal manipulation and evolution, multiple strains were constructed in which the /ig
genes were incorporated in different genomic locations. In some strains the /ig genes were
orientated on the chromosome to be replicated on the leading DNA strand, and in other strains

these genes would be replicated on the lagging strand. In this fashion, we could test whether



there was a strand based effect on heterologous gene expression for this foreign catabolic

pathway (44).
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Figure 2.2: Genetic constructs and chromosomal locations

Panel A: In orange is the A. baylyi native pca operon and upstream regulator coding sequence,

pcaU. Blue is the P. atlantica predicted PCA-4,5 pathway construct used in this study. An QKR

cassette, genetic construct conferring kanamycin resistance flanked by transcription and

translation termination signals (45, 46), was inserted downstream of /igC to select for

chromosomal integration and gene amplification. In yellow and black are the two locations on

the ADP1 chromosome where the PCA-4,5 pathway was inserted in different strains. One is

within the catabolic island IV, that also houses the native pca genes. The other is in a location

upstream of catabolic island IV in between two hypothetical genes. Panel B: Depiction of where

on the ADP1 chromosome the catabolic islands are (yellow), the PCA-4,5 operon was inserted
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(blue), location of the native pca genes (orange), and location of the 90 kbp deletion including

catabolic island 1.

The PCA-4,5 pathway was integrated into the chromosome, along with a downstream
cassette encoding drug resistance (QK®) that facilitates genomic manipulation. The pathway
allowed all the resulting ADP1-derived strains (ACN1910, ACN2118, ACN2119, ACN2120,
and ACN2121) to grow on PCA or POB as the sole carbon source. However, growth was only
observed at temperatures up to 25 °C. The doubling times of strains on POB at 25 °C are
reported in Table 2.1. All strains with the foreign pathway grew slower than the wild-type (WT)
strain with the native PCA-3,4 pathway. The WT strain doubled in about 72 min. The other
strains utilizing the foreign PCA-4,5 pathway had doubling times approximately 12 to 54 min
longer than ADP1 using the native PCA-3,4 pathway. There was no correlation between the
doubling time and the orientation or location in the chromosome of the /ig genes. We next sought
to improve growth of the mutants through the foreign PCA-4,5 pathway. Because ADP1 grows
optimally at 37 °C and the goal is ultimately to use these strains for biotechnology, we sought to
use laboratory evolution to increase their thermotolerance while utilizing the foreign PCA-4,5

pathway.
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90 kbp Replication strand . Doubling
. pca genes . . R lig gene . Standard
Strain deleted deletion orientation for PCA location time deviation
(Yes/No) catabolic genes (Hours)

ADP1 .

(WT) N/A No Leading (pca) N/A 1.26 0.04
ACN1910 pcaHG Yes Lagging (/ig) 1 1.96 0.14
ACN2118 | pcaUIJFBDCHG No Leading (/ig) 1 1.51 0.13
ACN2119 | pcaUIJFBDCHG No Lagging (/ig) 2 1.47 0.07
ACN2120 | pcaUIJFBDCHG No Leading (/ig) 1 1.51 0.07
ACN2121 | pcaUIJFBDCHG No Lagging (/ig) 2 2.11 0.41

Table 2.1: Doubling times of ADP1-derived strains on POB at 25 °C
All strains were grown on POB at 25 °C. All were done in biological triplicate. Doubling time
was calculated as Doubling time = In2 / growth rate, with growth rate calculated by the line of

best fit (log scale) during log growth phase with R values = 0.98.

Laboratory evolution by chromosomal gene amplification to increase thermotolerance

To increase the growth temperature of the ADP1-derived strains expressing the PCA-4,5
pathway, the EASy method of laboratory evolution was used (28, 29). This method increases the
gene dosage of a specific chromosomal region, which in turn allows higher levels of the gene
products to be expressed. If such a change is beneficial under selective conditions, the cells can
overcome a growth barrier. In this study, cells were selected to grow via use of the foreign PCA-
4,5 pathway at temperatures above 25 °C. The method involves a precise chromosomal
duplication that is initiated by the natural transformation of a recipient strain using, as the donor

DNA, a synthetic bridging fragment (SBF) that serves as a platform for homologous




82

recombination. Evolution of the duplicated populations can occur as cultures undergo daily serial
transfers (Figure 2.3 Panel A).

For these studies of the PCA-4,5 pathway, Linearized pPBAC1415 served as the SBF for
recipient strains with the /ig genes in location 1 (ACN1910, ACN2118, and ACN2120). For
recipient strains with the /ig genes in location 2 (ACN2119, and ACN2121), linearized
pBAC1414 served as the SBF. After transformation with the SBF, successful gene duplication
and subsequent amplification events were selected by growth on plates containing high levels of
kanamycin (Km, 1 mg/ml). This high level of resistance is conferred by multiple copies of the
QKR cassette that is co-amplified with the /ig genes. Thus, Km selection generates a starting
population with multiple copies of the PCA 4,5 pathway. Isolates from each parent strain, shown
in Figure 2.3 Panel B, were obtained as individual colonies growing on high levels of Km.
Because of the instability caused by having multiple chromosomal copies of the same region, we
considered these isolates to be heterogenous populations. Several such populations were chosen
for long-term culturing. Three of these were derived from ACN2118, ACN2119, and ACN2121
and one population was derived from ACN1910 and ACN2120 (Figure 2.3 Panel B).

After obtaining isolates that grew on high concentrations of Km, the drug selection was
removed. Cells were next challenged to grow on plates containing a sole carbon source
consumed through the foreign pathway, PCA or POB, at 37 °C. Cells that grew under these
conditions were moved to 5 ml liquid culture. Selective pressure for growth at 37 °C on PCA or
POB was then maintained as populations were sub-cultured daily. For the first few days of
culturing, the inoculum was diluted 10-fold during serial transfer. Cells were subcultured only
once per day in test tubes with 5 ml of fresh medium. This culturing method limited the total

number of daily generations achieved as cells consumed the growth substrates and entered
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stationary phase. Over time, as beneficial mutations accrued, it became possible to transfer a
smaller inoculum, which enabled an increased number of daily generations. This change was
implemented gradually during the first 21 days of serial transfers until 1000-fold dilutions were
carried out daily. Populations were cultured for a total of 115 days corresponding to

approximately 1800 generations.
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Figure 2.3 Laboratory evolution by EASy

Panel A: Schematic of EASy method. A precise tandem duplication is initiated by transformation
with the synthetic bridging fragment (SBF). The duplication provides additional sequence
identity for further amplification by homologous recombination. These amplification events
occur stochastically and are unstable. The number of amplicons can expand and contract as
selected during evolution. Panel B: Names and origin of EASy evolving populations. The parent
strain designation indicates a mutant with one copy of the PCA-4,5 pathway integrated in the
chromosome in one of two locations, oriented in one of two directions. As noted in the text,
ACN1910 was derived from a ApcaGH strain that was later found to have a 90-kbp deletion in a
different region known to undergo frequent, spontaneous deletions (36). After transformation
with the SBF and selection for a tandem array in the chromosome of the region carrying the
foreign DNA, the population used for laboratory evolution was given a new designation. For
three of the parent strains, multiple lineages were maintained in parallel experiments after

amplification.

Using qPCR to follow adaptation of evolving populations

As beneficial mutations spontaneously arise during long-term culturing, the cells can lose
unnecessary copies of the amplicon (47). If these mutations enhance growth, cells carrying them
will outcompete other cells, and these mutants become enriched in the evolving population.
During the course of the experiment, the average number of amplicons per chromosome in the
population can be followed by quantitative (q) PCR. Copy number of a PCR fragment from the
amplicon is measured relative to the copy number of a fragment generated from the rpoA gene,

RNA polymerase subunit A, because it is assumed to be in single copy in the 4. baylyi
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chromosome. In this experiment, a specific PCR fragment from the coding sequence of the Km-
resistance gene was used to assess copy number (Figure 2.4). The copy number of this small
fragment in the amplicon, designated F87, was used as an approximation of the gene dosage for
the amplified region, since typically the tandem array increases or decreases by integral amplicon
units (48). However, it is possible that chromosomal rearrangements result in changes that are

not detected by this qPCR method.

7293 bp 2266 bp
1 ]

My
829 bB/,//’/ 795 bp 642 bp ¥
4= i | N
[ =T \[ \[ <)
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* Reverse Primer

e
87 bp PCR fragment

Figure 2.4: DNA region of the amplicon measured by qPCR

Depicted here is the 87 bp fragment, nucleotides 7-94, in the K® coding sequence (light purple
arrow), used to quantify copy number. Gene dosage of this fragment (F87) provides an estimate
of the copy number of chromosomal amplicons during long term growth experiments. Copy
number was assessed relative to a fragment from rpoA, encoding RNA polymerase subunit A,

presumed to exist in single copy in the chromosome, as previously described (28).
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Genomic DNA was extracted from samples of the whole population taken at various time
points, and the gPCR method was used to assess gene dosage with four technical replicates
conducted using the same DNA sample as template. The first genomic DNA preparation
analyzed by qPCR came from the population grown on a plate containing PCA or POB as the
sole carbon source at 37 °C. This sample corresponds to the initial population growing at a
higher temperature under selective conditions that require /ig-gene functionality. As the
populations underwent long-term culturing in liquid media, samples were taken, and genomic
DNA was isolated once per week for 16 weeks. Copy number therefore reflects an average of the
entire population for each sample.

After initial selection for growth on plates with PCA or POB at 37 °C populations had an
average F87 copy number between 27 and 172 (purple bars Figure 2.5 Panel A). While the
initial copy number varied, gene dosage rapidly decreased for all populations (Figure 2.5 Panel
B). Copy number remained stable for each strain between weeks 6 and 16, with average copy
numbers between 4 and 13 (blue bars Figure 2.5 Panel A). The decrease in copy number
suggested that cells within each population accumulated beneficial mutations that enabled
growth at a higher temperature than the corresponding parent strain. Single colonies were
isolated from populations for further examination. Colonies were isolated from the week in
which each population had the lowest average copy number of the fragment as evaluated by

qPCR.
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Figure 2.5: Copy number change over time of A. baylyi populations

Data here represent the average copy number of the amplicon as measured by F87 (fragment in
the KR gene serves as a proxy for amplicon copy number) relative to 7poA4 during long-term
growth experiments. Panel A: Purple bars represent F87 copy number of the population after the

first exposure to selection (growth on PCA or POB at 37 °C). Blue bars represent final copy
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number at day 115 of long-term culturing. Panel B: Weekly copy number change for all evolving
populations. All populations reduced F87 copy number over time and seemed to stabilize around

week 6. Error bars indicate standard deviation of four technical replicates.

Although the F87 copy number is used to approximate the amplicon gene dosage,
chromosomal rearrangements or other mutations can occur that result in the gPCR measurement
not reflecting the level of /ig-gene amplification. Such a rearrangement likely occurred in the
population derived from strain ACN1910, named ACN1965. The F87 qPCR indicated an
average amplicon copy number of 1 for this population after initial selection for growth on POB
at 37 °C. This result was unexpected since the populations only had a single day of exposure to
POB at 37 °C, and it did not seem possible that multiple /ig-gene copies could be lost this
quickly. A single colony was isolated from this population at week 5, designated ACN2041, and

used for further analysis.

Analyzing chromosomal changes that accumulate during long-term culturing

The reduced copy number of F87 suggested that mutations elsewhere in the chromosome
could be contributing to thermotolerance utilizing the /ig genes at temperatures above 25 °C. |
thus developed a genetic approach to test this hypothesis. All remaining copies of the /ig genes,
encoding the PCA-4,5 pathway, in strains that underwent long-term culturing experiments were
removed from the chromosome and replaced with a single un-mutated copy of the /ig genes
(Figure 2.5). Because this approach would leave strains with just a single copy of the original /ig
genes, any thermotolerant growth phenotype observed should be the result of mutations

elsewhere in the chromosomes.
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Steps in this method are depicted in Figure 2.6. First, the multiple amplicon copies,
possibly carrying adaptive mutations (grey stars Figure 2.6 Panel A), were removed from the
chromosome and replaced with a sacB-S® selectable/counter-selectable marker. Allelic
replacement of the amplicon array with the cassette was selected by resistance to streptomycin
(Sm) and spectinomycin (Sp) conferred by S®. Because these strains also lost all copies of the lig
genes and QKR®, they could not grow in the presence of Km or by using PCA or POB as carbon
sources. These strains were then used as the recipients for a transformation using linear donor
DNA with a single copy of the unmutated original /ig-gene pathway. In this case, the allelic
replacement method used counterselection with the sacB gene, encoding levan sucrase. Since
SacB expression is lethal in the presence of sucrose, this compound was added to the medium to
select transformants in which sacB was removed by homologous recombination that re-

introduced the /ig-genes into the chromosome (Figure 2.6 Panel B).
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Figure 2.6: Genetic strategy to replace multiple copies of /ig genes with an un-mutated copy
Multiple amplicons within the chromosomes of strains that underwent long-term culturing
experiments were first replaced by homologous recombination (red dotted Xs) with a
selectable/counter-selectable marker shown as the orange and pink boxes (A). Successful
transformants from step A then underwent a subsequent transformation and homologous
recombination (red dotted Xs) to replace the selectable/counter-selectable marker with an

unmutated copy of the /ig genes (B).
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This methodology was successful for six isolates from the evolved populations. For these
six isolates, all amplicons were replaced with a single, un-mutated copy of the /ig genes (Figure
2.7 Panel B). These six strains were transferred to medium with POB as the sole carbon source,
and five of the strains grew on POB as the sole carbon source at 30 °C, a temperature that was
higher than the maximal growth temperature of the parent strains, which did not grow on POB
or PCA above 25 °C. The strains that grew at 30 °C were renamed in case new mutations were
selected during the transition to these final growth conditions (ACN2711, ACN2712, ACN2713,
ACN2714, and ACN2718) (Figure 2.7). Although the long-term growth experiments were
carried out at 37 °C, none of the transformants constructed as shown in Fig. 2.7 grew at 37 °C.
This result indicates that mutations accrued in the chromosomes of some of the evolved strains
are contributing to the thermotolerant phenotype of these strains. Nevertheless, multiple copies
of the /ig genes still appear to be necessary for strains to grow at 37 °C. In one case, replacement
of the amplicons with a an unmutated copy of the pathways did not enable growth on POB at
temperatures above 25 °C. Any chromosomal mutations present in this strain (ACN2538) do not
appear to be sufficient to increase the temperature at which it can grow using the foreign
pathway. Chromosomal mutations from all evolved isolates were identified through whole

genome re-sequencing (WGS).
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Figure 2.7: Genetic method to analyze chromosomal mutation in evolved strains

Panel A: Depiction of A. baylyi chromosomes with the foreign PCA-4,5 pathway at various
stages of experimental manipulation (hypothetical chromosomal mutations designated as red
stars). Panel B: Progression of strain construction resulting in strains with a single copy of the

PCA-4,5 pathway that can grow at temperatures up to 30 °C (step 6).

Whole genome re-sequencing of A. baylyi isolates growing through the PCA-4.5 pathway
above 25 °C

All isolates resulting from EASy as well as the strains constructed with an unmutated
pathway (step 6, Figure 2.7) underwent Illumina whole genome re-sequencing (WGS) to
uncover any mutations that accrued during long-term culturing. WGS reads were mapped to the
A. baylyi reference genome NCBI entry NC_005966. WGS analysis was done through the
Breseq pipeline (49). Mutations found in each strain are reported in Tables 2.2 and 2.4. Larger
chromosomal rearrangements are reported by their novel junction in Table 2.3. The frequency
(or percentage) of reads that display the new junction can give insights about each specific
rearrangement. For example, if a region of the chromosome were duplicated, the frequency of
reads containing this junction would be 50%. Therefore, this frequency is included in Table 2.3.
New IS7236 insertion element events are also reported in Table 2.3.

Only a single mutation was found within the foreign /ig genes (Patl 3889 in ACN2435).
This result is likely due in part to all amplicon reads mapping to the same sequence in the
reference genome. While no single mutation or mutated gene was found in all 11 evolved strains
and 5 pathway re-inserted strains, there were a few common mutations that occurred in multiple

lineages. The loci where mutations were often observed are discussed in the following sections.
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Mutations selected in ptsP

Seven of the eleven strains that underwent the EASy method acquired mutations in
ACIAD_RS02085 (new alleles summarized in Table 2.5). This locus was annotated as ptsP
(Phosphotransferase system- PTS). In the introductory chapter of this thesis, I provide
information about PtsP and its homologs. Briefly, this protein corresponds to the first enzyme in
phosphorelay systems, and it is predicted to accept a high-energy phosphate group from
phosphoenolpyruvate (PEP). Based on homology, PtsP from 4. baylyi ADP1 has a GAF domain
that is likely to be involved in signaling circuits using compounds such as metabolites involved
in carbon/nitrogen metabolism (50). Homologs of this protein have two partners in a three-
protein transfer system that does not involve transport of a sugar or other substrate into the cell.
Rather, related PTS systems have typically been designated PTSN" to indicate some role in
nitrogen sensing, although this name has also been used for PTS systems with no known role in
nitrogen metabolism. 4. baylyi ADP1 does not encode a counterpart to the third protein in such
systems (PtsN), although there is a homolog to another component (PtsO). The ptsP gene,
ACIAD_RS02085, appears to be involved in an undescribed PTS in 4. baylyi. It is unclear how
many (and which) proteins participate with PtsP in a phospho-transfer relay. The final phosphate
acceptor in this system is also unknown. PtsP does not appear to participate in the only canonical
PTS in A. baylyi, which is involved in fructose uptake (43).

The frequency of independent pzsP mutations being selected in this investigation hints at
a role in thermotolerance when utilizing the PCA-4,5 pathway. Mutations to ptsP either
prematurely truncate the encoded protein, or cause changes to important residues based on a

sequence alignment to the characterized E. coli PtsP (Figure 1.7). The selected alleles therefore
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seem to be eliminating the function of PtsP in the A. baylyi strains. Experiments detailed later
tested one of these alleles to determine its effect. Similarly, a complete ptsP deletion was also
constructed and used to determine whether the loss of ptsP could increase the temperature of

growth for aromatic compound degradation through the PCA 4,5-pathway.

Mutations were selected in genes predicted to encode peptidyl-prolyl isomerases (PPIases)
Eight strains independently acquired mutations in genes encoding four different predicted
PPlases (Table 2.6). These enzymes, which are described in greater detail in chapter 1 of this
thesis, are involved in protein maturation by converting proline bonds between cis and trans
conformers (51). They often also contain chaperone domains to aid in the folding of their target
protein (52). Changes found in PPlases in these experiments included small deletions, amino
acid replacements, and large chromosomal deletions. Mutations were discovered in
ACIAD RS02420 (tig) and ACIAD RS04740 (fbp) in ACN2041, ACIAD RS05440 (s/yD) in
ACN2429, ACN2430, ACN2431, ACN2432, ACN2433, and ACN2434, and ACIAD_RS06505
(ppiD) in the amplicon replacement strain ACN2714 (Table 2.6). Because most of these mutated
alleles caused partial or complete deletions of the PPlase-encoding gene, it seems likely that
these alleles eliminate the function of each PPlase. Experiments were used to determine growth

effects at 30 ° of these mutations, which affect PPlases, as detailed later.

Mutations were selected in genes encoding the GroE chaperone
Spontaneous amplifications in two evolved strains, ACN2437 and ACN2438, included
ACIAD RS12795, annotated as groEL, and ACIAD RS12800, annotated as groES.

Additionally, a mutation causing an elongation of groES was found in another evolved isolate,
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ACN2434. groEL and groES encode the two subunits of the protein chaperone GroE. GroE, an

essential chaperone, contributes to protein maturation and stability by assisting in the folding of

many bacterial proteins (43, 53). More information about this chaperone is included in Chapter

1. Because increased gene dosage of groEL and groES was selected independently in different

strains, their contribution to the growth phenotype at 30 °C most likely depends on their function

and involves elevated protein expression.

The independent occurrence of mutations in the same or similar loci provides clues about

genes that contribute to thermotolerance during growing through the PCA-4,5 pathway. To test

whether these effects could be demonstrated, I reconstructed some mutated alleles or made

deletions of specific coding sequences and tested the ability of the resulting engineered strains to

grow on POB at 30 °C. Combinations of key mutations were also tested.

Table 2.2 Mutations in PCA-4,5 EASy evolved strains

Evol\.'ed Gene locus ID (name) Position* | Predicted description Mutation DNA change Protein
strain type effect
phosphoenolpyruvate
ACIA]()?SSOZO% 452,122 [protein deletion Al bp Fsr}?infie
ACN2041 PE phosphotransferase
ACIAD_RS02420 521,040 — . . Frame
(tie) 521-041 trigger factor deletion A2 bp shift
ACIAD_RS01760 monovalent cation/H+ . Frame
(phaAB) Sl antiporter subunit A R i shift
ACIAD RS02030 438393 ribonuclease E (RNase substitution ToC 1345V
(rne) E)
ACIAD RS02085 Ap i — | PR ST e : 13 AA
(0isP) 452,459 Cprotein deletion A39 bp deletion
p i phosphotransferase
ACN2429 ACIAD_RS05440 1,180,592 FKBP Htype . (GATTTCAA 3 AA
) - peptldylprolyl deletion 21 deletion
1,180,600 isomerase
LysR family
ACIAD RS07105 1,544,371 transcriptional substitution C-T R200Q
regulator
ACIAD RS12810 hypothetical
«— /— ACIAD RS12815 | 2,779,459 | protein/phosphoenolpy deletion (T)8—7 N/A
(pckG) ruvate carboxykinase
ACIAD_RS01760 369,373 monpvalent cat101}/H+ insertion T F rame
(phaAB) antiporter subunit A shift
ACN2430 —
ACIAD_RS02155 466.491 translation initiation substitution TG E9A
(inf4) ’ factor IF[11 u u
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ACIAD_RS02155

translation initiation

(infd) </ — ACIAD_RS | 466,561 factor IF11/AraC deletion (T)8—7 N/A
02160 family transcriptional
regulator
ACIAD_RS05440 1,180,592 FKBP!ltype . (GATTTCAA | 3 AA
(sl_ D) - peptidylprolyl deletion C)2—1 deletion
24 1,180,600 isomerase
2,236,309
ACIAD_RS10375 - lipoprotein deletion A13 bp Frame
2,236,321 shift
2,259,196
ACIAD_RS10460 - malic enzyme insertion (GG]Ef Al inzse?ti)n
2,259,201
FKBP type
ACN2431 ACIAZE};%OM“O 1,180,864 peptidylprolyl substitution C-T E46K
isomerase
ACIAD_RS04520 969,446 — MFS superfamily deletion A6 b 2 AA
(vank) 969,451 vanillate transporter P deletion
[Patl 3887 (Ligl)]—
ACN2432 [ACIAD RS07925 1,726,806 Multiple genes deletion A47,063 bp N/A
(pobA)]
hypothetical
ACIAD_RS12280 «—/— : . .
ACIAD _RS12285 2,659,323 protem}ﬁlgft};(i);hetlcal deletion (T)9—-38 N/A
ACIAD RS01750 monovalent cation/H+ . . Frame
(phaD) ST antiporter subunit D insertion and shift
phosphoenolpyruvate
ACIA]()?IESOZOSS 452,122 Clprotein deletion Al bp Fsr}?ir?te
pLs phosphotransferase
ACIAD_RS05440 1,180,592 ?i?dP ?Zﬁel deletion | (GATTTCAA | 3 AA
(slyD) 1180600 B 02—l deletion
ACN2433 major facilitator
ACIAD RS07750 superfamily
(mucK) «— / — ACIAD R | 1,687,308 cis,cis[Imuconate substitution G—-T N/A
S07755 (caiB) transporter/L[Jcarnitin
e dehydrogenase
ACIAD RS14555 SISCE | o vomront it | . (EGIITAC )
(rpmC) - 129 insertion GAGCAAT)1 deletion
. 3,130,378 -2
phosphoenolpyruvate
ACIA](;?SI}SOZOSS 451,463 Cprotein insertion +A Fsr}?inflte
phosphotransferase
ACIAD_RS02190 474,662 glutamate/aspartate:pr substitution CoT Q124*
(gltP) oton symporter
ACIAD_RS05440 1.180,592 FKBPtype . (GATTTCAA | 3 AA
(sl_ D) - peptidylprolyl deletion C)2—1 deletion
Y 1,180,600 isomerase
major facilitator
ACN2434 ACIAD_RS07750 1,686,451 _ superfamily substitution T—C Y243C
(muck) U cis,cis[Jmuconate
transporter
ACIAD_RS11075 2,389,497 | Phosphoenolpyruvate | i ion G—A R515H
(ppsA) synthase
ACIA(;;%%)I 2800 2,776,999 GroES substitution A—-G *97Q
ACIAD_RS14725 3,161,940 inositol . 24 AA
- deletion A72 bp .
(suhB) 3.162.011 monophosphatase deletion




99

ACIAD RS15195 3,266,721 membrane protein . 28 AA
(comM, - (ComM) deletion A84 bp deleti
comM) 3,266,804 o eletion
ACIAD RS06285 ATPbinding . Frame
(clpA) SRR protease component Sl Al b shift
2-keto-4-carboxy-3-
Patl.—3889 N/A hexenedioate substitution A—G D311G
(lig)) hydratase
ACN2435 ¥
(GTGCCTGC
2,236,391 ATCATCTT Frame
ACIAD RS10375 - lipoprotein insertion TAAATAGC shift
2,236,421 GATAATG)1
—2
. Frame
ACIADtRNAThr 7 296,778 tRNAThr deletion Al bp shift
translation initiation
ACIAD.—RSOZISS factor IF[11/AraC .
(infA) 466,561 family transcriptional deletion (T8—7 N/A
— / — ACIAD_RS02160 yregula tof’
ACTA%0 ACIAD_RS11045 2,381,348 methyl transferase insertion +C Frame
(hemK) =00 Y shift
ACIAD_RS12815 2,780,282 | Phosphoenolpyruvate | i ion A—G E238G
(pckG) carboxykinase
ACIAD_RS12985 2[0oxoglutarate oo
(sucA) 2,817,587 dehydrogenase E1 substitution G—A A914V
ACIAD_RS01760 monovalent cation/H+ o
(phaAB) 369,749 i ST A substitution C—T G175D
ACIAD_RS02085 (Sl || POl s . 5AA
(ptsP) 451.496 [Iprotein deletion A15 bp deletion
p § phosphotransferase
ACIAD_RS02155 translation initiation o
ACN2437 (inf4) 466,342 factor TF 1 substitution T—-G T59P
bifunctional wax ester
ACIAD_RS03845 synthase/acyl[]CoA; . . (TTCATC)2 2 AA
(waxdgaT) gep 2l diacylglycerol insertion —3 insertion
acyltransferase
ACIAD RS15195 membrane protein . Frame
(comM) 3,267,325 (ComM) deletion (T)7—6 shift
ACIAD RS01740 pH adaptation — (AAACAT)l | 2AA
364,659 potassium efflux insertion . .
(phaF) . —2 insertion
system protein F
ACIAD_RS02090 dinucleoside
(rppH) « / — ACIAD R | 454,209 polyphosphate substitution T—C N/A
ACN2438 = ’ hydrolase/haloacid
502095
dehalogenase
ACIADtRNASer 34 — / tRNA [ Ser/hypothetic o
« ACIAD RS05325 1,148,146 al protein substitution C-T N/A
ACIAD_RS10375 2,236,529 lipoprotein insertion +A Fsrﬁlnf‘te

* Position refers to positions on the ADP1 chromosome in NCBI entry NC_005966.

Table 2.3 Junctions and IS7236 insertions in EASy evolved strains and amplicon

replacement strain ACN2714
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Evolved
strain

Predicted description

Frequency*

Junction/ location of IS7236 insertion**

ACN2041

New amplification junction including
lig genes:
QKR and ACIAD RS07905 (quiX)

98%

GCGAAACGATCCTCAGATAGGTATAATTCA

90 kbp deletion:
ACIAD_RS04420 and
ACIAD RS04820 (metH)

99%

ATTTTGGCTAGGATCAGTCCTTACGAATCA

ACN2429

SBF:
ACIAD RS07910 (quid) and
ACIAD RS07915 (pobS)

93%

TTTACCTGTCACACGGGAATCGGAGTGGAC

[S7236 insertion:
1S7236 and intergenic region between
ACIAD_RS10465 (cca) and
ACIAD RS10470 (cydA)

95/94%

2,261,252

ACN2430

SBEF:
ACIAD RS07910 (quiA) and
ACIAD RS07915 (pobS)

95%

TTTACCTGTCACACGGGAATCGGAGTGGAC

ACN2431

SBF:
ACIAD_RS07910 (quiA) and
ACTAD RS07915 (pobS)

94%

TTTACCTGTCACACGGGAATCGGAGTGGAC

ACN2432

[S1236 insertion:
IS7236 and intergenic region between
ACIAD_RS12710 and
ACIAD_RSI12715 (citN)

94/94%

2,755,247

ACN2433

SBF:
ACIAD RS07700 and
ACIAD RS07705

94%

GAATTAATTTGGCTCTCAAATGTGCTTGTT

ACN2434

SBF:
ACIAD RS07700 and
ACIAD RS07705

95%

GAATTAATTTGGCTCTCAAATGTGCTTGTT

ACN2435

SBF:
ACIAD RS07700 and
ACIAD RS07705

90%

GAATTAATTTGGCTCTCAAATGTGCTTGTT

1S1236 insertion:
1S1236 and ACIAD RS06490

97/99% ***

1,400,282

IS7236 insertion:
IS7236 and intergenic region between
ACIAD_RS08590 and
ACIAD RS08595

100/100%

1,860,413

[S7236 insertion:
1S7236 and intergenic region between
ACIAD_RS09195 (dadA) and
ACIAD RS09200 (ispD)

97/99%

1,989,989

ACN2436

SBEF:
ACIAD RS07910 (quiA) and
ACTAD RS07915 (pobS)

97%

TTTACCTGTCACACGGGAATCGGAGTGGAC

ACN2437

SBF:
ACIAD_RS07910 (quiA) and
ACIAD RS07915 (pobS)

92%

TTTACCTGTCACACGGGAATCGGAGTGGAC

Spontaneous amplification junction:
ACIAD RS12795 (groEL) and
intergenic region between
ACIAD_RS12800 (groES) and
ACIAD RS12805

48%

CTGTTGGTATCAACAAATATAGACTTAGTC

ACN2438

SBF:
ACIAD RS07910 (quiA) and
ACIAD RS07915 (pobS)

92%

TTTACCTGTCACACGGGAATCGGAGTGGAC

Spontaneous amplification junction:

85%

CTGGCGTGCCACGCTTTATCGTTTATACAA
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ACIAD_RS12785 and
ACIAD_ RS12805 (including groEL and

groES)

ANC2714

1S7236 insertion:
1S7236 and with deletion from
ACTAD_RS06490 to ACIAD_RS06510
(alkR) (includes deletion of
ACTAD RS06505 (ppiD)

94/88%

1,400,282 — 1,403,648

[S7236 insertion:
IS7236 and intergenic region between
ACIAD_RS08590 and
ACIAD RS08595

88/89%

1,860,413

[S7236 insertion:
1S7236 and intergenic region between
ACIAD_RS09195 (dadA) and
ACIAD RS09200 (ispD)

89/92%

1,989,989

* Frequency refers to the percent of reads in which the junction is present. For example, if there

is a chromosomal duplication, the frequency would be 50%. Insertions have two frequencies

reported, one for the upstream region on one for the downstream region of the insertion.

** Numbers correspond to positions on the ADP1 chromosome in NCBI entry NC _005966.

Table: 2.4 Mutations in amplicon replacements strains

annlicen Mutation Protein
Replacem Gene locus ID (name) Position* | Predicted description DNA change
ent strain type GLE!
ACIAD RS00015 recombination protein
(recF) —/ — ACIAD RS | 4087 F/DNA gyrase, substitution A—C N/A
00020 (2y7B) subunit B (type II
8 topoisomerase)
ACIAD_RS01435 transcription Lo
(nusG) 299,455 antitermination protein substitution G—A G89D
ACI?hDa—z;O_I 760 370,006 — | monovalent cation/H+ deletion AS21 b deletion
ACI £D RS01765 370,826 antiporter subunit A, P
- phosphoenolpyruvate
ACN2711 ACIA]();SI};ON% 452,510 [protein substitution C—-T E340K
p phosphotransferase
ACIAD_RS03080 — / — hypothetical . .
ACIAD RS03085 661,260 protein/peptidase msertion (A)7—8 N/A
ACIAD_RS05440 1,180,592 IZKtIigdPIDtr}(I)Iiel deletion | (GATTTCAA | Small
(slyD) 1180600 D i C2—1 deletion
ACIAD RS06135 1,332,722 hypothetical protein substitution C—oA P183Q
ACIAD_RS14555 50S ribosomal protein . Frame
(rpmC) 3,130,381 129 deletion Al bp shift
phosphoenolpyruvate
ACN2712 ACIA]()?IESOZOSS 451,463 Clprotein insertion +A Fsr}?ir?te
pLs phosphotransferase
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ACIAD_RS02190

glutamate/aspartate:pr

o «
(@ltP) 474,662 St TR substitution C—-T Q124
ACIAD_RS05440 1,180,592 1141 O . (GATTTCAA | 3 AA
(slD) - peptldylprolyl deletion 21 deletion
1,180,600 isomerase
major facilitator
G R 1,686,451 Sl substitution T—C Y243C
(muck) cis,cis[Jmuconate
transporter
ACIAD_RST1075 hady | DREEREEIIREE | enran | Gk RS1SH
(ppsA) synthase
periplasmic binding
ACIAD RS12750 2,765,010 Il 010 substitution A—C S353R
- transport/transglycosyl
ase
ACIAD_RS12800 o "
(&roES) 2,776,999 GroES substitution A—G 97Q
ACIAD_RS14725 Sl inositol . 24 AA
(s;hB) o monophosphatase eIt AL deletion
3,162,011 phosp
ACIAD RS15195 AT membrane protein . 28 AA
- - (ComM) eIt LR At
3,266,304
ACIAD_RS02090 (j)llnuci;lg;)s;liie
(rppH) —/— ACIAD_R | 454209 | | PROOPTOIE. 1 substitution T—C N/A
ACN2713 $02095 yarolaserhatoac
dehalogenase
. . . . Frame
ACIAD RS10375 2,236,529 lipoprotein insertion +A shift
ACIAD RS06285 ATPbinding . Frame
(clpA) Rl protease component S Al b shift
(GTGCCTGC
ACN2714 2,236,391 ATCATCTT Frame
ACIAD_RS10375 = lipoprotein insertion TAAATAGC shift
2,236,421 GATAATG)1
—?2
ACIAD_RS02085 phosphoenolpyruvate Frame
0 <P ) 452,122 [protein deletion Al bp shift
p phosphotransferase
ACIAD_RS05440 1’182’5 2 piﬁdl;ﬁ;ry(ﬁ; deletion | (GATTTCAA | 3 AA
(siyD) 1,180,600 isomerase €)2—1 deletion
major facilitator
ACIAD_RS07750 superfamily
ACN2718 | (mucK) < /— ACIAD R | 1,687,308 cis,cis[imuconate substitution G-T N/A
S07755 (caiB) transporter/L [Jcarnitin
¢ dehydrogenase
hypothetical
ACIAD RSI11230 —/« : . . .
ACIAD_RS11235 (glnd) 2,420,278 protein/glutamine insertion +C N/A
synthetase
ACIAD_RS14555 3,130,364 508 ribosomal protein . . (GGTTTTAC 5 AA
(rpmC) - 129 insertion GAGCAAT)I1 insertion
3,130,378 —2

* Position refers to positions on the ADP1 chromosome in NCBI entry NC_005966.
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EVOI‘ied Change Position* Effect
Strain
C deletion in codon 469 causing a frameshift and a
. premature truncation after AA498
ACN2140 Al'bp coding (14052295 nt) Abolishes binding sites, metal binding sites, and
C680 active site
. In frame deletion of 13 AA after Ala 354
ACN2429 A39 bp coding (1069-1107/2295 nt) Abolishes active site H367
ACN2432/ C—-T 452510 AA change
ACN2711 | E340K (GAA—AAA) ’ Change in conserved residue
C deletion in codon 469 causing a frameshift and a
ACN2433/ . premature truncation after AA498
ACN2718 Ell D ot (1222 mi) Abolishes binding sites, metal binding sites, and
C680 active site
ACN2434/ A insertion in codon 689 causing a frameshift and a
+A coding (2063/2295 nt) premature truncation after AA706
ACN2712 . S o
Frameshift after binding/active sites
5 AA in frame deletion after V677 including S678-
ACN2437 Al15 bp coding (2032(12046/2295 nt) 1679-C680-G681-E682
Abolishes active site C680
ACN2438/ . . Mutation in promoter of rppH/ptsP shifts prediction,
ACN2713 T=C intergenic (UT11/074) probably affecting expression levels

* Position refers to positions on the ADP1 chromosome in NCBI entry NC_005966.

Table 2.6: Summary of peptidyl-prolyl isomerase mutations
Evol\ied Gene Change Position* Effect
Strain
2 bp deletion AA328-329
ACN2140 | ACIAD RS02420 (tig) A2 bp coding (98611987/1335 nt) causing frameshift and
premature truncation after
AA333
ACN2140 | ACIAD RS04740 (fbp) | D eletll(‘l’j’l‘j)(m %0 N/A N/A
ACN2429 | ACIAD RS05440(slyD) | (GATTTCAAC)>—1 | coding (40011408/483 nt) Small deletion
ACN2430 | ACIAD RS05440(slyD) | (GATTTCAAC)2—1 | coding (40001408/483 nt) Small deletion
ACN2431 | ACIAD_RS05440(slyD) C—T E46K AA replacement
iCCNNZ;%ZI/ ACIAD RS05440(slyD) | (GATTTCAAC)>—1 | coding (40011408/483 nt) Small deletion
AA%§224;3138/ ACIAD RS05440(slyD) | (GATTTCAAC)>—1 | coding (40011408/483 nt) Small deletion
iCCNNZ;%‘;/ ACIAD RS05440(slyD) | (GATTTCAAC)>—1 | coding (40011408/483 nt) Small deletion
ACN2714 ACIAD_RS06505 Deletion N/A N/A
(ppiD)
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* Position refers to positions on the ADP1 chromosome in NCBI entry NC _005966.

Mutations conferring thermotolerant growth through the PCA-4,5 pathway

To test if mutations accrued during EASy evolution contribute to 4. baylyi strains’ ability
to grow through the PCA-4,5 pathway at 30 °C, mutated alleles ptsP52041 and tig52041, that
arose from ACN2041, were used to replace the corresponding wild-type gene in one of the
parent strains with a single copy of the /ig genes, ACN2120. This strain was chosen since it
matched the location and orientation of the /ig genes in the strain these alleles were discovered,
ACN2041. This process of allelic replacement will be termed “reconstruction” to indicate that I
am engineering a specific genetic change that was discovered in my experiments into a different
genetic background. These two alleles (ptsP52041 and tig52041) were chosen because they
represent the two most common type of changes found in strains selected for high-temperature
growth. Since the alleles, affecting PtsP and a PPlase, cause premature truncations that should
eliminate protein function, their effects may be more easily interpreted than other types of
changes such as amino acid replacements. I also made deletions of ptsP and tig in ACN2120.
Such deletions test if the loss of PtsP and trigger factor (encoded by #ig) allow A. baylyi strains to
grow on aromatics through the PCA-4,5 pathway at 30 °C.

I generated strains with different pzsP and tig alleles by allelic replacement of the
corresponding gene of ACN2120. Next, I challenged each strain to grow on POB at 30 °C and
measured the optical density at 595 nm (ODsoes) at 72 hours post inoculation. As shown in Figure
2.8, ptsP52041 or tig52041 alone did not allow 4. baylyi to grow through the PCA-4,5 pathway

on POB at 30 °C. Additionally, deleting either coding sequence did not confer the growth
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phenotype either. However, because ptsP52041 and tig52041 arose in the same strain, I decided
to try reconstructing these alleles in combination. Strains containing both ptsP52041 and
tig52041 or AptsP and Atig were able to grow through the /ig genes on POB at 30 °C (Figure
2.8). This result indicates that removing both PtsP and trigger factor allows A. baylyi to grow

through the PCA-4,5 pathway at increased temperatures up to 30 °C.
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Figure 2.8: Growth on POB at 30 °C of strains with Tig and/or PtsP truncations or
deletions using the PCA-4,5 pathway

Growth as measured by ODsos taken at 72 hours of growth on POB at 30 °C. ADP1 is the wild-
type strain, and ACN2120 is the parent strain containing the /ig genes in which all subsequent
ptsP and tig alleles or deletions were reconstructed. Reconstructed strains are ACN2770

(ptsP52041), ACN2816 (AptsP), ACN2772 (tig52041), ACN2828 (Atig), ACN2836 (ptsP52041;
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tig52041), and ACN2838 ((AptsP; Atig). All strains were done in biological duplicate. Error bars

represent standard deviation.

Contribution of 90 kbp deletion to thermotolerant growth

Both ptsP52041 and tig52041 arose in the A. baylyi strain with the large 90 kbp deletion,
ACN2041. This 90 kbp deletion contains 81 predicted coding sequences including the genes for
the degradation of the aromatic compound vanillate, consumed through PCA. The vanillate
transporter Vank, referenced earlier as an additional PCA and POB transporter, is also encoded
in the large deletion and therefore not present in ACN2041. All genes in the 90 kbp deletion are
listed in Table 2.11. Because there are so many genes missing in this strain, I sought to test the
ptsP and tig alleles and deletions in this genetic background to see if there are differences in the
phenotype compared to when they are reconstructed in a strain without this large deletion (such
as ACN2120, above).

Figure 2.9 shows the results of introducing ptsP52041, tig52041, AptsP, and Atig into
ACN1910 (the parent strain of ACN2041 that contains the /ig genes and the 90 kbp deletion).
Once again, tig52041 or Atig alone did not allow growth through the PCA-4,5 pathway at 30 °C.
However, unlike in ACN2120 (which does not carry the 90 kbp deletion), ptsP52041 and AptsP
alone allowed strains to grow on POB at 30 °C. This result suggested that the loss of some or all
of the DNA in this 90 kbp deletion, contributes to the APtsP-dependent effect on increased
thermotolerant growth. Combining the tig52041 or Atig with the ptsP allele or deletion did not

confer any additional benefit (Figure 2.9).
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Figure 2.9: Growth on POB at 30 °C of strains with 90 kbp deletion and Tig/PtsP
truncations or deletions using the PCA-4,5 pathway

Growth as measured by ODsos taken at 72 hours of growth on POB at 30 °C. Diagonal line
pattern bars indicate that strains carry the 90 kbp deletion. ADP1 is the wild-type strain, and
ACNI1910 is the parent strain containing the /ig genes and 90 kbp deletion in which all
subsequent ptsP and tig alleles or deletions were reconstructed. Reconstructed strains are
ACN2769 (ptsP52041), ACN2815 (AptsP), ACN2771 (tig52041), ACN2827 (Atig), ACN2835
(ptsP52041; tig52041), and ACN2837 (AptsP; Atig). All strains were done in biological

duplicate. Error bars represent standard deviation.

After identifying all genes in the 90 kbp deletion, one gene stood out because it encodes a
predicted FKBP-type PPlase. This gene is ACIAD_RS04740, designated fbp. In previous strains,

the deletion of pzsP together with the deletion of zig, encoding a different FKBP-type PPlase,
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was sufficient for growth. Based on this observation, I postulated that the deletion of fbp was
conferring a similar benefit in strains with the 90 kbp deletion. I therefore reconstructed a
deletion of fbp with the ptsP and tig alleles and deletions, using ACN2120 as the parent strain.
Indeed, when fbp was deleted in combination with ptsP in strains without the 90 kbp deletion,
they gained the ability to grow through the /ig genes at temperatures up to 30 °C. No additional
benefit was found by deleting or truncating both FKBP type PPlases in combination with ptsP

(Figure 2.10).
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Figure 2.10: Growth of strains with fbp deletion in combination with pzsP on POB at 30 °C
Growth as measured by ODsos taken at 72 hours of growth on POB at 30 °C. ADP1 is the wild-
type strain, and ACN2120 is the parent strain containing the /ig genes in which all subsequent
ptsP and tig alleles or deletions were reconstructed. Reconstructed strains are ACN2904 (Afbp;

ptsP52041), ACN2905 (Afbp; AptsP), ACN2906 (Afbp; ptsP52041; tig52041), and ACN2907
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(Afbp; AptsP; Atig). All strains were done in biological duplicate. Error bars represent standard

deviation.

High expression of groEL and groES is sufficient for growth through the foreign pathway
at 30 °C

The next set of strain constructions involved studies of the role played by the GroE
chaperone. In strains selected by the EASy method, independent spontaneous chromosomal
amplifications were discovered in which the gene dosage of groEL and groES increased. To test
the significance of this observation, I sought to increase the expression of these genes by altering
the relevant promoter. I tried to determine if higher expression of these genes contributes to the
strain’s ability to grow on aromatic compounds via the PCA-4,5 pathway at 30 °C. The
constitutive frc promoter was put upstream groES because previous experiments determined that
the trc promoter gives high expression in 4. baylyi (12). I have yet to compare expression from
the native groES promoter to the trc promoter, so assumptions about expression from #rc being
higher is still a hypothesis. Because of their related protein function and the relatively small
intergenic region between groES and groEL (60 base pairs0, I expect these genes to be co-
transcribed, so putting the #rc promoter upstream groES should affect the expression of both
genes.

Strains with the #rc promoter upstream groES were, in fact, able to grow through the
foreign PCA-4,5 pathway at 30 °C (green bars; Figure 2.11). Combining ptsP, tig, or fbp
evolved alleles or deletions with increased expression of groES and groEL did not further

improve the thermotolerance (orange bars; Figure 2.11). Lastly, the groES52434 allele, which
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extends the groES coding sequence by an additional 13 amino acids, did not appear to confer the

thermotolerance phenotype (pink bars; Figure 2.11).
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Figure 2.11: ODsys of strains overexpression groES and groEL on POB at 30 °C

Growth as measured by ODsos taken at 72 hours of growth on POB at 30 °C. Diagonal line
pattern bars indicate that strains carry the 90 kbp deletion. Reconstructed strains are ACN2864
(A90 kbp; groE52434), ACN2866 (groE52434), ACN2865 (A90 kbp; PycgroE), ACN2867
(PuegroE), ACN2875 (A90 kbp; PucgroE; AptsP), and ACN2876 (PucgroE; AptsP). All strains

done in biological duplicate. Error bars represent standard deviation.



111

Discussion
PCA-4,5 pathway from Pseudoalteromonas atlantica T6c is functionally expressed from the
Acinetobacter baylyi chromosome

In A. baylyi strains missing the native PCA 3,4-cleavage pathway, chromosomal
integration of a predicted PCA 4,5-cleavage pathway from Pseudoalteromonas atlantica T6c
allowed strains to grow on PCA and aromatics funneled through PCA, such as POB, as sole
carbon sources. 4. baylyi-derived strains were able to express and utilize the large 7.3 kbp
segment of foreign DNA containing seven catabolic genes and a transcriptional regulator,
referred to as the /ig genes, in various regions and orientations in the chromosome (Figure 2.2
and Table 2.1). However, strains could only grow through the foreign pathway at temperatures
up to 25 °C, and A. baylyi is typically grown at 30 or 37 °C (12, 13). Such temperature
dependence could be resulting from a variety of problems such as temperature-dependent protein
stability, enzyme activity, or transcriptional regulation. P. atlantica T6c itself is typically grown
at 25 or 30 °C (54-58). The lower growth temperature of the marine bacterium, however, does
not imply that there is anything inherent in the sequences of the Lig proteins that would affect
thermal tolerance when heterologously expressed in A. baylyi.

No part of the P. atlantica PCA-4,5 pathway sequence was altered for integration into the
A. baylyi chromosome. Genes were not codon optimized to match A. baylyi codon usage, nor
were the native promoters or ribosome binding sites altered. Therefore, A. baylyi was able to
recognize and express genes from the P. atlantica promoter(s) and coding sequences. Because
the P. atlantica PCA-4,5 pathway has only been predicted and not characterized, the catabolic lig
genes may be transcribed as a single operon, or from various promoters throughout the sequence.

It is not known whether the transcriptional regulator from P. atlantica is required for growth.
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Promoters and other regulatory elements are not always compatible between bacteria. For
example, 4. baylyi does not transcribe genes from the E. coli lac promoter used in many
synthetic constructs (12). Therefore, chromosomal expression sufficient for growth through the
foreign lig genes in A. baylyi could not have been predicted. Yet success of this approach bodes
well for future studies and pathway engineering. For biotechnological purposes, the localization
of foreign genes in the chromosome could be advantageous compared to placing them on
plasmids, which can be lost. Plasmid-based expression systems can be problematic because they
need to be maintained by selective pressure (often antibiotic resistance) and there can be concern
about plasmid mobility with such recombinant constructs.

Manipulating the expression of complex catabolic pathways for aromatic compound
degradation can be especially difficult because the intermediary metabolites are often toxic and
all steps in a pathway must be properly balanced. Genes for aromatic compound catabolism are
often very tightly regulated (3). It is possible that the initial success of achieving growth through
the foreign pathway, at any temperature, was because of, and not in spite of, making no attempt
to express the pathway at high levels where imbalances in regulation could have been toxic.
Nevertheless, in trying to optimize expression for the intended long-term application, some
manipulation was needed to increase the temperature at which A. baylyi could grow while using
the foreign /ig genes.

Without knowing the exact issue preventing A. baylyi cells from growing through the /ig
genes at temperatures above 25 °C, it was difficult to predict what targeted genetic changes could
be made to allow growth. Therefore, I sought to overcome complex growth issues by employing
the EASy method of laboratory evolution. This method allows dynamic changes in chromosomal

gene dosage, thereby enabling natural selection rather than rational design to determine the



113

optimal expression level necessary for growth under specific conditions. The EASy method was
developed, in part, to alter enzyme substrate specificity by increasing the copies of an enzyme
with weak activity to improve catalysis. However, this method may be even more important
when the potential problems are complex and unknown. Issues associated with thermotolerance
likely involve protein instability, regulation, and problems with integrating the foreign pathway
into the host metabolic networks. Therefore, increasing gene dosage could help by providing
more protein to compensate for instability, protein degradation, improper folding, and/or
insufficient regulation by the host’s transcriptional and post-transcriptional mechanisms. As

described in this thesis, I successfully generated strains that grow at 37 °C using the /ig genes.

Increased chromosomal gene dosage of foreign PCA-4,5 pathway allowed growth at higher
temperatures

Eleven A. baylyi populations that successfully grew on PCA or POB after EASy
chromosomal amplification of the /ig genes underwent long-term culturing for 16 weeks. This
time period corresponds to approximately 1800 generations. During the sixteen weeks of
culturing under selective pressure, growth on PCA or POB through the PCA-4,5 pathway at 37
°C, all populations greatly reduced the number of copies of the /ig genes in their chromosomes.
Two populations that started out with more than 150 copies of F87 only had 4 copies after 16
weeks. Such a great change in required copies of the /ig genes led me to predict that mutations
accrued that contribute to my strains’ selected phenotype. Because I was selecting for
thermotolerance, I suspected that strains would need to evolve mutations allowing the cells to

incorporate the foreign pathway into A. baylyi’s larger metabolic or regulatory networks.
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Only one mutation was discovered in the foreign DNA. This /ig-gene mutation encoded a
D311G replacement in Patl 3889 (LigJ), the 2-keto-4-carboxy-3-hexenedioate hydratase. Initial
investigation into this mutation has not revealed any benefit conferred by this change (data not
shown). However, in other strains, mutations could have arisen in some amplicons of the /ig
genes that were missed by [llumina WGS. Illumina sequencing uses short read lengths, typically
50-150 bp (59). This method would only allow us to see mutations in the /ig genes if they
occurred in all or most of the amplicons since all reads from the amplicons would map to the
same sequence in the reference. For example, if a mutation occurred in only 1 of the 10 copies of
one of the /ig genes, it would only appear in 10% of the reads. This low-level detection would
not be interpreted as a mutation and would most likely be dismissed as a sequencing error.
PacBio or nanopore sequencing can read many thousand bp in a single read (60, 61). Either of
these methods of whole genome sequencing might help detect beneficial mutations that arise in a
subset of amplicons.

Mutations that were selected during long-term culturing outside of the foreign /ig genes
commonly were in genes encoding proteins involved in post-translational modifications or
regulation. These types of mutations suggest that the ability of A. baylyi strains to grow at higher
temperatures is dependent on processes typically associated with thermotolerance, such as
protein stability and maturation. For instance, a couple of strains evolved spontaneous
amplifications including groES and groEL, genes encoding the subunits of the GroE chaperone.
Increasing gene dosage of genes encoding the GroE chaperone has been shown to aid in stress
tolerance in many other studies and in different bacteria (62). In my studies, when these genes
were put under the control of a presumably high-expression synthetic promoter in 4. baylyi, they

allowed strains to grow through the foreign pathway at increased temperatures, up to 30 °C
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(Figure 2.11). These mutations to post-translational modification systems are consistent with my
finding that A. baylyi populations maintained multiple copies of the /ig genes even after 16
weeks of culturing. The multiple copies of the /ig genes may be aiding in issues of protein
stability and/or folding by producing more protein than they would in single chromosomal copy.
Another common gene in which mutations were discovered was ptsP. This is the first
discovery in an Acinetobacter strain of any role played by this gene. As discussed below, a
comparison of PtsP studies in other bacteria suggest that an important player in complex
metabolic regulation has been uncovered and warrants further investigation. Mutations
discovered in A. baylyi strains in which foreign genes were evolved by the EASy method appear

to be shedding light on how foreign genetic pathways are integrated into new hosts.

A novel regulatory circuit in 4. baylyi revealed by ptsP mutations

Among the most intriguing mutations uncovered in my studies were several that affect
ACIAD_RS02085, annotated as ptsP. As shown in (Table 2.5), six separate mutations were
discovered in seven independently evolved isolates that appear to eliminate the function of an
encoded protein (uniprot ID code QGFEWS). This ADP1 protein is a homolog of the first
enzyme in a phosphorelay system studied in other organisms (63). The significance of ptsP for
the selected phenotype in my research was confirmed experimentally by demonstrating that
deletion of this gene in combination with deletion of #ig or fbp, which each encode a PPIase, was
sufficient for a 5 °C increase in the maximal temperature for growth of A. baylyi strains utilizing
a foreign catabolic pathway for aromatic compound consumption (Figures 2.8-2.10).

While PtsP has not been studied in ADP1 or any other Acinetobacter species (to the best

of our knowledge), there are many recent reports that the PTS system in which it is predicted to
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participate, PTSNY, is critical for the global control, and integration, of cellular signals that
balance carbon and nitrogen availability (64). As detailed in Chapter 1 of this thesis, there are
two general types of PTS systems, a carbohydrate-PTS that regulates sugar transport (63, 65, 66),
and a three-component signal transduction pathway with diverse regulatory roles in different
bacteria (63). This latter system, PTSN", is named in this fashion because it is often involved in
nitrogen metabolism (67). As part of the connection to nitrogen metabolism, one component of
the typical PTSN', PtsN (EIIANTtr), is usually encoded by a gene localized together with 7poN.
RpoN is a nitrogen-responsive RNA polymerase sigma factor (6°*). However, in ADP1 there is
no homolog of PtsN, raising questions of how a signal transduction system that involves PtsP in
this bacterium compares with those that use PtsN for coordinating nitrogen metabolism.

One characteristic of PtsP that implicates it as a PTS™' component rather than a
component of a classical carbohydrate PTS, is its N-terminal GAF domain (discussed in
Chapter 1). This domain is also found in NifA, which interacts with RpoN to serve as the key
transcriptional activator of nitrogen fixation genes in diazotrophic bacteria (68). This domain
creates another potential link to nitrogen sensing and takes its name from proteins where it was
initially found (cGMP-specific phosphodiesterases, adenylyl cyclases and FhlA, a formate
hydrogen lyase transcriptional activator). The GAF domain serves as a sensor of small
molecules, and it plays a role in PtsP to modulate the activity of the adjacent EI domain, which
catalyzes the transfer of a phosphoryl group from PEP through a phospho-histidine intermediate.
In E. coli, the GAF domain of PtsP senses, and binds to, glutamine and o-ketoluglutarate as part
of the global nitrogen-metabolism regulatory circuitry. GAF domains can also transduce signals

from cyclic nucleotides (cAMP or cGMP), which are common second messengers in the global



117

regulation of carbon metabolism (50, 69). In some bacteria cross-talk can occur between sugar
PTS and PTSM" to effect an intricate balance of carbon and nitrogen pools (64).

For canonical PTS, the phosphoryl group from PEP is ultimately used for the coupled
phosphorylation and translocation of a sugar across the cytoplasmic membrane. In ADP1, there
is one only sugar PTS, and it is functional for fructose uptake despite the inability of ADP1 to
use fructose as a carbon source (described in Chapter 1). The fate of a phosphoryl group that
might be transferred from PEP by PtsP in ADP1 is completely unknown. However, studies in
Legionella pneumophila provide a framework for speculation (70). In L. pneumophila, as in
ADP1, there is no PtsN homolog, but a two-component PtsP-PtsO system was shown to be
functional and to participate in complex global regulation.

As in L. pneumophila, we hypothesize that PtsP, and a putative PtsO, connect with
another common type of bacterial phosphotransfer cascade, two-component transcriptional
regulatory systems. It is possible that PtsP is connected directly or indirectly to a GacA-GacS
two component system in ADP1. There are several reasons for this supposition. The presence of
ptsP is highly conserved in the Acinetobacter genus, and in acineetobacters as in many other
bacteria, ptsP is chromosomally localized with an adjacent gene that is highly conserved. The
gene product of this conserved neighbor, ACIAD RS02090, is homologous to the mRNA
processing enzyme RppH. This enzyme de-phosphorylates the 5° end of mRNA, targeting
transcripts for degradation (71).

Studies in diverse bacteria support the possibility of interplay between RppH (and maybe
PtsP) and CsrA, a carbon storage regulator that another member of the Neidle lab, Emily
Mclntyre, has been studying in the context of aromatic compound catabolism in A. baylyi

(unpublished data). In many EASy studies of aromatic compound degradation, both published
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and unpublished research, mutations in gac4 and csr4 have been discovered frequently. Our
research supports a model in which the gac4 and gacS transcriptional regulatory system controls
transcription of multiple small noncoding RNAs. In turn these, RNA molecules sequester the
CsrA protein. CsrA acts as a global regulator for the post-transcriptional control of aromatic
compound catabolism in ADP1. The possible link to PtsP is that RppH has been shown to affect
CsrA-mediated regulation through the degradation of the non-coding RNAs that control CsrA
availability in a related system in Azotobacter vinlandii (72). Moreover, the studies of PtsP in L.
pneumophila also connect indirectly with a CsrA homolog (70).

The complex scenario outlined above is the starting point for a regulatory model that
generates testable hypotheses. Experimental exploration of this model will be done in the future.
Regardless of its veracity, my experiments demonstrate that PtsP is important in the acquisition
of higher growth temperatures after chromosomal integration of a foreign pathway for aromatic
compound catabolism. It is likely that an important aspect of functionality of this pathway is the
integration of its regulation with that of overall carbon and nitrogen metabolism in ADP1. All
studies of PtsP in other organisms indicate it plays important metabolic roles that differ
according to the details of the bacteria in which it is expressed. It appears that my /ig studies
have also identified PtsP in ADP1 as an important global regulator, even if the details of its

physiological role remain to be identified.

PPlases of A. baylyi ADP1
A. baylyi encodes eleven predicted peptidyl-prolyl isomerases (PPIases) in its
chromosome (Table 1.5). In my long-term culturing experiments, strains evolved mutations in or

deletions of four different PPlases (Table 2.6). After reconstructing mutations or deletions of the
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genes tig and fbp, encoding two separate PPlases, it became clear that deleting one PPlase in
combination with ptsP allows A. baylyi strains to grow through the foreign PCA-4,5 pathway at
30 °C (Figures 2.8, 2.9, and 2.10). PPlases are likely affecting the post-translational maturation
or stability of certain proteins. Removing a PPlase could be preventing or slowing the maturation
of A. baylyi proteins that hinder the use of the /ig genes at increased temperatures, but further
studies need to be done to determine what exactly is happening in these strains. Deleting two
PPlases encoding genes together however did not have a beneficial or a detrimental effect the
strain’s ability to grow through the foreign pathway (Figures 2.9 and 2.10). However, even
though I have not elucidated the mechanism in my A. baylyi strains, these results indicate that
this class of enzymes, PPlases, is important to the adaptation of 4. baylyi when growing through

the /ig pathway at increased temperatures.

Unprecedented expansion of the 4. baylyi chromosome

Previous studies in 4. baylyi had introduce and evolved several catabolic genes, yet this
current study of the /ig-genes involves the largest set of related genes (to date) to be put into the
A. baylyi chromosome for EASy evolution (14, 29). My initial success in generating A. baylyi
strains that can grow through the foreign pathway at 25 °C demonstrate 4. baylyi’s ability to
incorporate and express large foreign catabolic pathways in its chromosome. In these studies, I
also expanded the chromosome by an unprecedented amount. Previous studies of spontaneous
chromosomal amplifications demonstrated that A. baylyi could expand its ~3.6 Mbp
chromosome by ~1 Mbp, increasing its chromosome size by around 25% (48). In one of my
strains, the 11,512 bp amplicon (location 1) had 172 copies in the chromosome at the start of

EASy evolution, as measured by the F87 fragment. Assuming that this dosage is uniform for the
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entire amplicon, this selected increase in copy number results in 1,980,064 bp, or almost 2 Mbp
of extra DNA in the 4. baylyi chromosome. This quantification equates to increasing the A4.
baylyi chromosome by approximately 50%. This result speaks to the incredible genetic
malleability of 4. baylyi and its potential for bioengineering.

The genetic method to remove multiple amplicons from A4. baylyi strains developed in
this study also points to a useful variation of common types of chromosomal manipulation. I was
able to remove up to 10 copies of a 12,853-bp amplicon (location 2) from the chromosome of
strains by using a selectable/counter-selectable marker via natural transformation and
homologous recombination. With this approach, I could transform the recipient strains with
linear DNA carrying a segment on either side of the cassette with 2-4 kbp of sequence identity to
the chromosome. This process equates to about 130 kbp deleted from the chromosome in a single
selective step. Such a large deletion being easily engineered in 4. baylyi implies that techniques
for chromosomal rearrangements, testing gene essentiality, and developing a minimal A. baylyi
genome could be relatively facile (13). Genetic manipulations to reduce the genome size could
prove impossible by this method after genes are removed that affect natural transformation and
recombination. Nevertheless, the creation of specific chromosomal deletions could prove useful
in testing a wide variety of hypotheses about genetic function and localization.

This method of amplicon removal and replacement with a single copy of the /ig genes
allowed me to test the significance of the full complement of all chromosomal mutations that
arose outside the region of targeted amplification during the course of the 16-week experiments.
It was possible to determine if they were sufficient for thermotolerant growth with a single copy
of the foreign PCA-4,5 pathway. This is a useful technique because it is typical for strains to

acquire multiple chromosomal mutations during laboratory evolution (14, 15, 29, 35). It can be
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difficult to test the role of individual mutations or a subset of different combinations. It may not
be clear which mutations are providing a benefit and which are neutral, or even detrimental. . I
contributed to one novel approach to this problem in a separate study of analyzing mutations
after EASy amplification. In a newly accepted publication (Luo, et al), we describe that DNA
fragments with specific mutations can be added back to growing cultures, and those that become
enriched in the chromosomes of the evolving populations are implicated for playing a role in
the selected phenotype (15).

In my study of the /ig genes, ACN2429 and ACN2430 each acquired six chromosomal
mutations. Reconstructing all six mutations in an ADP1 strain would take a long time, even with
ADP1’s efficient genetic system. However, by removing and replacing the /ig genes, I could
rapidly test the relative contributions of multiple chromosomal mutations outside the target
region compared to those within the target region. Target-region effects could arise from
mutations and/or from the impact of having multiple amplicon copies. In these specific studies,
the combination of chromosomal mutations outside the amplicons were, in most cases, sufficient
for growth at 30 °C but not 37 °C. There are additional experiments that become possible for the
reconstructed strains. For example, for strains with a single /ig-gene pathway and a known set of
chromosomal mutations, it would be possible to have them undergo a second round of
amplification and evolution. Perhaps additional mutations would arise in these strains and higher
temperature growth could be achieved without requiring multiple amplicons. Various types of
iterative experimental approaches could prove useful.

Not all strains derived from the evolving populations were able to be analyzed by this
genetic method of removing amplicons and replacing them with a single pathway copy. When 4.

baylyi ADP1 undergoes laboratory evolution, it has been reported to lose competency for natural
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transformation (35, 73, 74). I attempted to transform ten of the A. baylyi strains post long-term
culturing, and six of these were successful (Figure 2.7 Panel B). Only one of these strains had a
mutation in a gene known to affect A. baylyi competency, comM in ACN2437 (75). No genetic
changes found explain the potential loss of competency of the other three strains. It is possible
that these other strains are still competent. Previous studies have developed quantitative
competence assays which could be used with my strains to determine if the failure to obtain the
desired transformants resulted from loss of competency (74).

These experiments demonstrated that the EASy method is robust enough to be utilized
for whole pathway evolution. Integration of the PCA-4,5 into 4. baylyi opens up the possibility
of further metabolic expansion through the incorporation of other catabolic pathways that funnel
into intermediates of the PCA-4,5 pathway (Figure 2.1). Using EASy to evolve such pathways

will simplify future experiments seeking to expand ADP1’s metabolic repertoire further.

Experimental Procedures
Media and growth conditions

Defined ADP1 medium was used for culturing all A. baylyi strains as previously
described (33). This medium was supplemented with 5 mM PCA, POB, or pyruvate and
incubated at 37 °C with liquid cultures shaking at 250 rpm, unless otherwise indicated. For
plasmid cloning, E. coli XLI Blue or DH5a (Stratagene) was grown in Luria-Bertani medium
(LB) (76). All cultures were incubated at 37 °C with liquid cultures shaking at 250 rpm, unless
otherwise indicated. Genomic DNA from P. atlantica T6c was harvested from cells grown on
Marine Broth (BD Difco™) shaking at 25 °C and 250 rpm. Antibiotics were used at final

concentrations of 25 pg/ml for kanamycin, 12.5 pg/ml each for streptomycin and spectinomycin,
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and 150 pg/ml for ampicillin. Increased concentration of kanamycin used to select for EASy

amplification mutants was 1 mg/ml.

Strain and plasmid construction

DNA used for plasmid constructed was PCR-amplified using the high-fidelity
polymerases PrimeSTAR Max (Takara Biosciences) or Phusion (New England Biosciences). All
primers used can be found in the primer table (Table 2.9). Plasmids were constructed by
overlapping sequence assembly by NEBuilder (New England Biosciences) or in E. coli XL1-
Blue or DH5a competent cells (Stratagene) as previously described (cloning should be easy).
Standard restriction digest followed by ligation (Quick Ligation Kit, New England Biosciences)
was also used for plasmid construction. Plasmids were confirmed by DNA restriction mapping
and/or regional DNA sequencing (Eton Biosciences or Eurofins Genomics). Plasmids are
described further in Table 2.8.

All chromosomal changes in ADP1 were constructed by allelic replacement as previously
described (77). Strains were confirmed by PCR and/or regional DNA sequencing. All strains are

further described in Table 2.7.

Laboratory Evolution by EASy

A. baylyi derived strains carrying the P. atlantica T6c PCA-4,5 pathway were evolved for
thermal tolerance by the EASy method. Strains were transformed with donor DNA called the
synthetic bridging fragment (SBF), linearized pPBAC1414 or pBAC1415 in this study. This
fragment induces precise, defined duplications in the chromosome that can undergo subsequent

amplification (48, 78). Transformants were then exposed to 1 mg/ml of kanamycin. This
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concentration of antibiotic kills cells carrying a single copy of the QKR cassette but not cells that
underwent chromosomal amplification (28). Therefore, this step selects for strains with the
desired chromosomal amplifications including QK® and the PCA-4,5 pathway. Strains that grew
on the high concentration of kanamycin were then moved to liquid ADP1 minimal media with
POB or PCA as the sole carbon source at 37 °C. Strains were then cultured with constant
selective pressure, growth on POB or PCA at 37 °C. For the first week 10% inoculations were
used for daily subcultures. This daily inoculation was then tapered down over multiple days to
0.1% for the rest of the evolution. The number of copies of the amplicon in evolving strains was

analyzed by quantitative (q) PCR as described below.

qPCR Copy Number Analysis

The qPCR method used to assess copy number during EASy experiments was previous
described (79). Primers for qPCR are listed in the primer table (Table 2.9). Standard curves used
genomic DNA from strains with a single copy of the amplicon (ACN1910, ACN2118, or
ACN2119) for both rpoA4 and QK®. The ratio of calculated concentration for QKR relative to

rpoA was presumed to equal the copy number of that fragment.

Next Generation Sequencing and Analysis

Genomic DNA was isolated from ADP1 derived strains and sonicated to approximately
500 bp size fragments in a total of 500 ng. Genomic libraries were prepared using the NEBNext
Ultra IT DNA Library Prep Kit for [llumina (New England Biolabs) including end-repair, adaptor

ligation, and addition of an individual 15/i7 index primer. Sequencing was performed on the
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[Mlumina NextSeq500 instrument at the Georgia Genomics and Bioinformatic Core at the
University of Georgia.

Breseq version 0.35.4 was used to analyze WGS data on the UGA GACRC High-
Performance Computing Cluster (Sapelo2), Linux based. Version 2.4.1 of bowtie2 and version
4.0.0 of R were used in the pipeline. The consensus mode was used with the default consensus
frequency cutoff of 0.8 and polymorphism frequency cutoff of 0.2. The reference genome used
for ADP1 was from NCBI entry GenBank CR543861. Differences between our laboratory ADP1

sequence and the NCBI entry can be found in Table 2.10.

Growth Analysis

For growth experiments testing final optical density, strains were initially grown
overnight at 37 °C with the non-selective carbon source pyruvate. Cultures of ADP1 minimal
media with 5 mM POB as the sole carbon source were subsequently inoculated 5 % and placed
at either 25 °C, 30 °C, or 37 °C. The optical density was measured at 595 nm on Eppendorf
Biophotometer Plus during growth or after 72 hours. All experiments were done in three
biological replicates.

For growth experiment to calculate doubling times, strains were grown overnight at 25 or
30 °C on ADP1 minimal medium with 5 mM POB as the sole carbon source. 50 ml of fresh
ADP1 minimal medium with 5 mM POB was subsequently inoculated 2 % and placed at either
25 or 30 °C. The optical density was measured at 595 nm hourly during growth on Eppendorf

Biophotometer Plus. All experiments were done in three biological replicates.
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Strain

Relevant Characteristics

Source

ADPI

Wild type (BD413)

(80)

ACN462

ApcaHG; AACIAD _RS04410-ACIAD RS04820

(32)

ACNI1910

ApcaHG; AACIAD _RS04410-ACIAD RS04820; quid:ligRKUJIABC51910; QKR51910
Insertion of PCA-4,5 pathway genes (4,681,539 — 4,688,831) from P. atlantica T6c NCBI entry
NC_008228 along with QKR cassette after 1,723,583" into strain without native PCA-3,4
dioxygenase and with 90 kbp deletion. Selected by QKR

pBAC1488/Nsil X ACN462

This study

ACN1965

ApcaHG; AACIAD RS04410-ACIAD RS04820; quid:ligRKUJIABC51910; QKR51910;,
SBF51965

multiple chromosomal copies of a 11.5 kbp amplicon including /igRKUJIABC and QKR; Precise
chromosomal duplication connects 1,722,699 (in quiA ACIAD_RS07910) and 1,724,607 (in
ACIAD _RS07915). Selected by high-level Kanamycin, POB37*

pBAC1415/Aatll X ACN1910

This study

ACN2041

ApcaHG; AACIAD_RS04410-ACIAD_RS04820;, quid:ligRKUJIABC51910; QKR51910;
SBF52041

EASy-derived POB37" isolate from evolving population of ACN1965 after 14 weeks with multiple
copies of a spontaneous new amplicon encompassing PCA-4,5 pathway and part of the QKR
cassette found by WGS and other mutations identified in genome (see Tables 2.2/2.3)

This study

ACN2106

ApcaUlJFBDCHG::lac-pcaK52106

Deletion of DNA containing native PCA degradation genes from 1,707,705 - 1,717,170" replaced
with pcaK controlled by the lac promoter. Screened for loss of the ability to grow on POB
pBAC1561 X ADP1

This study

ACN2118

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC52118; QKR52118

Insertion of PCA-4,5 pathway genes (4,681,539 — 4,688,831) from P. atlantica T6c NCBI entry
NC_008228 along with QKR cassette after 1,723,583" into strain without native PCA degradation
genes. Selected by KR

pBAC1461/Nsil X ACN2106

This study

ACN2119

ApcaUILJFBDCHG::lac-pcaK52106; ACIAD RS07700:ligRKUJIABC52119; QKR 52119
Insertion of PCA-4,5 pathway genes (4,681,539 — 4,688,831) from P. atlantica T6c NCBI entry
NC_008228 along with QKR cassette after 1,677,020 into strain without native PCA degradation
genes. Selected by KR pBAC1473/Nsil X ACN2106

This study

ACN2120

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910

Insertion of PCA-4,5 pathway genes (4,681,539 — 4,688,831) from P. atlantica T6c NCBI entry
NC_008228 along with QKR cassette after 1,723,583 into strain without native PCA degradation
genes. Selected by KR

pBAC1488/Nsil X ACN2106

This study

ACN2121

ApcaUIJFBDCHG::1ac-pcaK52106; ACIAD RS07700:/ligRKUJIABC52121; QKR52121
Insertion of PCA-4,5 pathway genes (4,681,539 — 4,688,831) from P. atlantica T6c NCBI entry
NC_008228 along with QKR cassette after 1,677,020 into strain without native PCA degradation
genes. Selected by KR

pBAC1489/Nsil X ACN2106

This study

ACN2126

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC52118; QKR52118 ; SBF51965
multiple chromosomal copies of a 11.5 kbp amplicon including /igRKUJIABC and QKR; Precise
chromosomal duplication connects 1,722,699 (in quiA ACIAD_RS07910) and 1,724,607 (in
ACIAD_RS07915). Selected by high-level Kanamycin, POB37*

pBAC1415/Aatll X ACN2118

This study

ACN2127

ApcaUIJFBDCHG::1ac-pcaK52106 quid:ligRKUJIABC52118; QKR52118; SBF51965

multiple chromosomal copies of a 11.5 kbp amplicon including /igRKUJIABC and QKR; Precise
chromosomal duplication connects 1,722,699 (in quiA ACIAD_RS07910) and 1,724,607 (in
ACIAD _RS07915). Selected by high-level Kanamycin, POB37*

pBAC1415/Aatll X ACN2118

This study

ACN2128

ApcaUIJFBDCHG::lac-pcaK52106 ; quiA:ligRKUJIABC52118; QKR52118; SBF51965
multiple chromosomal copies of a 11.5 kbp amplicon including /igRKUJIABC and QKR; Precise
chromosomal duplication connects 1,722,699 (in quiA ACIAD_RS07910) and 1,724,607 (in
ACIAD _RS07915). Selected by high-level Kanamycin, POB37*

pBAC1415/Aatll X ACN2118

This study

ACN2129

ApcaUIJFBDCHG::1ac-pcaK52106 ; ACIAD_RS07700:/igRKUJIABC52119; QKR 52119;
SBF52129

This study
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multiple chromosomal copies of a 12.8 kbp amplicon including /igRKUJIABC and QKR; Precise
chromosomal duplication connects 1,676,150 (in ACIAD RS07700) and 1,679,399 (in
ACIAD_RS07705). Selected by high-level Kanamycin, POB37*

pBAC1414/Aatll X ACN2119

ACN2130

ApcaUIJFBDCHG::1ac-pcaK52106 ; ACIAD_RS07700:ligRKUJIABC52119;, QKR 52119,
SBF52129

multiple chromosomal copies of a 12.8 kbp amplicon including /igRKUJIABC and QKR; Precise
chromosomal duplication connects 1,676,150 (in ACIAD RS07700) and 1,679,399 (in
ACIAD_RS07705). Selected by high-level Kanamycin, POB37*

pBAC1414/Aatll X ACN2119

This study

ACN2131

ApcaUIJFBDCHG::1ac-pcaK52106 ; ACIAD_RS07700:ligRKUJIABC52121; QKR 52121;
SBF52129

multiple chromosomal copies of a 12.8 kbp amplicon including /igRKUJIABC and QKR; Precise
chromosomal duplication connects 1,676,150 (in ACIAD RS07700) and 1,679,399 (in
ACIAD_RS07705). Selected by high-level Kanamycin, POB37*

pBAC1414/Aatll X ACN2121

This study

ACN2132

ApcaUIJFBDCHG::1ac-pcaK52106 ; ACIAD_RS07700:ligRKUJIABC52119;, QKR 52119,
SBF52129

multiple chromosomal copies of a 12.8 kbp amplicon including /igRKUJIABC and QKR; Precise
chromosomal duplication connects 1,676,150 (in ACIAD _RS07700) and 1,679,399 (in
ACIAD_RS07705). Selected by high-level Kanamycin, POB37*

pBAC1414/Aatll X ACN2119

This study

ACN2133

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR51910; SBF51965
multiple chromosomal copies of a 11.5 kbp amplicon including /igRKUJIABC and QKR; Precise
chromosomal duplication connects 1,722,699 (in quiA ACIAD_RS07910) and 1,724,607 (in
ACIAD_RS07915). Selected by high-level Kanamycin, POB37*

pBAC1415/Aatll X ACN2120

This study

ACN2134

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR51910; SBF51965
multiple chromosomal copies of a 11.5 kbp amplicon including /igRKUJIABC and QKR; Precise
chromosomal duplication connects 1,722,699 (in quiA ACIAD_RS07910) and 1,724,607 (in
ACIAD _RS07915). Selected by high-level Kanamycin, POB37*

pBAC1415/Aatll X ACN2120

This study

ACN2135

ApcaUIJFBDCHG::1ac-pcaK52106; quiA:ligRKUJIABC51910; QKR51910; SBF51965
multiple chromosomal copies of a 11.5 kbp amplicon including /igRKUJIABC and QKR; Precise
chromosomal duplication connects 1,722,699 (in quiA ACIAD_RS07910) and 1,724,607 (in
ACIAD _RS07915). Selected by high-level Kanamycin, POB37*

pBAC1415/Aatll X ACN2120

This study

ACN2401

D5H6-pcaK52401; ApcaUIFJBDKCHG52401

Deletion of pca genes (1,707,705 - 1,717,170)" replaced with the D5SH6 promoter controlling pcakK
(1,713,983 - 1,715,356)". Screened for loss of ability to grow on POB

pBAC1717/Aatll X ADP1°¢

This study

ACN2429

ApcaUIJFBDCHG::1ac-pcaK52106; quiA:ligRKUJIABC52118; QKR52118 ; SBF52126
EASy-derived POB37" isolate from evolving population of ACN2126 after 14 weeks with 12
copies of 11.5 kbp amplicon. Mutations identified in genome (see Tables 2.2/2.3)

This study

ACN2430

ApcaUILJFBDCHG::lac-pcaK52106 quid:ligRKUJIABC52118; QKR52118; SBF52127
EASy-derived POB37" isolate from evolving population of ACN2127 after 14 weeks with 14
copies of 11.5 kbp amplicon. Mutations identified in genome (see Tables 2.2/2.3)

This study

ACN2431

ApcaUIJFBDCHG::1ac-pcaK52106 ; quid:ligRKUJIABC52118; QKR52118; SBF52128
EASy-derived POB37" isolate from evolving population of ACN2128 after 14 weeks with 10
copies of 11.5 kbp amplicon. Mutations identified in genome (see Tables 2.2/2.3)

This study

ACN2432

ApcaUILJFBDCHG::lac-pcaK52106 ; ACIAD_RS07700:/ligRKUJIABC52119; QKR 52119;
SBF52129

EASy-derived POB37" isolate from evolving population of ACN2129 after 14 weeks with 13
copies of 11.5 kbp amplicon. Mutations identified in genome (see Tables 2.2/2.3)

This study

ACN2433

ApcaUIJFBDCHG::1ac-pcaK52106 ; ACIAD_RS07700:ligRKUJIABC52119;, QKR 52119;
SBF52130

EASy-derived POB37" isolate from evolving population of ACN2130 after 14 weeks with 15
copies of 11.5 kbp amplicon. Mutations identified in genome (see Tables 2.2/2.3)

This study

ACN2434

ApcaUIJFBDCHG::1ac-pcaK52106 ; ACIAD_RS07700:/igRKUJIABC52121; QKR 52121,
SBF52131

This study
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EASy-derived POB37" isolate from evolving population of ACN2131 after 14 weeks with 14
copies of 11.5 kbp amplicon. Mutations identified in genome (see Tables 2.2/2.3)

ACN2435

ApcaUIJFBDCHG::1ac-pcaK52106 ; ACIAD_RS07700:ligRKUJIABC52119;, QKR 52119;
SBF52132

EASy-derived POB37" isolate from evolving population of ACN2132 after 14 weeks with 6 copies
of 11.5 kbp amplicon. Mutations identified in genome (see Tables 2.2/2.3)

This study

ACN2436

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR51910; SBF52133
EASy-derived POB37" isolate from evolving population of ACN2133 after 14 weeks with 21
copies of 11.5 kbp amplicon. Mutations identified in genome (see Tables 2.2/2.3)

This study

ACN2437

ApcaUIJFBDCHG::1ac-pcaK52106; quiA:ligRKUJIABC51910; QKR51910; SBF52134
EASy-derived POB37" isolate from evolving population of ACN2134 after 14 weeks with 11
copies of 11.5 kbp amplicon. Mutations identified in genome (see Tables 2.2/2.3)

This study

ACN2438

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR51910; SBF52135
EASy-derived POB37" isolate from evolving population of ACN2135 after 14 weeks with 7 copies
of 11.5 kbp amplicon. Mutations identified in genome (see Tables 2.2/2.3)

This study

ACN2456

ApcaULJFBDCHG::lac-pcaK52106 ; quid:sacB-S®52456
PCA-4,5 amplicons including 1,721,686 — 1,724,335 replaced with sacB-S®
pBAC1777 Aatll X ACN2429

This study

ACN2457

ApcaUIJFBDCHG::1ac-pcaK52106 ; ACIAD_RS07700:sacB-SR52457
PCA-4,5 amplicons including 1,675,335 — 1,678,911" replaced with sacB-S®
pBAC1778 Aatll X ACN2432

This study

ACN2458

ApcaUIJFBDCHG::1ac-pcaK52106 ; ACIAD_RS07700:sacB-SR52457
PCA-4,5 amplicons including 1,675,335 — 1,678,911 replaced with sacB-S®
pBAC1778 Aatll X ACN2434

This study

ACN2459

ApcaULJFBDCHG::1ac-pcaK52106 ; quid:sacB-S®52456
PCA-4,5 amplicons including 1,721,686 — 1,724,335" replaced with sacB-S®
pBAC1777 Aatll X ACN2438

This study

ACN2462

ApcaUIJFBDCHG::1ac-pcaK52106 ; quid:sacB-SR52456
PCA-4,5 amplicons including 1,721,686 — 1,724,335" replaced with sacB-S®
pBAC1777 Aatll X ACN2431

This study

ACN2463

ApcaULJFBDCHG::1ac-pcaK52106 ; ACIAD_RS07700:sacB-SR52457
PCA-4,5 amplicons including 1,675,335 — 1,678,911 replaced with sacB-S®
pBAC1778 Aatll X ACN2435

This study

ACN2464

ApcaUIJFBDCHG::1ac-pcaK52106 ; ACIAD_RS07700:sacB-SR52457
PCA-4,5 amplicons including 1,675,335 — 1,678,911" replaced with sacB-S®
pBAC1778 Aatll X ACN2433

This study

ACN2535

ApcaUlJFBDCHG -lac-pcaK52106 ; ACIAD_RS07700.ligRKUJIABC52119,KX 52119
Single copy PCA-4,5 pathway replacing sacB-S® reintroducing 1,675,335 — 1,678,911°
pBAC1807 Sbfl X ACN2457

This study

ACN2536

ApcaUIJFBDCHG::1ac-pcaK52106 ; ACIAD_RS07700:/igRKUJIABC52119;KR 52119
Single copy PCA-4,5 pathway replacing sacB-S® reintroducing 1,675,335 — 1,678,911°
pBAC1807 Sbfl X ACN2458

This study

ACN2537

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC52118; QKR52118 Single copy PCA-4,5
pathway replacing sacB-S® reintroducing 1,721,686 — 1,724,335
pBAC1806 Sbfl X ACN2459

This study

ACN2538

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC52118; QKR52118 Single copy PCA-4,5
pathway replacing sacB-SR reintroducing 1,721,686 — 1,724,335P
pBAC1806 Sbfl X ACN2462

This study

ACN2539

ApcaUIJFBDCHG::lac-pcaK52106 ; ACIAD_RS07700:/ligRKUJIABC52119; QKR 52119
Single copy PCA-4,5 pathway replacing sacB-S® reintroducing 1,675,335 — 1,678,911°
pBAC1807 Sbfl X ACN2463

This study

ACN2540

ApcaUIJFBDCHG::1ac-pcaK52106 ; ACIAD _RS07700:ligRKUJIABC52119; QKR 52119
Single copy PCA-4,5 pathway replacing sacB-S® reintroducing 1,675,335 — 1,678,911°
pBAC1807 Sbfl X ACN2464

This study

ACN2711

ApcaUIJFBDCHG::lac-pcaK52106 ; ACIAD_RS07700:/ligRKUJIABC52119; QKR 52119
ACN2535 growing on POB overnight at 30 °C as a full patch; copy number 1

This study

ACN2712

ApcaUIJFBDCHG::1ac-pcaK52106 ; ACIAD _RS07700:ligRKUJIABC52119; QKR 52119
ACN2536 growing on POB overnight at 30 °C as a full patch; copy number 1

This study

ACN2713

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC52118; QKR52118 ACN2537 growing on
POB overnight at 30 °C as a full patch; copy number 1

This study

ACN2714

ApcaULJFBDCHG::lac-pcaK52106 ; ACIAD RS07700./igRKUJIABC52119; QKR 52119

This study
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ACN2539 growing on POB overnight at 30 °C as a full patch; copy number 1

ACN2718

ApcaUIJFBDCHG::1ac-pcaK52106 ; ACIAD RS07700:ligRKUJIABC52119; QKR 52119
ACN2540 growing on POB overnight at 30 °C as a full patch; copy number 1

This study

ACN2719

ApcaUIJFBDCHG::1ac-pcaK52106; quiA:ligRKUJIABC52118; QKR52118 ACN2538
spontaneous mutant growing on patch from POB plate at 30 °C #1; copy number 1.2

This study

ACN2720

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC52118; QKR52118 ACN2538
spontaneous mutant growing on patch from POB plate at 30 °C #2; copy number 3.5

This study

ACN2721

ApcaUIJFBDCHG::1ac-pcaK52106; quiA:ligRKUJIABC52118; QKR52118 ACN2538
spontaneous mutant growing on patch from POB plate at 30 °C #3; copy number 1.5

This study

ACN2756

ApcaHG; AACIAD RS04410-ACIAD RS04820; quid:ligRKUJIABC51910; QKX 51910;
tig::sacB-SR52756

sacB-SR interrupting tig after 520,256 in ACN1910 background

pBAC1881 Aatll X ACN1910

This study

ACN2757

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910, tig::sacB-S*52756
sacB-SR interrupting tig after 520,256 in ACN2120 background
pBAC1881 Aatll X ACN2120

This study

ACN2758

ApcaHG; AACIAD RS04410-ACIAD RS04820; quid.ligRKUJIABC51910; QKX 51910;
ptsP::sacB-SR52758

sacB-SR interrupting ptsP after 452,882 in ACN1910 background

pBAC1882 Aatll X ACN1910

This study

ACN2759

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910, ptsP::sacB-SR52758
sacB-SR interrupting ptsP after 452,882 in ACN2120 background
pBAC1882 Aatll X ACN2120

This study

ACN2769

ApcaHG; AACIAD RS04410-ACIAD RS04820; quid:ligRKUJIABC51910;, QKR 51910,
ptsP52041

ptsP52041 allele (Table 2.2) replacing sacB-S® in ACN1910 background

pBAC1873 Aatll/Ahdl X ACN2758

This study

ACN2770

ApcaUILJFBDCHG::lac-pcaK52106; quiA:ligRKUJIABC51910; QKR 51910; ptsP52041
ptsP52041 allele (Table X) replacing sacB-S® in ACN2120 background
pBAC1873 Aatll/Ahdl X ACN2759

This study

ACN2771

ApcaHG; AACIAD RS04410-ACIAD RS04820; quid:ligRKUJIABC51910;, QKR 51910,
1ig52041

tig52041 allele (Table 2.2) replacing sacB-S® in ACN1910 background

pBAC1872 Aatll/Ahdl X ACN2756

This study

ACN2772

ApcaUILJFBDCHG::lac-pcaK52106; quiA:ligRKUJIABC51910; QKR 51910, tig52041
tig52041 allele (Table 2.2) replacing sacB-S® in ACN2120 background
pBAC1872 Aatll/Ahdl X ACN2757

This study

ACN2815

ApcaHG; AACIAD RS04410-ACIAD RS04820; quid:ligRKUJIABC51910;, QKR 51910,
AptsP52815

AptsP (451,236 — 453,524P) in between start and stop codons replacing sacB-SR in ACN1910
background

pBAC1896 Aatll X ACN2758

This study

ACN2816

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910, AptsP52815
AptsP (451,236 — 453,524) in between start and stop codons replacing sacB-S® in ACN2120
background

pBAC1896 Aatll X ACN2759

This study

ACN2827

ApcaHG,; AACIAD_RS04410-ACIAD_RS04820;, quid:ligRKUJIABC51910; QKR 51910;
Atig52827

Atig (520,059 — 521,387") in between start and stop codons replacing sacB-S® in ACN1910
background

pBAC1897 Aatll X ACN2756

This study

ACN2828

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; Atig52827
Atig (520,059 — 521,387") in between start and stop codons replacing sacB-S® in ACN2120
background

pBAC1897 Aatll X ACN2757

This study

ACN2829

ApcaHG,; AACIAD_RS04410-ACIAD_RS04820, quid:ligRKUJIABC51910; QKR 51910;
tig52041; ptsP::sacB-SR52758

sacB-SR interrupting ptsP after 452,882 in ACN1910 background with tig52041 allele
pBAC1882 Aatll X ACN2771

This study

ACN2830

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; tig52041;
ptsP::sacB-SR52758

This study
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sacB-SR interrupting ptsP after 452,882 in ACN2120 background with tig52041 allele
pBAC1882 Aatll X ACN2772

ACN2831

ApcaHG; AACIAD_RS04410-ACIAD RS04820; quid:ligRKUJIABC51910; QKR 51910;
AptsP52815; tig::sacB-SR52756

sacB-SR interrupting tig after 520,256 in ACN2120 background with ApzsP

pBAC1881 Aatll X ACN2815

This study

ACN2832

ApcaUILJFBDCHG::lac-pcaK52106; quiA:ligRKUJIABC51910; QKR 51910; AptsP52815;
tig::sacB-SR52756

sacB-SR interrupting tig after 520,256" in ACN2120 background with ApzsP

pBAC1881 Aatll X ACN2816

This study

ACN2835

ApcaHG; AACIAD RS04410-ACIAD RS04820; quid:ligRKUJIABC51910;, QKR 51910,
tig52041; ptsP52041

tig52041 allele (Table 2.2) in ACN1910 background with ptsP52041 allele (Table 2.2)
pBAC1873 Aatll X ACN2829

This study

ACN2836

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910, tig52041; ptsP52041
ptsP52041 allele (Table 2.2) replacing sacB-S® in ACN2120 background with 7ig52041 allele
(Table 2.2)

pBAC1873 Aatll X ACN2830

This study

ACN2837

ApcaHG; AACIAD RS04410-ACIAD RS04820; quid:ligRKUJIABC51910;, QKR 51910,
AptsP52815; Atig52827

Atig (520,059 — 521,387P) in between start and stop codons in ACN1910 background with ApzsP
pBAC1897 Aatll X ACN2831

This study

ACN2838

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; AptsP52815;
Atig52827

Atig (520,059 — 521,387P) in between start and stop codons in ACN2120 background with AptsP
pBAC1897 Aatll X ACN2832

This study

ACN2839

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 52118; tig::sacB-SR52756
sacB-SR interrupting tig after 520,256" in ACN2118
pBAC1881 Aatll X ACN2118

This study

ACN2840

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 52118, ptsP::sacB-SR52758
sacB-SR interrupting ptsP after 452,882 in ACN2118 background
pBAC1882 Aatll X ACN2118

This study

ACN2841

ApcaHG; AACIAD_RS04410-ACIAD RS04820; quid:ligRKUJIABC51910; QKR 51910;
rppH::sacB-SR52841

sacB-SR upstream rppH (after 454,098") in ACN1910 background

pBAC1913 Aatll X ACN1910

This study

ACN2842

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 52118; rppH::sacB-S*52841
sacB-S® upstream rppH (after 454,098") in ACN2118 background
pBAC1913 Aatll X ACN2118

This study

ACN2843

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910, rppH::sacB-S*52841
sacB-SR upstream rppH (after 454,098") in ACN2120 background
pBAC1913 Aatll X ACN2120

This study

ACN2844

ApcaUILJFBDCHG::lac-pcaK52106; quiA:ligRKUJIABC51910;, QKR 52118;
ACIAD_RS12805::sacB-SR52844

sacB-SR interrupting ACIAD_RS12805 after 2,778,224 in ACN2118 background
pBAC1920 Aatll X ACN2118

This study

ACN2845

ApcaHG; AACIAD RS04410-ACIAD RS04820; quid:ligRKUJIABC51910;, QKR 51910,
ACIAD RS12805::sacB-SR52844

sacB-SR interrupting ACIAD_RS12805 after 2,778,224 in ACN1910 background
pBAC1920 Aatll X ACN1910

This study

ACN2846

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910;
ACIAD_RS12805::sacB-SR52844

sacB-SR interrupting ACIAD_RS12805 after 2,778,224 in ACN2120 background
pBAC1920 Aatll X ACN2120

This study

ACN2856

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 52118; tig52041
tig52041 allele (Table 2.2) replacing sacB-S® in ACN2118 background
pBAC1872 Bsal X ACN2839

This study

ACN2857

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 52118; Atig52827
Atig (520,059 — 521,387P) in between start and stop codons replacing sacB-S® in ACN2118
background

pBAC1897 Bsal X ACN2839

This study
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ACN2858

ApcaHG; AACIAD_RS04410-ACIAD_RS04820; quid:ligRKUJIABC51910; QKR51910;
rppH52438

rppH allele (Table 2.2) from ACN2438 replacing sacB-S® in ACN1910 background
pBAC1899 Bsal X ACN2841

This study

ACN2859

ApcaHG; AACIAD RS04410-ACIAD RS04820; quid:ligRKUJIABC51910;, QKR51910;
ArppHptsP2859

ArppHptsP (451,233 — 454,098) in ACN1910 background

pBAC1916 Bsal X ACN2841

This study

ACN2860

ApcaUILJFBDCHG::lac-pcaK52106; quiA:ligRKUJIABC51910; QKR 52118, rppH52438
rppH allele (Table X) from ACN2438 replacing sacB-S® in ACN2118 background
pBAC1899 Bsal X ACN2842

This study

ACN2861

ApcaUIJFBDCHG::1ac-pcaK52106; quiA:ligRKUJIABC51910; QKR 52118, ArppHptsP2859
ArppHptsP (451,233 — 454,098) in ACN2118 background
pBAC1916 Bsal X ACN2842

This study

ACN2862

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910, ArppHptsP2859
ArppHptsP (451,233 — 454,098) in ACN2120 background
pBAC1916 Bsal X ACN2843

This study

ACN2863

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 52118; groES52863
tre promoter controlling groES (inserted after 2,777,287%) in ACN2118 background
pBAC1919 Bsal X ACN2844

This study

ACN2864

ApcaHG; AACIAD_RS04410-ACIAD_RS04820; quid:ligRKUJIABC51910; QKR51910;
groES52434

groES52434 allele (Table 2.2) replacing sacB-S® in ACN1910 background

pBAC1904 Bsal X ACN2845

This study

ACN2865

ApcaHG; AACIAD RS04410-ACIAD RS04820; quid:ligRKUJIABC51910;, QKR51910;
groES52863

tre promoter controlling groES (inserted after 2,777,287%)in ACN1910 background
pBAC1919 Bsal X ACN2845

This study

ACN2866

ApcaUILJFBDCHG::lac-pcaK52106; quiA:ligRKUJIABC51910; QKR 51910, groES52434
groES52434 allele (Table 2.2) replacing sacB-S® in ACN2120 background
pBAC1904 Bsal X ACN2846

This study

ACN2867

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; groES52863
tre promoter controlling groES (inserted after 2,777,287%) in ACN2120 background
pBAC1919 Bsal X ACN2846

This study

ACN2868

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 52118; ptsP52041
ptsP52041 allele (Table 2.2) replacing sacB-S® in ACN2118 background
pBAC1873 Aatll X ACN2840

This study

ACN2869

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 52118; AptsP52815
AptsP (451,236 — 453,524) in between start and stop codons replacing sacB-S® in ACN2118
background

pBAC1896 Bsal X ACN2840

This study

ACN2870

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; rppH52438
rppH allele (Table 2.2) from ACN2438 replacing sacB-S® in ACN2120 background
pBAC1899 Bsal X ACN2843

This study

ACN2871

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 52118, groES52434
groES52434 allele (Table 2.2) replacing sacB-S® in ACN2118 background
pBAC1904 Bsal X ACN2844

This study

ACN2872

ApcaHG; AACIAD RS04410-ACIAD RS04820; quid:ligRKUJIABC51910; QKR 51910,
AptsP52815; ACIAD RS12805::sacB-SR52844

sacB-SR interrupting ACIAD RS12805 after 2,778,224 in ACN1910 background with ApzsP
pBAC1920 Aatll X ACN2815

This study

ACN2873

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; AptsP52815;
ACIAD RS12805::sacB-S?52844

sacB-SR interrupting ACIAD RS12805 after 2,778,224 in ACN2120 background with ApzsP
pBAC1920 Aatll X ACN2816

This study

ACN2875

ApcaHG,; AACIAD_RS04410-ACIAD_RS04820, quid:ligRKUJIABC51910; QKR 51910;
AptsP52815; groES52863

tre promoter controlling groES (inserted after 2,777,287%) in ACN1910 background with AptsP
pBAC1919 Bsal X ACN2872

This study

ACN2876

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; AptsP52815;
groES52863

This study
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tre promoter controlling groES (inserted after 2,777,287%) in ACN2120 background with ApzsP
pBAC1919 Bsal X ACN2873

ACN2877

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 52118; Atig52827
ptsP::sacB-SR52758

sacB-SR interrupting ptsP after 452,882 in ACN2118 background with Atig

pBAC1882 Aatll X ACN2857

This study

ACN2878

ApcaHG; AACIAD RS04410-ACIAD RS04820; quid:ligRKUJIABC51910; QKR51910;
rppH52438; ACIAD _RS12805::sacB-SR52844

sacB-SR interrupting ACIAD_RS12805 after 2,778,224 in ACN1910 background with rppH52438
allele

pBAC1920 Aatll/Ahdl X ACN2858

This study

ACN2879

ApcaHG; AACIAD RS04410-ACIAD RS04820; quid:ligRKUJIABC51910; QKR51910;
ArppHptsP2859; ACIAD RS12805::sacB-SR52844

sacB-SR interrupting ACIAD_RS12805 after 2,778,224 in ACN1910 background with ArppHpisP
pBAC1920 Aatll/Ahdl X ACN2859

This study

ACN2880

ApcaUILJFBDCHG::lac-pcaK52106; quiA:ligRKUJIABC51910; QKR 52118, rppH52438;
ACIAD RS12805::sacB-S?52844

sacB-S® interrupting ACIAD_RS12805 after 2,778,224 in ACN2118 background with rppH52438
pBAC1920 Aatll/Ahdl X ACN2860

This study

ACN2881

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; ArppHptsP2859;
ACIAD _RS12805::sacB-SR52844

sacB-SR interrupting ACIAD_RS12805 after 2,778,224 in ACN2120 background with ArppHptsP
pBAC1920 Aatll/Ahdl X ACN2862

This study

ACN2882

ApcaULJFBDCHG::1ac-pcaK52106; quiA:ligRKUJIABC51910; QKR 51910, rppH52438;
ACIAD RS12805::sacB-S?52844

sacB-S® interrupting ACIAD_RS12805 after 2,778,224 in ACN2120 background with rppH52438
pBAC1920 Aatll/Ahdl X ACN2870

This study

ACN2883

ApcaHG; AACIAD RS04410-ACIAD RS04820; quid:ligRKUJIABC51910; QKR 51910,
AptsP52815; Atig52827;, ACIAD_RS12805::sacB-SR52844

sacB-SR interrupting ACIAD RS12805 after 2,778,224 in ACN1910 background with AptsP and
Atig

pBAC1920 Aatll/Ahdl X ACN2837

This study

ACN2884

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 52118; ArppHptsP2859;
ACIAD RS12805::sacB-SR52844

sacB-SR interrupting ACIAD_RS12805 after 2,778,224 in ACN2118 background with ArppHpisP
pBAC1920 AatIl/Ahdl X ACN2861

This study

ACN2885

ApcaUILJFBDCHG::lac-pcaK52106; quiA:ligRKUJIABC51910; QKR 51910; AptsP52815;
Atig52827; ACIAD RS12805::sacB-SR52844

sacB-SR interrupting ACIAD_RS12805 after 2,778,224 in ACN2120 background with AptsP and
Atig

pBAC1920 Aatll/Ahdl X ACN2838

This study

ACN2886

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 52118; groES52863;
Jbp::sacB-SR52886

sacB-SR replacing fbp (1,019,799 — 1,020,128) in between start and stop codons in ACN2118
background with #rc¢ promoter controlling groES

pBAC1933 Aatll/Ahdl X ACN2863

This study

ACN2887

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; ptsP52041;
fbp::sacB-SR52886

sacB-SR replacing fbp (1,019,799 — 1,020,128) in between start and stop codons in ACN2120
background with ptsP52041

pBAC1933 Aatll/Ahdl X ACN2770

This study

ACN2888

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; AptsP52815;
fbp::sacB-SR52886

sacB-SR replacing fbp (1,019,799 — 1,020,128") in between start and stop codons in ACN2120
background with AptsP

pBAC1933 Aatll/Ahdl X ACN2816

This study

ACN2889

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; tig52041;
ptsP52041; fbp::sacB-SR52886

sacB-SR replacing fbp (1,019,799 — 1,020,128) in between start and stop codons in ACN2120
background with ptsP52041 and tig52041

pBAC1933 Aatll/Ahdl X ACN2836

This study
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ACN2890

ApcaUIJFBDCHG::lac-pcaK52106; quiA:ligRKUJIABC51910; QKR 51910; AptsP52815;
Atig52827; fbp::sacB-SR52886

sacB-SR replacing fbp (1,019,799 — 1,020,128) in between start and stop codons in ACN2120
background with AptsP and Atig

pBAC1933 Aatll/Ahdl X ACN2838

This study

ACN2891

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; AptsP52815;
groES52863; fbp::sacB-SR52886

sacB-SR replacing fbp (1,019,799 — 1,020,128) in between start and stop codons in ACN2120
background with Ap#sP and frc promoter controlling groES

pBAC1933 Aatll/Ahdl X ACN2876

This study

ACN2892

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; groES52863;
fbp::sacB-SR52886

sacB-SR replacing fbp (1,019,799 — 1,020,128") in between start and stop codons in ACN2120
background with #rc promoter controlling groES

pBAC1933 Aatll/Ahdl X ACN2867

This study

ACN2903

ApcaUILJFBDCHG::lac-pcaK52106; quiA:ligRKUJIABC51910; QKR 52118; groES52863;
Afbp52903

Afbp (1,019,799 — 1,020,128P) in between start and stop codons replacing sacB-S® in ACN2118
background with frc promoter controlling groES

pBAC1932 Aatll/Ahdl X ACN2886

This study

ACN2904

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; ptsP52041;
Afbp52903

Afbp (1,019,799 — 1,020,128P) in between start and stop codons replacing sacB-S® in ACN2120
background with ptsP52041

pBAC1932 Aatll/Ahdl X ACN2887

This study

ACN2905

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; AptsP52815;
Afbp52903

Afbp (1,019,799 — 1,020,128P) in between start and stop codons replacing sacB-S® in ACN2120
background with AptsP

pBAC1932 Aatll/Ahdl X ACN2888

This study

ACN2906

ApcaUILJFBDCHG::lac-pcaK52106; quiA:ligRKUJIABC51910; QKR 51910; tig52041;
ptsP52041; Afbp52903

Afbp (1,019,799 — 1,020,128P) in between start and stop codons replacing sacB-S® in ACN2120
background with ptsP52041 and tig52041

pBAC1932 Aatll/Ahdl X ACN2889

This study

ACN2907

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; AptsP52815;
Atig52827; Afbp52903

Afbp (1,019,799 — 1,020,128P) in between start and stop codons replacing sacB-S® in ACN2120
background with AptsP and Atig

pBAC1932 Aatll/Ahdl X ACN2890

This study

ACN2908

ApcaULJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; AptsP52815;
groES52863; Afbp52903

Afbp (1,019,799 — 1,020,128P) in between start and stop codons replacing sacB-S® in ACN2120
background with AptsP and frc promoter controlling groES

pBAC1932 Aatll/Ahdl X ACN2891

This study

ACN2909

ApcaUIJFBDCHG::1ac-pcaK52106; quid:ligRKUJIABC51910; QKR 51910; groES52863;
Afbp52903

Afbp (1,019,799 — 1,020,128P) in between start and stop codons replacing sacB-S® in ACN2120
background with #rc¢ promoter controlling groES

pBAC1932 Aatll/Ahdl X ACN2892

This study

a. A. baylyi strains were derived from ADP1, previously known as Acinetobacter calcoaceticus

or Acinetobacter sp. (81)

b. Bold numbers correspond to positions on the ADP1 chromosome in NCBI entry NC_005966.
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c. Underlined text indicates the donor DNA and, where relevant, the restriction enzyme used to
linearize a plasmid (pBAC number/Enzyme). The donor DNA was used to transform (X) the

indicated recipient strain.

Table 2.8: Plasmids used in Chapter 2 study

Plasmid Relevant Characteristics Source
pUC18 ApR; cloning vector (82)
pUCI9 ApR; cloning vector (82)
pUI1637 ApR, K&; source of QKR cassette (46)

pBAC1393 Plasmid for inserting lig genes into location 1. Fragment upstream location 1 (MTV580 and This Study
MTV581) and downstream (MTV582 and MTV583) and pUC18 cut with Sacl and Pstl
assembled by NEBuilder

pBAC1397 Plasmid for inserting lig genes into location 2. Fragment upstream location 2 (MTV568 and This Study
MTV609) and downstream (MTV569 and MTV608) and pUC18 (MTV570 and MTV571)
assembled by NEBuilder

pBAC1396 Plasmid for inserting /ig genes into location 1 with Km resistance marker. Constructed by This Study
enzyme restriction and ligation of QKR cassette cut from pUI1637 with Sacl and Xmnl
inserted into pBAC1393 cut with Sacl

pBAC1399 Plasmid for inserting /ig genes into location 2 with Km resistance marker. Constructed by This Study
enzyme restriction and ligation of QKR cassette cut from pUI1637 with Sacl inserted into
pBAC1397 cut with Sacl
pBAC1414 Synthetic bridging fragment for ACIAD RS07700 and ACIAD RS07705 This Study
pBAC1415 Synthetic bridging fragment for quid (ACIAD RS07910) and ACIAD RS07915 This Study
pBAC1461 Predicted PCA-4,5 pathway PCR amplified with SRB11 and SRB12 from P. atlantica This Study

digested with Avrll and PspOMI inserted into pBAC1396 digested with Spel and PspOMI to
insert pathway downstream quiA on leading strand of 4. baylyi chromosome

pBAC1473 Predicted PCA-4,5 pathway PCR amplified with SRB11 and SRB12 from P. atlantica This Study
digested with Avrll and PspOMI inserted into pBAC1399 digested with Spel and PspOMI to
insert pathway downstream ACIAD RS07700 on leading strand of 4. baylyi chromosome
pBAC1478 pBAC1396 digested with Sacl and relegated to put QKR in reverse direction (on lagging This Study
strand of 4. baylyi chromosome)

pBAC1484 pBAC1399 digested with Sacl and relegated to put QKR in reverse direction (on lagging
strand of 4. baylyi chromosome)

pBAC1488 Predicted PCA-4,5 pathway from P. atlantica on pBAC1461 digested with Notl and PspOMI | This Study
inserted into pPBAC1478 digested with Notl and PspOMI to insert pathway downstream quiA
on lagging strand of 4. baylyi chromosome

pBAC1489 Predicted PCA-4,5 pathway from P. atlantica on pBAC1473 digested with Notl and PspOMI | This Study
inserted into pBAC1484 digested with Notl and PspOMI to insert pathway downstream
ACIAD RS07700 on lagging strand of 4. baylyi chromosome

pBACI1548 ApR, SR, source of sacB-SR cassette (83)
pBAC1561 lac promoter controlling pcaK replacing pcaUIJFBDCHG made by NEBuilder of fragments This Study
for DNA upstream pca operon (SRB47 and SRB48), lac promoter (SRB49 and SRB50), pcaK
(SRB51 and SRB52), DNA downstream pca operon (SRB53 and SRB54), and pUC19
(digested with BamHI and Sall).

pBAC1702 pcaK and mCherry controlled by DSH6 promoter after ACIAD RS07840 (12)
pBAC1717 pcaK controlled by DSH6 promoter after ACIAD RS07840 made by self-closure of PCR This Study
fragment pBAC1702 amplified with SRB233 and SRB234
pBAC1773 Deletion of amplicons from quiA site plasmid removing all chromosomal DNA included in This Study
SBF to avoid knocking out only some of the amplicons. Made by E. coli assembly of PCR
fragments pUC19 (SRB346 and SRB347), upstream DNA (SRB348 and SRB349),
downstream fragments (SRB350 and SRB351) with BamHI site engineered in between
upstream and downstream.
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pBAC1774

Deletion of amplicons from ACIAD RS07700 site plasmid removing all chromosomal DNA
included in SBF to avoid knocking out only some of the amplicons. Generated by E. coli
assembly of PCR fragments pUC19 (SRB352 and SRB353), upstream DNA (SRB354 and
SRB355), downstream fragments (SRB356 and SRB357) with BamHI site engineered in
between upstream and downstream.

This Study

pBAC1777

sacB-SR interrupting and replacing quid through ACIAD RS07915 to knockout multiple
amplicons of PCA-4,5 pathway. sacB-S® from pBAC1548 ligated into BamHI site of
pBAC1773

This Study

pBAC1778

sacB-SR interrupting and replacing ACIAD RS07695 through ACIAD RS07705 to knockout
multiple amplicons of PCA-4,5 pathway. sacB-S® from pBAC1548 ligated into BamHI site of
pBAC1773

This Study

pBACI806

Same as pPBAC1461 but with more homology to the ADP1 chromosome. Made by E. coli
assembly with PCR fragments of PCA-4,5 pathway from pBAC1461 (SRB409 and SRB410)
and pPBAC1777 backbone (SRB411 and SRB412)

This Study

pBAC1807

Same as pPBAC1473 but with more homology to the ADP1 chromosome. Made by E. coli
assembly with PCR fragments of PCA-4,5 pathway from pBAC1461 (SRB413 and SRB414)
and pPBAC1777 backbone (SRB415 and SRB416)

This Study

pBACI872

tig52041 allele in pUC19. Made by E. coli assembly of PCR fragments tig52041 (SRB560
and SRB561) and pUCI19 (SRB562 and SRB563)

This Study

pBAC1873

ptsP52041 allele in pUC19. Made by E. coli assembly of PCR fragments ptsP52041 (SRB546
and SRB547) and pUC19 (SRB548 and SRB549)

This Study

pBAC1881

sacB-SR interrupting fig. sacB-S® from pBAC1548 cut with EcoRV and Sfol and ligated into
Hpal site of pBAC1872

This Study

pBAC1882

sacB-S® interrupting ptsP. sacB-S® from pBAC1548 cut with EcoRV and Sfol and ligated
into EcoRV site of pPBAC1873

This Study

pBAC1896

AptsP in pUC19. Made by E. coli assembly removing ptsP in between start and stop codons
from pBAC1873 (SRB659 and SRB660)

This Study

pBAC1897

Atig in pUC19. Made by E. coli assembly removing tig in between start and stop codons from
pBAC1872 (SRB661 and SRB662)

This Study

pBAC1898

rppHptsP in pUCI19. Made by E. coli assembly of PCR fragments rppH and ptsP (SRB663
and SRB664) and pUC19 (SRB665 and SRB666)

This Study

pBAC1899

rppH52438 in pUC19. Made by E. coli assembly of PCR fragments rppH52438 (SRB663 and
SRB664) and pUC19 (SRB665 and SRB666)

This Study

pBAC1903

groES in pUCI19. Made by E. coli assembly of PCR fragments groES (SRB722 and SRB727)
and pUC19 (SRB728 and SRB729)

This Study

pBAC1904

groES52434 in pUC19. Made by E. coli assembly of PCR fragments groES52434 (SRB722
and SRB727) and pUC19 (SRB728 and SRB729)

This Study

pBAC1913

sacB-SR upstream rppH. Made by E. coli assembly of PCR fragments sacB-SR from
pBAC1548 (SRB688 and SRB689) and the backbone from pBAC1899 (SRB690 and
SRB691)

This Study

pBACI916

ArppHptsP in pUC 19. Made by E. coli assembly removing rppH and ptsP in between start
codon of rppH and stop codon of ptsP from pPBAC1898 (SRB667 and SRB668)

This Study

pBACI919

tre promoter controlling groES. Made by E. coli assembly of PCR fragments trc promoter
from pPBAC1660 (SRB724 and SRB725) and pBAC1903 backbone (SRB723 and SRB726)

This Study

pBAC1920

sacB-SR interrupting ACIAD_RS12805. sacB-S®R from pBAC1548 cut with Xbal and ligated
into Xbal site of pPBAC1903

This Study

pBAC1932

Afbp in between start and stop codons in pUC19. Made by E. coli assembly of PCR fragments
pUC19 (SRB739 and SRB740), upstream fbp (SRB741 and SRB737), and downstream fbp
(SRB738 and SRB742)

This Study

pBAC1933

sacB-SR replacing fbp. Make by E. coli assembily of PCR fragments from sacB-S®
pBAC1548 (SRB743 and SRB744), pUC19 (SRB739 and SRB740), upstream fbp (SRB741
and SRB746), and downstream fbp (SRB745 and SRB742)

This Study

Table 2.9: Primers used in Chapter 2 study

Primer Sequence Use
MTV274 | GCTCGACGCCTTCTATTTCAA pPCR for rpo4
MTV275 | TTTACGTCGCATTCTATTGTCTTCTT pPCR for rpo4
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MTV302 | GCGTTGGCTACCCGTGATA pPCR for QKR
MTV303 | GGAAGCGGTCAGCCCATT pPCR for QKR
MTV568 | CCATGATTACGAATTCATGACACCAGCTTGCA | Amplify upstream insertion location 2 for plasmid
AATTAC cloning with MTV609. Overlaps pUC18
MTV569 | TTGCATGCCTGCAGTTAGCCACAGTTCAAATGT | Amplify downstream insertion location 2 for plasmid
GCTT cloning with MTV608. Overlaps pUC18
MTV570 | CATTTGAACTGTGGCTAACTGCAGGCATGCAA | Amplify pUCIS for location 2 plasmid cloning with
GCTT MTV571
MTV571 | TGCAAGCTGGTGTCATGAATTCGTAATCATGG | Amplify pUCIS for location 2 plasmid cloning with
MTV570
MTV580 | CCATGATTACGAATTCTTGAAAGTATGGTGTTT | Amplify upstream insertion location 1 for plasmid
TATA cloning with MTV581. Overlaps pUC18
MTV581 | TTAAGCGATTGAAGAGCTCTTATTTTTCAAGGG | Amplify upstream insertion location 1 for plasmid
CA cloning with MTV580. Overlaps downstream fragment
with engineered Sacl site
MTV582 | TTGAAAAATAAGAGCTCTTCAATCGCTTAAAA | Amplify downstream insertion location 1 for plasmid
AAAAGGGAC cloning with MTV583. Overlaps upstream fragment
with engineered Sacl site
MTV583 | CAAGCTTGCATGCATGGGTACCAATATATC Amplify downstream insertion location 1 for plasmid
cloning with MTV582. Overlaps pUC18
MTV595 | TTGTTGTTTCAGCAGGTGGTG Sequence confirmation and PCR verification P.
atlantica PCA-4,5 pathway. Sits in quid
MTV608 | CAGTGATTAGATAGTTGAGCTCTTAGTTAATGC | Amplify downstream insertion location 2 for plasmid
CATAGCACTGCTT cloning with MTV569. Overlaps upstream fragment
with engineered Sacl site
MTV609 | CTATGGCATTAACTAAGAGCTCAACTATCTAA | Amplify upstream insertion location 2 for plasmid
TCACTGAAATTTTTATTC cloning with MTV568. Overlaps downstream fragment
with engineered Sacl site
SRB11 GAGTCACCTAGGATCTCATCAAACCGTAGCG Amplify predicted PCA-4,5 pathway from P. atlantica
with SRB12. Sits in ligR
SRB12 GATGATAGGGCCCTTATACAAGTTGCTGTTCA Amplify predicted PCA-4,5 pathway from P. atlantica

AGGTC

with SRB11. Sits in ligC

SRB13 TTTTCGCTGAACTATCTCAAGGTC Sequence confirmation and PCR verification P.
atlantica PCA-4,5 pathway. Sits in /igR

SRB14 GCAACGAGGCACAATTTCAGT Sequence confirmation and PCR verification P.
atlantica PCA-4,5 pathway. Sits in /igR

SRBI15 CATTATAGAAAAAACTAATGGTGAGTGTCAT Sequence confirmation and PCR verification P.
atlantica PCA-4,5 pathway. Sits in /igR

SRB16 CCAAAGTAGAGCAACGCATG Sequence confirmation and PCR verification P.
atlantica PCA-4,5 pathway. Sits in ligK

SRB17 TGCAGCACCAGTCTTAATTGATTT Sequence confirmation and PCR verification P.
atlantica PCA-4,5 pathway. Sits in ligJ

SRBI18 AGACACTTTAGACCCGCAG Sequence confirmation and PCR verification P.
atlantica PCA-4,5 pathway. Sits in ligJ

SRBI19 GTTTCATTATTCCACATGGCGG Sequence confirmation and PCR verification P.
atlantica PCA-4,5 pathway. Sits in ligU

SRB20 TGCTGGCTTCCAATGGTC Sequence confirmation and PCR verification P.
atlantica PCA-4,5 pathway. Sits in lig/

SRB21 TGGCCTGAACAGAGCATTAAA Sequence confirmation and PCR verification P.
atlantica PCA-4,5 pathway. Sits in lig/

SRB22 TAAGGCGACCACTTCAACATC Sequence confirmation and PCR verification P.
atlantica PCA-4,5 pathway. Sits in ligC

SRB23 GGGTTCTGAAGGTGTTGAGTT Sequence confirmation and PCR verification P.
atlantica PCA-4,5 pathway. Sits in ligB

SRB47 TACGAATTCGAGCTCGGTACCCGGGGGAATTC | Amplify DNA upstream pca operon. Sits in pUC19 and

ATGGTAATGCAAC ACIAD RS07835

SRB48 GAGGCTTTTGACTTTAATCGAAGTTTGGTTGC Amplify DNA upstream pca operon. Sits in tonB
terminator and ACIAD_RS07840

SRB49 AAACTTCGATTAAAGTCAAAAGCCTCCGGTC Amplify lac promoter. Sits in ACIAD_RS07840 and

tonB terminator
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SRBS50 TTGCCTCCTTAGGCATAGCTGTCCTCCTCTCTA | Amplify lac operon. Sits in pcaK and lac promoter
GAG
SRB82 TAAGTCAAGTTGCGATTATGCCCGT Sequence confirmation and PCR verification P.
atlantica PCA-4,5 pathway. Sits in ACIAD RS07700
SRB233 | CAACTTGAATTTTTGACTATGGAACGGGCCGT Amplify pBAC1702 sits in pcaK and intergenic region
A between ACIAD RS07840 and ACIAD RS07845
SRB234 | CAAAAATTCAAGTTGCATCTGTATGTGCAACA | Amplify pPBAC1702 sits in pcaK and intergenic region
AG between ACIAD RS07840 and ACIAD RS07845
SRB346 | GCTACCGGGTCGCGTGCCGTACCCCCTGCAGG | Amplify pUCI19. Sits in pUC19 and ACIAD_RS07930
CATGCAAGCTTGG
SRB347 | AGTTTCTGCCGCAGCAAAACGGTACCGAGCTC | Amplify pUCI19. Sits in pUC19 and ACIAD_RS07900
GAATTCAC
SRB348 | GGCCAGTGAATTCGAGCTCGGTACCGTTTTGCT | Amplify DNA upstream PCA-4,5 amplicon. Sits in
GCGGCAG pUC19 and ACIAD RS07900
SRB349 | ATATTCAATATCACAAGGATCCTTACCATAAT Amplify DNA upstream PCA-4,5 amplicon. Sits in
GATCCCAATTTACCTGTT ACIAD_RS07915 and ACIAD_RS07910 separated by
engineered BamHI site
SRB350 | TGGGATCATTATGGTAAGGATCCTTGTGATATT | Amplify DNA downstream PCA-4,5 amplicon. Sits in
GAATATCTGGATTGCTC ACIAD RS07915 and ACIAD_RS07910 separated by
engineered BamHI site
SRB351 | GATTACGCCAAGCTTGCATGCCTGCAGGGGGT | Amplify DNA upstream PCA-4,5 amplicon. Sits in
ACGGCACGCG pUC19 and ACIAD RS07930
SRB352 | AAAAAGCGATGCGGCATCCAGTAACCCTGCAG | Amplify pUCI19. Sits in pUC19 and ACIAD_RS07730
GCATGCAAGCTTG
SRB353 | CAGGCGCCTTCCCTGCATATTGTGGTACCGAG | Amplify pUC19. Sits in pUC19 and ACIAD_RS07680
CTCGAATTCACTGG
SRB354 | CCAGTGAATTCGAGCTCGGTACCACAATATGC | Amplify DNA upstream PCA-4,5 amplicon. Sits in
AGGGAAGGCGCCTG pUC19 and ACIAD RS07680
SRB355 | CCCATAGCAACACTCTAGACTTAATGATTTATC | Amplify DNA upstream PCA-4,5 amplicon. Sits in
TTCATCTTTCTGCAAAG ACIAD_RS07705 and ACIAD_RS07695 separated by
engineered BamHI site
SRB356 | AAGATGAAGATAAATCATTAAGTCTAGAGTGT | Amplify DNA downstream PCA-4,5 amplicon. Sits in
TGCTATGGGGGATATTCG ACIAD_RS07705 and ACIAD_RS07695 separated by
engineered BamHI site
SRB357 | TACGCCAAGCTTGCATGCCTGCAGGGTTACTG | Amplify DNA upstream PCA-4,5 amplicon. Sits in
GATGCCGCATCGC pUC19 and ACIAD RS07730
SRB409 | AAGTCTCACATCATATTGAAAGTATGGTGTTTT | Amplify quiA for cloning
ATACTTGGGCTG
SRB410 | TTTTAAGAGAAATATATGGGTACCAATATATC | Amplify ACIAD_RS07915 for clonging
TGGAATGATTTTTAAATG
SRB411 | CCCATATATTTCTCTTAAAATTTCTATAAAATA | Amplify ACIAD_RS07915 for clonging
ATTTACTAATAAGTTGC
SRB412 | AAAACACCATACTTTCAATATGATGTGAGACT | Amplify quiA for cloning
TTTCTTGAGGGTC
SRB413 | TATTTTGGCTTTAGATAGACAATGACACCAGCT | Amplify ACIAD_RS07695 for cloning
TGCAAATTACTTAAAAC
SRB414 | TTTATAGATAATGTTCAGTCATTAGCCACAGTT | Amplify ACIAD_RS07705 for cloning
CAAATGTGCTTG
SRB415 | AACTGTGGCTAATGACTGAACATTATCTATAA | Amplify ACIAD_RS07705 for cloning
AACTGATTCATTTAATTG
SRB416 | GGTGTCATTGTCTATCTAAAGCCAAAATAAAT | Amplify ACIAD_RS07695 for cloning
TTAATTATAAGTTCTTTC
SRB546 | AAAACGACGGCCAGTGAATTCGAGATGATGAC | Amplify ptsP and clone into pUC19. Sits in pUC19
AAGGATACCCGATCAGTC and ACIAD RS02080
SRB547 | AACAGCTATGACCATGATTACGCCAAGATGAT | Amplify ptsP and clone into pUC19. Sits in pUC19
CGACTCAGAAGGTTTCCG and nudH
SRB548 | GGGTCGGAAACCTTCTGAGTCGATCATCTTGG Amplify ptsP and clone into pUC19. Sits in pUC19
CGTAATCATGGTCATAGC and nudH
SRB549 | ATCAGACTGATCGGGTATCCTTGTCATCATCTC | Amplify ptsP and clone into pUC19. Sits in pUC19

GAATTCACTGGCCGTCG

and ACIAD_RS02080
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SRB560 | AACGACGGCCAGTGAATTCGAGAAGACCCAA Amplify tig and clone into pUC19. Sits in pUC19 and
ATCAGTACTTTGATCACTG ACIAD RS02495

SRB561 | ATGATTACGCCAAGTTATGCAGATTTAGAATC | Amplify tig and clone into pUCI9. Sits in pUC19 and
AATGACCTTTAAATCAGC clpX

SRB562 | AAGGTCATTGATTCTAAATCTGCATAACTTGGC | Amplify #ig and clone into pUC19. Sits in pUC19 and
GTAATCATGGTCATAGC clpX

SRB563 | TACAGTGATCAAAGTACTGATTTGGGTCTTCTC | Amplify fig and clone into pUC19. Sits in pUC19 and
GAATTCACTGGCCGTCG ACIAD RS02495

SRB659 | ATTTACATGGATGCATACTCCAAAATTT Remove ptsP between start and stop codons

SRB660 | CCATGTAAATTAGGCTTCATCAGAAAAGGGCA | Remove ptsP between start and stop codons

SRB661 | CCATGTAATTCTGGATCGTAAAAAAGGCG Remove tig between start and stop codons

SRB662 | AATTACATGGCTTCCTCGATAAATTAGG Remove tig between start and stop codons

SRB663 | GACGGCCAGTGAATTCGAGATGATGACAAGGA | Amplify rppH52438 and clone into pUC19. Sits in
TACCCGATCAGTC pUC19 and ACIAD RS02080

SRB664 | GCTATGACCATGATTACGCCAAGATGAGTATC | Amplify rppH52438 and clone into pUC19. Sits in
CCCTTTTCTCGCT pUC19 and ACIAD_RS02100

SRB665 | AGCGAGAAAAGGGGATACTCATCTTGGCGTAA | Amplify rppH52438 and clone into pUC19. Sits in
TCATGGTCATAGC pUC19 and ACIAD RS02100

SRB666 | ACTGATCGGGTATCCTTGTCATCATCTCGAATT | Amplify rppH52438 and clone into pUC19. Sits in
CACTGGCCGTCG pUC19 and ACIAD RS02080

SRB688 | GTCGGAAACCTTCTGAGTCGATCATCGATACC | Insert sacB-S® upstream rppA. Sits in sacB-S® and
GTCGACCTCGA rppA

SRB689 | ATATTGATAAATTTTAGGTAGCCAAGCCCATG | Insert sacB-SR upstream rppA. Sits in sacB-SR and
CAACAGAAACTAT upstream rppA

SRB690 | AGTTTCTGTTGCATGGGCTTGGCTACCTAAAAT | Insert sacB-SR upstream rppA. Sits in sacB-S® and
TTATCAATATCGTTGAC upstream rppA

SRB691 | TCGAGGTCGACGGTATCGATGATCGACTCAGA | Insert sacB-S® upstream rppA. Sits in sacB-S® and
AGGTTTCCGAC rppA

SRB692 | CTAATTTGGCTACCTAAAATTTATCAATATCGT | Remove rppH and ptsP between start and stop codons
TGAC

SRB693 | GCCAAATTAGGCTTCATCAGAAAAGGGCAAAT | Remove rppH and ptsP between start and stop codons
C

SRB722 | CGACGGCCAGTGAATTCGAGATGCTCAAACCA | Amplify groES52434 and clone into pUC19. Sits in
TTATCTATCATTTATAAC pUC19 and ACIAD RS12810

SRB723 | AGCCTCCGACCGGAGGCTTTTGACTAAATAAC | Amplify pPBAC1903 backbone and insert #c promoter.
TCCATCAGACTAAGTCTA Sits in fonB terminator and downstream

ACIAD RS12805

SRB724 | AGCCTCCGGTCGGAGGCTTTTGACTGCGCAAC | Amplify pPBAC1660 trc promoter. Sits in tonB
GCAATTAATGTGAG terminator and ¢#rc promoter

SRB725 | TAATGGACGAATGTTGCTCATGGTCTGTTTCCT | Amplify pBAC1660 trc promoter. Sits in #r¢ promoter
GTGTGAAATTGTTATCC and groES

SRB726 | AACAATTTCACACAGGAAACAGACCATGAGCA | Amplify pPBAC1903 backbone and insert #rc promoter.
ACATTCGTCCATTACATG Sits in ¢rc promoter and groES

SRB727 | TATGACCATGATTACGCCAAGTTGTTCTGCGA Amplify groES52434 and clone into pUC19. Sits in
AATTGTAATGAACCAATC pUC19 and ACIAD RS12790

SRB728 | TTGGTTCATTACAATTTCGCAGAACAACTTGGC | Amplify groES52434 and clone into pUC19. Sits in
GTAATCATGGTCATAGC pUC19 and ACIAD_RS12790

SRB729 | GTTATAAATGATAGATAATGGTTTGAGCATCT Amplify groES52434 and clone into pUC19. Sits in
CGAATTCACTGGCCGTCG pUC19 and ACIAD RS12810

SRB737 | GTTTACATAGCATGTCTACCTTTAATATAAATT | Amplify upstream fbp. Sits in downstream fbp and
CTGTC upstream fbp

SRB738 | CTATGTAAACCAGGATTATAAAAAAGCCCATT | Amplify downstream fbp. Sits in upstream fbp and
CTG downstream fbp

SRB739 | GTTGGATCGTATCCGCTTGGCGTAATCATGGTC | Amplify pUC19 and insert fbp. Sits in downstream fbp
ATAGCTG and pUC19

SRB740 | ATTGTATTTGTGGTGCTCGAATTCACTGGCCGT | Amplify pUC19 and insert fbp. Sits in upstream fbp
CGTTTTAC and pUC19

SRB741 | GCCAGTGAATTCGAGCACCACAAATACAATAC | Amplify upstream fbp. Sits in pUC19 and upstream
AGGTGATGTAGAAAAG ACIAD_RS04735

SRB742 | CATGATTACGCCAAGCGGATACGATCCAACAA | Amplify downstream fbp. Sits in pUC19 and

GTGTCCCA

downstream fbp
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SRB743 | TTTATAATCCTGGTTTAAATACAGAGAATGAA | Amplify sacB-SR to replace fbp. Sits in sacB-S® and
AAGAAACAGATAGATTTIT downstream fbp

SRB744 | CAGAATTTATATTAAAGGTAGACATGCTATGC | Amplify sacB-SR to replace fbp. Sits in sacB-S® and
GATACCGTCGACCTCGAG upstream fbp

SRB745 | TTCTTTTCATTCTCTGTATTTAAACCAGGATTA | Amplify pPBAC1932 and insert sacB-SR. Sits in sacB-
TAAAAAAGCCCATTCTG SR and downstream fbp

SRB746 | CGAGGTCGACGGTATCGCATAGCATGTCTACC | Amplify pBAC1932 and insert sacB-SR. Sits in sacB-
TTTAATATAAATTCTGTC SR and upstream fbp

Table 2.10: Allele differences between ADP1 NCBI entry NC 005966 and our laboratory

strain
DNA change Annotation Loci Description
high affinity Zn ABC transporter
(G)10—9 intergenic (+100/-74) ACIAD_RS00825 — / — ACIAD_RS008 |periplasmic substrate-binding protein/ATP
synthase protein I

deoxyribodipyrimidine photolyase

C—T D388N (GAC—AAC) ACIAD RS05435 «— (phoigreactirx’/gion), . A%_binging

C—>T 11041 (ATC—ATT) ACIAD RS08285 — hypothetical protein

T—C A105A (GCT—-GCC) ACIAD RS08285 — hypothetical protein

C—-T V118V (GTC—GTT) ACIAD RS08285 — hypothetical protein

T—C Y119Y (TAT-TAC) ACIAD RS08285 — hypothetical protein

G—A K123K (AAG—AAA) ACIAD RS08285 — 30hypothetical protein

A—G A125A (GCA—GCG) ACIAD RS08285 — hypothetical protein

T—-C D128D (GAT—>GAC) ACIAD RS08285 — hypothetical protein

A—G LI129L (TTA—TTG) ACIAD RS08285 — hypothetical protein

C—-T G131G (GGC—GGT) ACIAD RS08285 — hypothetical protein

+C intergenic (+56/+34) | ACIAD RS11230 — /< ACIAD RS112305 | hypothetical protein/glutamine synthetase
G—A 1191 (ATC—ATT) ACIAD RS11750 « GTP-binding protein LepA
A—C S$353R (AGT—CGT) ACIAD RS12750 — periplasmic binding protein of
transport/transglycosylase
G—A intergenic (-237/-520) | ACIAD RS15545 </ — ACIAD RS15555 | hypothetical protein/hypothetical protein
C—-T A769V (GCA—GTA) ACIAD RS15680 — two-component sensor

Table 2.11: Loci in 90 kbp deletion

Locus

Gene

Predicted description

ACIAD RS04410

MULTISPECIES: IS3-like element IS/236 family transposase

ACIAD RS04425

NAD-dependent succinate-semialdehyde dehydrogenase

ACIAD RS04430

hypothetical protein

ACIAD RS04435

MULTISPECIES: NUDIX hydrolase

ACIAD RS04440

nicotinate phosphoribosyltransferase

ACIAD RS04445

ribose-phosphate pyrophosphokinase

ACIAD RS04450

phosphatase PAP2 family protein

ACIAD RS04455

amino acid transporter

ACIAD RS04460

ArgP/LysG family DNA-binding transcriptional regulator

ACIAD RS04465

GntR family transcriptional regulator

ACIAD RS04470

ABC transporter ATP-binding protein

ACIAD RS04475

iron ABC transporter permease

ACIAD RS04480

ABC transporter substrate-binding protein
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ACIAD RS04485

TonB-dependent receptor

ACIAD RS04490

GNAT family N-acetyltransferase

ACIAD RS04495

hypothetical protein

ACIAD _RS04500

isopenicillin N synthase family oxygenase

ACIAD RS04505

GntR family transcriptional regulator

ACIAD RS04510 vanB oxidoreductase

ACIAD RS04515 vanA aromatic ring-hydroxylating dioxygenase subunit alpha
ACIAD RS04520 vankK MES transporter

ACIAD RS04525 outer membrane porin, OprD family

ACIAD RS04530 FAD-dependent monooxygenase

ACIAD RS04535 IcIR family transcriptional regulator

ACIAD RS04540 non-heme iron oxygenase ferredoxin subunit
ACIAD RS04545 hypothetical protein

ACIAD RS04550 aromatic ring-hydroxylating dioxygenase subunit alpha
ACIAD RS04555 SDR family oxidoreductase

ACIAD RS04560 VOC family protein

ACIAD RS04565 FAD-dependent oxidoreductase

ACIAD RS04570 MES transporter

ACIAD RS04575 cupin domain-containing protein

ACIAD RS04580 alpha/beta hydrolase

ACIAD RS04585 SDR family oxidoreductase

ACIAD RS04590 aspartate dehydrogenase

ACIAD RS04595 aldehyde dehydrogenase

ACIAD RS04600 thiamine pyrophosphate-binding protein
ACIAD RS04605 hypothetical protein

ACIAD RS04610 PepSY domain-containing protein

ACIAD RS04615 GNAT family N-acetyltransferase

ACIAD RS04620 TonB-dependent siderophore receptor

ACIAD RS04625 DUF 1624 domain-containing protein

ACIAD RS04630 hypothetical protein

ACIAD RS04635 MULTISPECIES: MFS transporter

ACIAD RS04640 mqo malate dehydrogenase (quinone)

ACIAD RS04645 betA choline dehydrogenase

ACIAD RS04650 betB betaine-aldehyde dehydrogenase

ACIAD RS04655 betl transcriptional regulator Betl

ACIAD RS04660 BCCT family transporter

ACIAD RS04665 choline transporter

ACIAD RS04670 MarC family protein

ACIAD RS04675 transcriptional regulator

ACIAD RS04680 lipA lipoyl synthase

ACIAD RS04685 thiamine pyrophosphate-dependent dehydrogenase E1 component subunit alpha
ACIAD RS04690 alpha-ketoacid dehydrogenase subunit beta
ACIAD RS04695 2-oxo acid dehydrogenase subunit E2

ACIAD RS04700 IpdA dihydrolipoyl dehydrogenase

ACIAD RS04705 2,3-butanediol dehydrogenase

ACIAD RS04710 acetoin reductase

ACIAD RS04715 acyl-CoA thioesterase

ACIAD RS04720 hypothetical protein

ACIAD RS04725 GTP-binding protein

ACIAD RS04730 dctA C4-dicarboxylate transporter DctA

ACIAD RS04735 YaeQ) family protein

ACIAD RS04740 fbp FKBP-type peptidyl-prolyl cis-trans isomerase
ACIAD RS04745 pgaB poly-beta-1,6-N-acetyl-D-glucosamine N-deacetylase PgaB
ACIAD RS04750 pgaC poly-beta-1,6 N-acetyl-D-glucosamine synthase
ACIAD RS04755 pgaD poly-beta-1,6-N-acetyl-D-glucosamine biosynthesis protein PgaD
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ACIAD RS04760 acyltransferase

ACIAD RS04765 nicotinamide mononucleotide transporter
ACIAD RS04770 hypothetical protein

ACIAD RS04775 dienelactone hydrolase family protein
ACIAD RS04780 MES transporter

ACIAD RS04785 hypothetical protein

ACIAD RS04790 HAD family hydrolase

ACIAD RS04795 def peptide deformylase

ACIAD RS04800 glutaminase

ACIAD RS04805 helix-turn-helix transcriptional regulator
ACIAD RS04810 MES transporter

ACIAD RS04815 cold shock domain-containing protein
ACIAD RS04820 metH methionine synthase
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CHAPTER 3
REGULATION OF ASPARTATE TRANSPORT AND METABOLISM

IN ACINETOBACTER BAYLYI ADP1

Introduction

The role of D-aspartate (D-Asp) as a physiological signaling molecule in diverse
vertebrates and invertebrates is evidenced by its wide range of neuroendocrine effects (1). In
humans, a variety of D-amino acids arise from bacterial sources and impact health and disease
(2). In bacteria, D-amino acids are key components of peptidoglycan. Additionally, they affect
processes such as sporulation, biofilm formation, and some types of symbioses (3). An increased
awareness of their biological importance has led to renewed attention to the microbial production
of D-amino acids, especially by lactic acid bacteria (4).

The biodegradation of D-amino acids has also been investigated. Improved analytical
techniques confirm the natural presence and bioavailability of these compounds (5). Several
studies demonstrate that D-amino acids are catabolized by soil and marine bacteria (6, 7).
Nevertheless, the details of D-amino acid uptake and regulated bacterial consumption remain
unclear. It was shown that a genetically malleable, saprophytic, soil bacterium, Acinetobacter
baylyi ADP1, requires a LysR-type transcriptional regulator (LTTR), DarR, to grow on D-Asp as
the sole carbon source (8). This regulator responds to D-Asp to activate transcription of a gene
encoding an Aspartate racemase, RacD, and a membrane transport protein, AspT. This

transporter belongs to a sodium-dicarboxylate symporter family (SDF, InterPro classification
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IPR023954). The genomic clustering of asp7-like genes in diverse bacteria with homologs of
racD and darR suggests AspT mediates D-Asp uptake (8), although this function has not been
demonstrated.

This study aimed to clarify how metabolism of D-Asp is coordinated with that of its
enantiomer, L-Asp. Growth of A. baylyi on D-Asp as the carbon source depends on RacD,
suggesting that L-Asp is formed and then cleaved by aspartate ammonia lyase (AspA, Figure
3.1: Panel A). In the 4. baylyi chromosome, aspA is located upstream and in the opposite
direction as a gene encoding an LTTR. This LTTR is predicted to affect transcription of its own
gene as well as aspA (Figure 3.1: Panel B) (8, 9). The encoded LTTR, designated AalR (for
aspartate ammonia lyase regulator) share sequence homology to DarR. Other researchers showed
that an LTTR similar to AalR regulates aspA transcription in Pseudomonas aeruginosa, a
bacterium that does not grow on D-Asp as the carbon source (10). Similarities between AalR and
DarR in 4. baylyi raise questions about whether each regulator responds to D-Asp and/or L-Asp
as effector molecules and whether the response is specific to one enantiomer. Additional
questions arise as to how these regulators distinguish different operator-promoter sequences
considering that the N-terminal DNA-binding domains of DarR and AalR share 83% amino acid

sequence similarity.



155

A ]

D-aspartic acid

OH

]

Ha

TCA Cycle

o
o
<~ OH

L-aspartic acid

(o]
O
racemase OH  NH;

aspartate

ammonia lyase @

fumaricacid ==
— O

|
HO N

(¢]

racD aspT darR
— ) aa—) —

|
IS1236

racemase transporter LTTR

0 S

ADP1
Genome
3.6 Mb

['s}
)
A
&K

aalR

aspartate LTTR

ammonia lyase

aspA

Figure 3.1: Aspartate catabolism pathway and genes in 4. baylyi ADP1

Panel A: D-Asp is converted to L-Asp by a racemase, RacD. Next, L-Asp is cleaved by a lyase,

AspA. Fumarate is further metabolized in the tricarboxylic acid (TCA) cycle. Panel B: The racD

gene (ACIAD_RS01510) is adjacent to a gene (ACIAD_RS01515), designated aspT, predicted

to encode a D-Asp transporter. The chromosomal positions and orientations of aspT and six

genes encoding paralogous transport proteins (TP) are indicated (described further in Figure

3.3). Two of the TP genes (TP2 and TP4 were renamed aspY and aspS, respectively, based on

evidence of their roles in Asp transport. Studies in this report support the following regulatory

model. Co-transcription of racD and aspT can be activated by an LTTR, DarR, in response to D-

Asp. A DarR paralog, AalR, activates transcription of a divergently oriented gene, aspA4, in

response to L-Asp. Curved arrows point to regulatory regions involved in DNA-LTTR binding.
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To determine whether one regulator can substitute for the loss of the other, darR and aalR
mutants were constructed. Additional genes involved in aspartate metabolism were also modified
or deleted. Growth phenotypes were tested using several amino acids as carbon or nitrogen
sources, including both isomers of aspartate, glutamate, and asparagine. Regulatory effects were
investigated using transcriptional fusions, transcript characterization, and electrophoretic
mobility shift assays (EMSAs). To test the role of transporters in D-Asp uptake, 4. baylyi
proteins were expressed in Escherichia coli, which naturally consumes L-Asp but not D-Asp.

These studies revealed redundancy in genes and functions related to aspartate transport
and regulation in 4. baylyi ADP1. Such redundancy was explored further through the isolation
and characterization of suppressor mutations that altered regulation and enhanced the ability of
one paralog to take the place of another. Collectively these results, which identified two
inducible transport proteins for D-Asp uptake, support the conclusion that D-amino acids can be

a significant source of nutrients for bacteria in natural environments.

Results
Potential Asp transporters in ADP1

In previous studies, researchers demonstrated that loss of darR or racD in ADP1 prevents
mutants from growing on D-Asp, but not L-Asp, as the sole carbon source (8). These results
support a regulatory model in which DarR responds to D-Asp to activate transcription of racD
and aspT (Figure 3.1). To investigate this model further, aspT (ACIAD RS01515) was deleted
to test its predicted role in D-Asp uptake. The resulting AaspT mutant (ACN2035) grew
comparably to the wild-type strain (ADP1) on L-Asp (Figure 3.2 Panel A: mutant patches in

region 1 compared to wild-type patches in region 4). On D-Asp, the mutant without AspT was
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able to grow, although there was a delay relative to wild-type. As shown in Figure 3.2: panel B,

the mutant patches (in region 1) were visible only after two days of incubation compared to wild-

type patches (region 4) that are visible after one day. Thus, while AspT appears to contribute to

growth on D-Asp, it is not required.

—AspT -AspY

-AspY
—-AspS

—AspT -AspY

W /id/4
N/

Figure 3.2: Patched colonies of the wild type (ADP1) and aspT, aspY, and aspS mutants

Each colony was patched in the same position on plates with L-Asp as the carbon source, D-Asp

as the carbon source (or LB medium as a positive control, not shown). Five pyruvate-grown
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colonies from a single plate were patched for each of eight strains: ACN2035 (no AspT) in
region 1, ACN2059 (no AspY) in region 2, ACN2964 (no AspS) in region 3, ADP1 (wild type)
in region 4, ACN2061 (no AspT or AspY) in region 5, ACN2987 (no AspT or AspS) in region 6,
ACN2988 (no AspY or AspS) in region 7, and ACN2967 (no AspT, AspY, or AspS) in region 8.
All pyruvate-grown colonies were of comparable size, and all patches were comparable on the
LB control plate (not shown). Plates were incubated at 37 °C. Panel A: The L-Asp plate was
photographed after 1, 2, 3, and 4 days of incubation (top to bottom). Panel B: The D-Asp plate

was similarly photographed after 1, 2, 3, and 4 days of incubation (top to bottom).

Since a redundant D-Asp transporter in A. baylyi ADP1 could mask the impact of
deleting aspT, we searched for homologs by sequence similarity. Six putative A. baylyi proteins
were identified that belong to the same family of sodium-dicarboxylate symporters as AspT
(InterPro IPR023954). Except for aspT, genomic location gave no clues about the roles of the
transport proteins (TP). These paralogs, which have not been studied in ADP1, were designated
TP2-TP7, in descending order of similarity to AspT (which corresponds to TP1; Figure 3.3). In
pairwise alignments with AspT, TP2 (designated AspY), had 61% sequence identity, whereas the
others (TP3-TP7) were less similar, with sequence identities of 38% for TP3, 36% for TP4

(designated AspS), 32% for TPS5, 30% for TP6, and 24% for TP7.
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Figure 3.3: Alignment of AspT paralogs from ADP1

Sequence alignment of the six paralogs of AspT encoded by genes in different chromosomal
locations. In this sequence alignment, the predicted transport proteins (TP) are numbered TP2-
TP7 according to decreasing sequence similarity to AspT (TP1, ACIAD RS01515). TP2
(ACIAD_RS06160) and TP4 (ACIAD_RS02190, annotated as GltP) were designated AspY and
AspS, respectively, based on discovered roles in Asp uptake. Locus tags for TP3, TP5
(sometimes annotated as DctA), TP6, and TP7 are ACIAD RS10205, ACIAD RS04730,

ACIAD RS14645, and ACIAD RS05475, respectively.

Insertional inactivation of aspY, the gene with the greatest similarity to aspT, impaired
growth on aspartate. Disruption of this gene (ACIAD RS06160), unlike deletion of aspT, caused
poor growth on L-Asp (Figure 3.2: Panel A, patches in region 1 compared to region 2). Because

patched colonies of this mutant took several days to grow, we hypothesize a role for AspY in L-



160

Asp transport. Growth of the aspY mutant was also delayed on D-Asp relative to that of ADP1,
with a similar pattern to that of the asp7 mutant (Figure 3.2: Panel B, patches in regions 1, 2,
and 4). A mutant unable to produce either AspT or AspY failed to grow on D-Asp, even after
prolonged incubation (Figure 3.2: Panel B, region 5). Yet, this strain, ACN2061 was able to use
L-Asp as a sole carbon source, although it grew slowly (Figure 3.2: Panel A, region 5).
Collectively, these results suggest that AspY transports L-Asp and D-Asp, whereas AspT
transports D-Asp. AspY and AspT together may account for all D-Asp transport, as the loss of

both precludes growth on this carbon source.

Selection of a spontaneous mutant that grows on D-Asp without AspY or AspT

To explore transport further, spontaneous mutants were isolated from ACN2061, missing
aspY and aspT, that were D-Asp’. These mutants were obtained after ACN2061 was grown on
different dicarboxylic acids, concentrated, and spread on plates with D-Asp as the carbon source.
The rationale for growing the starting populations on different carbon sources was to induce
transport proteins that might provide some initial advantage when cells were transferred to D-
Asp medium. Each ACN2061 culture was grown overnight with a single dicarboxylic acid as the
carbon source (L-Asp, L-Glu, adipate, or succinate). An additional culture was grown on a non-
dicarboxylic acid (pyruvate). D-Asp* colonies arose (at a frequency of 6 x 107'%), but only when
the overnight culture was grown on L-Asp. One such mutant, designated ACN2921, was
characterized further.

We used a transformation assay to determine whether ACN2921 growth on D-Asp
resulted from mutations in genes encoding the AspT and AspY paralogs (TP3-TP7, Figure 3.4).

This assay is based on the high efficiency of natural transformation and homologous
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recombination in A. baylyi. This approach has long been used for mutational analysis of ADP1-
derived mutants (11). Linear DNA amplified from different chromosomal regions of ACN2921
is dropped directly onto a lawn of ACN2061. We then demand growth on D-Asp as only cells
that have acquired a compensatory mutation should grow on this carbon source. As shown in
Figure 3.4, the ACN2061 culture that was spread across the entire plate did not grow across
most of the surface since D-Asp is the only carbon source. However, transformants grew in spots
where donor DNA replaced the corresponding region of the ACN2061 recipient to introduce a
compensatory genetic change. DNA from the chromosomal region of ACN2921 that
encompasses the TP4 gene, aspS, (ACIAD RS02190) transformed ACN2061 to confer a D-Asp”
phenotype (Figure 3.4: Panel A). As expected, aspS DNA amplified from the original strain
(ACN2061) did not allow cells to grow on D-Asp, suggesting that an aspS mutation is
responsible for the growth on D-Asp in strains missing AspY and AspT. A single point mutation
in this region of DNA from ACN2921 was found upstream of the coding sequence, in a position

that could affect aspS transcription (Figure 3.4 Panel B).
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Figure 3.4: Transformation assay

Panel A: A lawn of the recipient strain, ACN2061 (lacking AspY and AspT), was spread on a

plate with D-Asp as the sole carbon source. Linear DNA was dropped in marked spots. PCR
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fragments, made with genomic DNA as template, encompassed the sequences of genes for TP3,

TP4, TPS, or TP6 from ACN2921, a D-Asp+ spontaneous mutant derived from ACN2061. Each

PCR product was dropped in a spot as shown (labeled with black text on white background).
Comparable fragments, made with genomic template DNA from ACN2061, were dropped in
spots indicated by labels with white text on black background. At the bottom, transformation

with genomic DNA from ADPI (able to re-introduce aspT and aspY) or DNA from ACN2061

served as positive and negative controls, respectively. Panel B: Schematic showing the relative

positions of the TP4 coding sequence (aspS, white arrow), the PCR product (blue rectangle) used

in the transformation assay, and a mutation (dotted line) identified in ACN2921. At this position,
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200 nt upstream of the aspS coding sequence, the wild-type sequence (GTTTA) is altered by the

insertion of one extra T (GTTTTA).

High expression of aspS enables growth on D-Asp without AspY or AspT

A lacZ cassette was inserted into aspS, in strains with different genetic backgrounds. The
cassette serves as a transcriptional reporter and, additionally, it prevents synthesis of AspS. An
insertional inactivation of aspS in ACN2921 caused this spontaneous D-Asp " mutant to lose the
ability to grow with D-Asp as the carbon source. This observation confirms that growth of the
spontaneous mutant on D-Asp requires both AspS and the mutation indicated in Figure 3.4:
Panel B. AspS can compensate for the loss of AspT and AspY, but only if there is a mutation
that appears to affect its expression. This mutation was designated allele aspS52921, and it was
assumed (and later shown) to be in the aspS promoter.

When comparing the growth of ADP1-derived strains on L-Asp or D-Asp as the carbon
source, there is no observable difference caused by the loss of AspS alone or in combination with
AspY and/or AspT (Figure 3.2). Therefore, the primary function of AspS is not evident.
Nevertheless, spontaneous D-Asp" mutants derived fromACN2061 were only isolated when this
strain was grown on L-Asp, raising the possibility that AspS is induced during growth on L-Asp.
This possibility was tested with a strain, ACN2964, that has the aspS::lacZ transcriptional fusion
inserted in the chromosome of an otherwise wild-type background. When ACN2964 was grown
with L-Asp as the carbon source, LacZ activity that is controlled by the wild-type aspS promoter
was 5-fold higher than when pyruvate was used as the carbon source for this strain (paired T-test
value: P <0.0001) (Figure 3.5). This increase in expression suggests some role for AspS in Asp

uptake and metabolism.
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Expression of the aspS::lacZ reporter was also compared in two pyruvate-grown strains
lacking AspT and AspY. As shown in Figure 3.5, LacZ activity was high for ACN2969, which
was engineered to carry the aspS52921 promoter mutation (shown as Pygps+ in Figure 3.5). The
expression of LacZ controlled by this promoter mutation was significant higher than it was for
ACN2967, which has the wild-type aspS operator-promoter region. These results support the
conclusion that a regulatory mutation in ACN2091 causes high AspS expression that enables

growth on D-Asp despite the absence of AspT and AspY.
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Figure 3.5: LacZ expression from the aspS promoter (Pasps)

Each strain has a chromosomal transcriptional reporter, aspS::lacZ. LacZ activity is shown
relative to that of ACN2964, which is otherwise wild type, grown on pyruvate (150 Miller units).
Purple bars indicate that strains were grown on pyruvate as the sole carbon source. The green bar
corresponds LacZ activity when ACN2964 was grown on L-Asp as the sole carbon source. Pgps™

represents the mutated allele (aspS529217) with a T insertion in the aspS promoter. Error bars
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show standard deviation of at least three biological replicates done in two technical replicates

each on three separate days.

Assessing the roles of D-Asp transporters from A. baylyi ADP1 in E. coli.

We investigated whether the aspartate racemase (RacD) and/or transport proteins from A.
baylyi ADP1 (TP1-TP7) would enable E. coli to grow on D-Asp. Plasmid-borne genes from
ADP1 were introduced into E. coli strain DH5a, and optical density at 595 nm was measured
after incubation with L-Asp or D-Asp as the sole carbon source (Figure 3.6). With no ADP1
proteins being expressed, cell density in D-Asp medium was comparable to that with no carbon
source, confirming that this E. coli strain cannot consume D-Asp. In contrast, this strain,
DHS50(pJPK13), grew well on L-Asp. Two plasmids (pBAC1673 and pBAC1941) conferred
growth on D-Asp. Both encode RacD, a racemase not encoded by E. coli, and either AspT or
AspY. Neither AspT nor AspY alone conferred growth. These results support the conclusion that

AspT and AspY transport D-Asp and that racemization is needed for its consumption in E. coli.



166

D-asp L-asp

B O
T 9

Relative ODsg5
w
o
1

- N
o o IO
1

] ] |
¥ Q@é gé é&QQ;g,Q%&Q%«Q%«Q« 03_00 coé c'oé gé&Qr;a,Q%«Qﬁ&Qco&Q/\
| | | |

RacD + transporter RacD + transporter

DHb5a expressing plasmid-encoded ADP1 proteins

Figure 3.6: Heterologous expression of A. baylyi ADP1 proteins in E. coli DH5x

Growth is shown relative to the ODs9s of DHS5a(pJPK13) in D-Asp medium. This strain grew to
ODs95=0.03 on D-Asp and ODs9s =1 on L-Asp. The latter level is indicated by a dashed line.
Plasmid-containing DH5a was grown on D-Asp (left side) or L-Asp (right side) as the carbon
source. Each strain has either pJPK13 with no ADP1 DNA (None) or a derivative of this plasmid
with DNA encoding ADP1 proteins. The following plasmids encode the ADP1 protein(s)
indicated in parentheses: pBAC1680 (RacD), pBAC1683 (AspT), pBAC1673 (RacD and AspT),
pBAC1941 (RacD and AspY), pBAC1942 (RacD and TP3), pPBAC1943 (RacD and AspS),
pBAC1944 (RacD and TPS5), pBAC1945 (RacD and TP6), or pPBAC1946 (RacD and TP7).
Measurements (ODsos) were taken 72 h after inoculation. Error bars represent standard deviation

of at least 5 biological replicates grown on three separate days.



Regulation of aspartate catabolism in ADP1
Having established that aspT and aspY encode D-Asp transporters, we wanted to

understand how their transcriptional regulation is coordinated with that of genes needed

for
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further catabolism, racD and aspA (Figure 3.1). Transcription of racD depends on DarR, which

appears to respond to D-Asp (8). We predicted that the DarR homologue, AalR, regulates aspA

(8, 9). DarR and AalR sequences were aligned in Figure 3.7.
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Figure 3.7: Alignment of LTTRs involved in aspartate metabolism
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DarR protein sequences from ADP1 (Uniprot ID Q6FF76) and from Vibrio fischeri strain ES114

(Uniprot ID Q5E4K6) were aligned with AalR homologs from ADP1 (Uniprot ID Q6FBH7) and

from Pseudomonas aeruginosa (AspR, Uniprot ID QOHTDS). If two or more aligned residues
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are identical, they are highlighted in blue. Two or more similar residues at the same position in
the alignment are highlighted in grey. In a position that has blue highlighting, residues that are

similar to those that are identical (in blue) are shown in grey.

When the coding sequence of aalR was deleted, the corresponding mutant (ACN1280)
failed to grow on L-Asp or D-Asp as the carbon source. Similar results were obtained with
another strain in which aa/R was deleted and replaced with a drug-resistance cassette
(ACN1260). These results are consistent with an inability to express AspA without AalR. After
extended incubation on Asp plates, some growth was evident (Figure 3.8). Asp' isolates missing

aalR were later streak purified and shown to be spontaneous mutants, as described below.

5 No AalR

4 Wild Type

4

Figure 3.8: Growth of mutants missing aalR or darR on D-Asp and L-Asp

Colonies were patched to plates with D-Asp (left) or L-Asp (right) as the carbon source. Mutants
lacking darR or aalR grew differently on the two plates. Photos were taken after 5 days of
incubation, when some growth was evident within the patches of the aa/R mutants. Uniform

growth in other patches was observed after one day of incubation.
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Mutants derived from ACN1260 or ACN1280 were selected on L-Asp, D-Asp, or a

mixture of both isomers. Independently isolated spontaneous Asp” mutants were characterized

further. In one isolate (ACN2180), whole genome sequencing revealed a mutation in c/pA

(ACIAD RS06285). Based on this result, the clpA4 regions of other aalR-deleted Asp” mutants

were sequenced. In this way, five different clp4 alleles were identified in D-Asp” or L-Asp”

mutants derived from ACN1260 or ACN1280 (Table 3.1).

Table 3.1: clpA alleles of spontaneous mutants missing aalR that grow on aspartate

Asp* aalR allele of Carbon Position of mutation in Effect on 758- residue ClpA
mutant parent strain source(s) for 2277-bp coding sequence protein product
selection of clpA
ACN2180 AaalR51260 L-Asp 11 nucleotide repeat Frame shift after amino acid 383:
(nucleotides 1138-1148) encodes 622-residue protein
ACN2917 AaalR51260 L-Asp G > T (position 82, Truncates protein product after 27
creates TAA stop signal) residues
ACN2926 AaalR::sacB- Mix of L- and GG insertion (duplication Frame shift after amino acid 533:
KR51260 D-Asp of nucleotides 1600 and encodes 547-residue protein
1601)
ACN2927 AaalR::sacB- Mix of L-and AC Frame shift after amino acid
KR51260 D-Asp (nucleotide 899) residue 299: encodes 304-residue
protein
ACN2928 AaalR::sacB- Mix of L-and T insertion (after Frame shift after residue 190:
KR571260 D-Asp nucleotide 560) encodes 194 residue protein

To determine if the c/lpA mutations were sufficient to confer growth on Asp in the

absence aalR, we used a transformation assay in which a recipient strain (ACN1260 or

ACNI1280) was spread directly on a plate with D-Asp as the carbon source. Mutated c/p4 DNA

when dropped directly on the plate was found to confer growth (one example is shown in Figure

3.9). In this example, the truncated allele of ACN2917 was used as donor DNA, suggesting that

the loss of clpA is responsible for growth. To confirm this inference, two new strains without
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aalR were constructed in which clpA4 was specifically inactivated (ACN2246 and ACN2247).

These strains were D-Asp’, consistent with the selected mutations causing loss of ClpA function.

ADP1 DNA

PCR Fragment
clpA52917

Figure 3.9: c[pA mutation transforms AaalR recipient, enabling D-Asp* growth
Transformation assay with an ACN1280 culture spread on the surface of a D-Asp plate. ADP1
DNA dropped on the bacterial lawn enabled D-Asp* growth, presumably by allelic replacement
that restores aalR. A PCR product carrying the mutated clpA allele of ACN2917 also enabled D-
Asp’ growth. Additional DNA dropped on the plate in different spots failed to confer growth:
PCR products carrying DNA of clpA, darR, aspA using template DNA from the recipient,
ACN1280. PCR products carrying DNA of darR and aspA from the D-Asp” clpA mutant
(ACN2917) were also dropped on as donor DNA and failed to confer D-Asp” growth by allelic

replacement.

Role of ClpA in Asp* growth of aalR mutants
ClpA functions as a chaperone leading to protein degradation mediated by the ClpAP
protease (12). Since the c/lpA mutations appear to abolish ClpA mediated proteolysis, we

considered whether increased stability of another protein might compensate for the loss of AalR
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and considered DarR as a candidate. Although this paralog does not typically enable AalR-
independent growth on Asp, the loss of ClpA could prevent DarR degradation. An increase in
DarR concentration/stability might allow it to substitute for AalR.

To test this hypothesis, we engineered a Aaa/R mutant that is also unable to make DarR.
In such a strain we could test whether c/pA4 deletion allows growth on Asp. However, since DarR
is required to transcribe racD and AspT (Figure 3.1), loss of DarR would prevent growth on D-
Asp regardless of a possible role in aspA transcription. To address this issue, the racD promoter
was replaced with a modified #7c promoter that allows constitutive expression of chromosomal
genes in 4. baylyi (6). Without DarR, this strain (ACN2947) grows on D-Asp, demonstrating that
the synthetic promoter allows D-Asp to be converted to L-Asp. When aalR was then removed,
while leaving the other mutations of ACN2947 in the chromosome, the resulting strain
(ACN2954) failed to grow on D- or L-Asp. Transformation assays were conducted using this
mutant as the recipient (with no AalR, no DarR, and a constitutive promoter upstream racD and
AspT). In these experiments, c/p4 mutations failed to confer a D-Asp” phenotype by allelic
replacement. These results indicate that mutants can grow on D-Asp without AalR when ClpA is

absent, but only if DarR is present.

Transcriptional regulation of aspA

Since DarR appears to activate transcription of asp4 when cells have no AalR or ClpA,
we tested whether DarR could substitute for AalR under a different condition. We hypothesized
that putting the darR coding sequence exactly in place of aalR might improve its ability to
activate aspA transcription. Two strains were constructed to test that possibility (ACN2140 and

ACN2141). In both strains, darR was removed from its native locus and inserted exactly in place
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of the aalR coding sequence. The only differences in the sequences were several nucleotides at
the 5’ region to account for two different potential start codons for the darR coding sequence.
Both strains failed to grow on Asp. However, a spontaneous D-Asp" mutant of ACN2140 was
isolated and found to have a single nucleotide change (ACN2153). This mutation (designated
(Paspa52153) was in the 136-bp region between the coding sequences of aa/R and aspA.

To determine the position of this mutation relative to the asp4 promoter, we determined
the transcriptional start site for this gene. RNA was isolated from L-Asp-grown ADP1 cultures,
and cDNA was synthesized with an aspA-specific primer. The transcriptional start (+1) site was
identified by 5’ rapid amplification of cDNA ends (5’ RACE) (13). This start site was found to
be 25-bp upstream of the start of translation. The mutation in the D-Asp” mutant (ACN2153) lies
in the -10 region of the aspA promoter and changes it to match the consensus sequence for E.
coli (ATAAT, Figure 3.10: Panel A).

This aspA operator-promoter sequence was aligned with comparable regions upstream of
aspA coding sequences in different Pseudomonas and Acinetobacter strains (Figure 3.10: Panel
B). A notably conserved sequence, ATGC-N7-GCAT, exactly matches the sequence identified as
a DarR binding site (8, 14). Consistent with the amino acid sequence similarity in the N-terminal
DNA-binding domain of AalR and DarR (Figure 3.7), it appears that DarR and AalR recognize
the same operator sequence. Electrophoretic mobility shift assays (EMSAs) were used in the
MIBO4600L class to demonstrate that purified AalR was able to bind specifically to aspA
operator-promoter DNA carrying the ATGC-N7-GCAT sequence. Since these experiments were

conducted before my involvement in this project, these data are not included in my thesis.
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Figure 3.10: Operator-promoter sequences of aspA, aspY, and racD

Panel A: Key features are discussed in the text: the aspA transcriptional start site (+1) was
determined experimentally; the selected promoter mutation (P4s452153) increases the
resemblance to a consensus 670 E. coli promoter, shown above the ADP1 sequence; blue
highlights regions predicted to be important for AalR-binding/regulation. Panel B: Alignment of
the ADP1 aspA promoter region (its +1 site indicated at the right-side) with other regions
upstream of predicted adspA genes in different Acinetobacter and Pseudomonas strains.
Conserved sequences are marked in red or blue, depending on how many sequences are identical.
Many of the red sequences correspond to the teal highlighted regions in Panel A. The sequence
of the ADP1 promoter is shown above the alignment. Panel C: The asp4 sequence from panel B
is aligned with regions upstream of aspY and racD in ADP1. The right-most nucleotide shown

for aspY (top line) is the experimentally determined transcriptional start site for this gene (+1).
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Mutation allows DarR to regulate aspA transcription

To determine the effect of the promoter mutation (Puyp452153), we used a chromosomal
transcriptional fusion (aspA::gfp). The disruption of aspA allows Asp to be used as a non-
metabolizable effector. Fluorescence for a strain with the transcriptional fusion and no aalR
(ACN1895) was comparable with or without D-Asp added to the medium. This basal level was
also comparable to a strain with no transcriptional fusion (ACN1280). Therefore, data are

displayed for strains with different genetic backgrounds relative to this basal level, Figure 3.11.
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Figure 3.11: Relative fluorescence of strains with an aspA::gfp transcriptional fusion grown
with D-Asp added as an inducer

All strains have a chromosomal transcriptional fusion controlled by an aspA promoter (P.sp4).
Differences in genetic backgrounds are indicated for each strain in the table. A checkmark

indicates the wild-type allele for aalR, darR, or P.s4. Fluorescence is shown per ODsos relative to
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that of ACN1895 (average florescence normalized to ODs9s = 10). Error bars represent standard
deviation of at least 6 biological replicates done on three days. All strains were grown on

pyruvate with D-Asp added as an inducer.

The aspA promoter mutation was selected in a strain in which darR replaced aalR. In this
set of experiments, we focused on regulation in the presence of D-Asp, which can be converted
into L-Asp, as an inducer. When aalR was present, fluorescence in response to D-Asp was more
than 10-fold higher than when aal/R was deleted (comparison of ACN1894 and ACN1895),
consistent with AalR serving as the transcriptional activator of asp4. Moving the chromosomal
location of darR to replace aalR did not enable D-Asp mediated regulation of GFP from the
wild-type Puspa (comparison of ACN2196 to ACN1895, Figure 3.11). However, the promoter
mutation (Pusp452153) increased transcription in the presence of D-Asp when darR was in its
native location and when it was in the native aspA4 locus (ACN2221 and ACN2209, Figure
3.11). Transcription from the mutated promoter was not constitutive, but rather depended on
DarR, as evidenced by low level gene expression when darR was deleted (ACN2278, Figure
3.11). The promoter mutation did not appear to affect AalR-mediated transcription, since strains
with Pugpa or Pugpa52153 resulted in nearly identical fluorescence when aalR was present
(comparison of ACN1984 and ACN2208, Figure 3.11). P,,452153 specifically improved the

ability of DarR to regulate aspA.

Transcriptional regulation of AspY
The observations that DarR and AalR both recognize the same LTTR binding site

(ATGC-N7-GCAT) and the discovery that under some circumstances DarR can substitute for
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AalR, raised questions about aspY regulation. An alignment of the promoter regions of AalR-
regulated aspA4 and DarR-regulated racD showed significant similarity to aspY regulatory
sequences (Figure 3.10: Panel C). Using the same approach as was used for asp4, we
determined the transcriptional start site of aspY by 5> RACE (13). With this method, the
transcriptional start site for aspY was determined to correspond to the nucleotide shown at the 3’
end of the aspY sequence shown in Figure 3.10: Panel C.

Since AspY appears to transport both D-Asp and L-Asp, it wasn’t clear whether DarR,
AalR, or both proteins regulate this gene. An aspY::lacZ fusion was integrated in the
chromosome as a transcriptional reporter. Strains were constructed with this chromosomal
aspY::lacZ construct in genetic backgrounds that maintained AalR alone (ACN2984), DarR
alone (ACN2989), or both regulators (ACN2144). When investigating the role of L-Asp or D-
Asp as effectors of AalR or DarR we wanted to prevent Asp interconversion by the RacD
isomerase. Therefore, in the strains lacking darR (ACN2984) or aalR (ACN2989), racD was also
deleted. To enable aspT to be transcribed constitutively, the #7c promoter (described earlier) was
used to replace the regulated promoter normally controlling the racD and aspT.

As shown in Figure 3.12, when both DarR and AalR can be expressed, transcription from
the aspY promoter increases in response to L-Asp or D-Asp (ACN2144, strain A). In contrast,
when only AalR can be expressed, L-Asp, but not D-Asp, serves as an effector to increase
transcription (ACN2984, strain B). This result suggests that AalR specifically responds to only
the L-Asp isomer. In contrast, L-Asp does not induce increased expression when the DarR, but
not AalR, is present (ACN2989, strain C). When DarR is present, D-Asp can induce a small but

statistically significant increase in LacZ expression from the aspY promoter. These results
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indicate that both AalR and DarR regulate aspY transcription and that each regulator responds

only to one isomer of aspartate.
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Figure 3.12: LacZ expression from the aspY promoter

All strains have a chromosomal transcriptional fusion controlled by the aspY promoter.
Differences in genetic backgrounds are indicated for each strain in the table. A checkmark
indicates the wild-type allele for aalR, darR, or the racD promoter Pucp. (15). All strains were
grown on pyruvate. D-Asp or L-Asp was added as inducer where noted. ** indicates significance

in un-paired T-test of ACN2989 to ACN2984 grown on pyruvate + D-Asp (p-value > 0.0001)
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L- and D-amino acids as carbon and nitrogen sources

In additional studies, we compared the ability of 4. baylyi ADP1 to consume aspartate to
its ability to utilize two related amino acids. We tested whether 4. baylyi and various mutants use
L- and D- isomers of aspartate, glutamate, or asparagine as either the sole carbon source or the
sole nitrogen source. In the patching experiment shown in Figure 3.13, the colonies tested for
growth on L-Asp and D-Asp were also tested for growth on each enantiomer of the other three
amino acids as the sole carbon source. 4. baylyi ADP1 failed to grow on D-Glu as the carbon
source. The other amino acids tested (L-Asp, D-Asp, L-Asn, D-Asn, and L-Glu), could each
serve as the carbon source. Results with the transport mutants concerning growth on L-Asp, L-
Asn, and L-Glu were similar. Moreover, these strains grew similarly on D-Asp and D-Asn,
However, in patches of mutants lacking AspY, there were some differences in the ability to grow
on different amino acids. For example, the strain missing AspT, AspY, and AspS did not grow
on L-Asn or L-Glu, but it grew slowly on L-Asp (region 8 of the plates). These differences may

reflect different substrate specificities of the transporters.
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Figure 3.13: Growth of wild type and transport mutants on L- and D-isomers of Asp, Glu,
or Asn as the sole carbon source

Colonies were patched as described in Figure 3.2. Images shown were taken after 4 days of
incubation. Strains are: ACN2035 (no AspT) in region 1, ACN2059 (no AspY) in region 2,
ACN2964 (no AspS) in region 3, ADP1 (wild type) in region 4, ACN2061 (no AspT or AspY) in
region 5, ACN2987 (no AspT or AspS) in region 6, ACN2988 (no AspY or AspS) in region 7,

and ACN2967 (no AspT, AspY, or AspS) in region 8

To assess the ability to use these three amino acids as sole nitrogen sources, the wild-type
strain (ADP1) and a mutant lacking AspA (ACN1894) were grown in medium with the indicated
compound as sole nitrogen source. 4. baylyi could use each amino acid tested, except D-Glu, as
the sole nitrogen source. Although the loss of AspA in ACN1894 prevents the use of Asp and
Asn as sole carbon sources, AspA was not required for Asp, Asn, or L-Glu to serve as the sole

nitrogen source.
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Figure 3.14: ODsos of A. baylyi strains grown with indicated sole nitrogen source

ODs9s was measured at 24 hours post inoculation of strains ADP1 (WT), purple bars, and
ACN189%4 (aspA::lacZ), blue bars. The nitrogen source provided is indicated on the x-axis. ODsos
is graphed on a logio scale. Error bars represent standard deviation of six biological replicates

measured on three separate days.

Discussion

Despite increased interest in the metabolism of D-amino acids, the regulated bacterial
uptake and consumption of such compounds remains largely unexplored. Our studies show that
two paralogous transcriptional regulators in ADP1, DarR and AalR, regulate the transcription of
multiple genes including those encoding aspartate ammonia lyase (AspA), aspartate racemase
(RacD), and three aspartate transporters (AspT, AspY, and AspS). These transporters belong to a

set of seven paralogs of glutamate/aspartate proton symporters in strain ADP1. This type of
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transporter is common in bacteria, archaea, and in eukaryotes (15). Mammalian glutamate
transporters are the subject of intensive study because of their roles in neuronal signaling (16,
17). As the importance of D-Asp as a neurotransmitter has become appreciated, interest has also
increased in how glutamate transporters recognize D-Asp and how they can bind and act on
isomeric forms of amino acids. A recent structural study of an archaeal homolog of these seven
transporters in ADP1 addresses some of the questions (18). The focus of this study, Gltrk from
Thermococcus kodakarensis, is a protein that transports D-Asp and L-Asp with similar affinities
for both substrates.

While members of this family have long been known to exist in bacteria, the many
paralogs and differing growth capabilities of diverse bacteria precludes conclusions about
function to be drawn based strictly on homology (19). Thus, no studies have previously
demonstrated the physiological relevance of specific transport proteins for bacterial consumption
of D-aspartate. Using simple genetic approaches, appropriate for an undergraduate teaching lab,
we were able to demonstrate that two proteins, designated AspY and AspT, are responsible for
the ability of ADP1 to take up D-Asp for use as a sole carbon source. Consistent with this
conclusion, each protein from ADP1 conferred a D-Asp" phenotype to E. coli when expressed
together with the aspartate racemase. Moreover, the genes encoding these transporters were

shown to be regulated in response to D-Asp as an effector for the DarR regulator.

Overlapping functions of AspY, AspT, and AspS
The large number of paralogs of these transporters suggests the importance of amino
acids as nutrient sources in the natural environment where A. baylyi is typically found. While

ADP1 encodes seven such proteins, E. coli appears to encode four of them. The AspS protein,
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which at high expression levels can confer D-Asp" growth in 4. baylyi when AspT and AspY are
absent did not enable E. coli to grow on D-Asp. It is possible that this protein was not expressed
in E. coli at sufficiently high levels. Alternatively, it could be that the heterologous host did not
properly produce or localize the protein. We did not investigate expression levels of the proteins
in E. coli.

The patching studies indicated that despite some redundancy, the effects of deleting asp?Y,
aspT, and/or aspS were not identical for impacting growth on L-Asp and D-Asp (Figures 3.2 and
3.12). Consistent with the localization of aspT with racD and its transcriptional regulation by
DarR, loss of AspT was more detrimental when D-Asp was the carbon source than when L-Asp
was the carbon source. Thus, AspT seems to be relatively specific for D-Asp.

The transport mutants had similar growth patterns on L-Asp, L-Glu, and L-Asn. Similar
results on L-Asp and L-Glu may reflect the known overlap in specificity of glutamate/aspartate
transport proteins (19). For Asn, the similarity in effects of the transport mutants on growth for
L-Asn and L-Asp may indicate that Asn is converted to Asp in the periplasm so that transport
across the cell membrane would be mediated by an Asp transporter. There are at least two
asparaginases encoded by ADP1 (UniProt IDS Q6FEV1 and Q6FALG6). Some asparaginases are
periplasmic, and in some bacteria the genes for Asp and Asn catabolism are linked (20, 21).

For the catabolism of D-Asn, we could not identify a racemase by bioinformatic analysis
that seemed a likely candidate for the formation of L-Asn. However, some asparaginases act on
D-Asn (22). If ADP1 degrades D-Asn via conversion to Asp, then the similar growth patterns of
the mutants on D-Asp and D-Asn might be explained. Although D-Glu was not used as a sole

carbon source, it seems unlikely, but possible, that transport is responsible. ADP1 has a D-Glu
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racemase, Murl. Further work is needed to determine whether, transport, Murl activity, or issues
with regulated protein expression prevent D-Glu consumption.

In comparing patch plates of the mutants between Asp and the other amino acids, the loss
of AspY had a bigger impact on growth with D-Asn as the carbon source than with D-Asp
(region 2). When growth on the L-amino acids was compared, the patch 2 region of growth was
also stronger on L-Asp than the others. Notably, there was growth on L-Asp for the mutant with
all three transporters missing (region 8). Additional research is needed to determine the

significance of these observations.

Regulatory specificity of DarR and AalR

In comparison to some of the transport proteins that appear to use both L-Asp and D-Asp
as substrates, DarR and AalR appear to distinguish L-Asp from D-Asp. This discrimination has
not previously been demonstrated. Since both DarR and AalR regulate the transcription of aspY,
the transcriptional fusion at this locus illustrated the difference in effector specificity (Figure
3.12). Although DarR can activate transcription from this promoter, it does not do so in response
to L-Asp, as demonstrated in a strain missing the racemase. Conversely, AalR did not respond to
D-Asp in the absence of RacD.

The sequence alignments of DarR and AalR demonstrate that their DNA-binding
domains (at the N-terminus) are nearly identical, consistent with their ability to recognize the
same operator sequence. There are greater differences in the sequences of the effector binding
domains, which could explain their ability to discriminate L-Asp and D-Asp as effectors. A
recent structural study of DarR from V. fischeri (14) may lay the foundation for further

examination of potential differences in these regulators (DarR and AalR).
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The transcriptional start sites were determined by 5° RACE for aspA4 and aspY. An
alignment of these regions with the racD promoter highlighted striking similarity. This
alignment (Figure 3.10) highlights conserved features. The typical dyad symmetry of the LTTR
binding site is sufficient to bind a DNA-binding domain from each of two subunits. Since LTTRs
typically function as a tetramer, it is not clear how the oligomer would bind and activate
transcription. The sequence alignment highlights a conserved sequence downstream of the
ATGCA-NS5-TGCAT binding site that matches a “half-site” of this symmetry: TGCAT. These
conserved regions are boxed in Panel C of Figure 3.10. A DNA-binding domain of a tetramer
could bind to this TGCAT sequence which overlaps the -35 region of the promoter. Thus, the
DarR or AalR could interact with RNA polymerase, perhaps with the sigma factor, as in a Class

II promoter (23, 24).

Nitrogen metabolism in A. baylyi ADP1

Studies here showed that while the utilization of Asp as a carbon source in 4. baylyi is
dependent on aspartate-ammonia lyase (AspA). AspA catalyzes the cleavage of L-aspartate into
ammonium and fumarate, which enters central carbon metabolism. However, A. baylyi’s use of
Asp as a nitrogen source is not dependent on AspA. Both wild type A. baylyi and an aspA
mutant, ACN1894, used L-Asp, D-Asp, L-Asn, D-Asn, and L-Glu as the sole nitrogen source.
Because the asp4 mutant cannot be using AspA cleavage of aspartate for nitrogen assimilation in
this strain, an alternative pathway for L-aspartate as a nitrogen source must be used. L-aspartate
aminotransferase, aspC (ACIAD RS11695), catalyzes the conversion of L-aspartate and 2-oxo-
glutarate to L-glutamate and oxaloacetate (25). It is likely that 4. baylyi utilizes this pathway for

nitrogen assimilation as it generates L-glutamate, which along with L-glutamine, represent the
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primary nitrogen donors for biosynthetic pathways in bacteria (26). This finding stands in
contrast to recent studies of E. coli nitrogen assimilation that determined that nitrogen

assimilation in E. coli from Asp is dependent on the Aspartate-ammonia lyase (26).

Metabolic and genetic studies for undergraduate laboratory courses

In designing experiments for a semester long microbiology laboratory course for
undergraduate students, it is important to choose projects and experiments that can be done and
analyzed in this short time frame. Because 4. baylyi has such a facile genetic system, genetic
changes can be quickly made and/or analyzed through basic techniques. For example, the
transformation assays with linear DNA dropped onto a selective plate with a lawn of cells
quickly and clearly demonstrates bacterial transformation to students.

During my doctoral studies, I was the TA for multiple semesters of MIBO4600L
(Experimental Microbiology) and MIBO2500L (Microbiology and Health Care) as well as an
instructor of record for Microbiology and Health Care. In both classes, [ used A. baylyi’s
powerful natural transformation system to teach students about modes of horizontal gene
transfer. In Microbiology and Health Care, experiments taught future healthcare professionals
about the importance of antibiotic resistance. Students preformed a natural transformation assay
to see how a Streptomycin resistant strains of ADP1 can confer the resistance to a Streptomycin
sensitive strain. Antibiotic resistance is a major concern in our modern healthcare system as
more and more bacteria become resistant to our modes of treatment, and it is important that
students going into healthcare professions understand how antibiotic resistance can be spread by.

In Experimental Microbiology, students are able to do real, publishable research in A4.

baylyi. One article resulting from this course was published in 2017 about another LTTR in 4.
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baylyi, MdcR (27). Each class was able to make new and interesting discoveries during their
semester that have been incorporated into the research described here. Without the ease of
genetic manipulation provided by 4. baylyi, these studies would likely not be accomplished in

such a short timeframe. We plan to publish this work in the Journal of Bacteriology.

Experimental procedures
Media and growth conditions

Defined ADP1 medium was used for culturing all A. baylyi strains and E. coli DH5a for
heterologous expression experiments as previously described (28). This medium was
supplemented with 20 mM pyruvate, L-Asp, D-Asp, L-Asn, D-Asn, L-Glu, and/or D-Glu unless
otherwise indicated. For experiments using the amino acids as nitrogen sources, media contained
20 mM pyruvate for a carbon source and 5 mM of one amino acid as a carbon and nitrogen
source. For plasmid cloning, E. coli XLI Blue or DH5a. (Stratagene) was grown in Luria-Bertani
medium (LB) (29). All cultures were incubated at 37 °C with shaking at 250 rpm unless
otherwise indicated. Antibiotics were used at final concentrations of 25 pg/ml for kanamycin,

12.5 pg/ml each for streptomycin and spectinomycin, and 150 pg/ml for ampicillin.

Strain and plasmid construction

DNA used for plasmid constructed or allelic replacement experiments was PCR-
amplified by using the high-fidelity polymerases PrimeSTAR Max (Takara Biosciences) or
Phusion (New England Biosciences). All primers used can be found in the primer list (Table
3.4). Plasmids were constructed by overlapping sequence assembly in E. coli XL1-Blue or DH5a

competent cells (Stratagene) as previously described (30). Standard restriction digest followed by
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ligation (Quick Ligation Kit, New England Biosciences) was also used for plasmid construction.
Plasmids were confirmed by DNA restriction mapping and/or regional DNA sequencing.
Plasmids are described further in the supplemental plasmid list (Table 3.3).

All chromosomal changes in A. baylyi ADP1 were constructed by allelic replacement as
previously described (31). Strains were confirmed by PCR and/or regional DNA sequencing. All

strains are further described in the strain table (Table 3.2).

Patching of A. baylyi strains

For patching experiments, a single colony from each strain was taken with a toothpick
from a non-selective plate of minimal media with 20 mM pyruvate. It was struck in a centimeter
long line to the same spot on each plate used in the experiment with the last plate being a non-
selective plate to ensure that enough cells were deposited onto each previous plate. All plates
were incubated at 37 °C overnight. 5 individual replicates were done for each strain. Then, the
plates were incubated at room temperature to prevent the plates from drying out too fast but to let

the cells continue to grow for up to 5 days.

Computational search for aspartate transporter homologues
NCBTI’s Basic Local Alignment Search Tool, BLAST, was used to search the A. baylyi
genome for homologs to the predicted Aspartate transporter, AspT (32). Six paralogues were

found with 24% or greater similarity to AspT and were investigated further.

Selection D-Asp* spontaneous mutant without AspY or AspT (ACN2921)
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The A. baylyi strain missing AspY and AspT, ACN2061, was grown overnight on 5 ml minimal
media with 20 mM pyruvate and 20 mM L-Asp, D-Asp, L-Asn, D-Asn, L-Glu, or D-Glu. The 5
ml cultures were then pelleted at 5 x g for 3 min. Cells were washed with 1 ml minimal media
and pelleted again. Cells were resuspended in 100 pul minimal media, plated to minimal media

with 20 mM D-Asp and incubated overnight.

A. baylyi transformation assays

AspT paralogs were PCR amplified from ACN2061, strain missing AspY and AspT, or
ACN2921, strain missing AspY and AspT selected to grow on D-Asp (ACN2921) and cleaned
and concentrated using Monarch PCR & DNA Cleanup Kit (New England BioLabs Inc. #
T1030S). An overnight culture of ACN2061 was spiked with 100 ul 20 mM pyruvate and
incubated shaking at 37 °C 250 rpm for another 30 min to bring the cultures into log growth
phase. 100 ul of culture was plated on minimal media with 20 mM L-Asp or D-Asp and then 100
pg of each PCR product was dropped top of cells and incubated overnight.

clpA alleles were PCR amplified from spontaneous mutants growing on Aspartate
without AalR and cleaned and concentrated using Monarch PCR & DNA Cleanup Kit (New
England BioLabs Inc. # T1030S). An overnight culture of ACN1260 or ACN1280 was spiked
with 100 ul 20 mM pyruvate and incubated shaking at 37 °C 250 rpm for another 30 min to bring
the cultures into log growth phase. 100 ul of culture was plated on minimal media with 20 mM
L-Asp or D-Asp and then 100 pg of each PCR product was dropped top of cells and incubated

overnight.

B-Galactosidase assays to assess AspY::lacZ and AspS::lacZ transcriptional fusions
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Either an AspY::lacZ or an AspS.:lacZ fusion was introduced into the A. baylyi
chromosome. Liquid cultures were grown overnight on minimal media with either pyruvate,
pyruvate and L-Asp, or pyruvate and D-Asp. Cells were diluted between 1 in 10 and 1 in 40 with
Z-buffer (16.1 g Na2HPO4-7H20, 5.5 g NaH2P0O4-H20, 0.75 g KCl, and 0.246 g MgS0O4-7H20
in 1 L H20 with 27 pl B-mercaptoethanol added fresh to each 10 ml Z-buffer used) and a final
concentration of 0.001% SDS and chloroform were added. The reaction, at 37 °C, was started
with the addition of 250 pul o-nitrophenyl-B-D-galactoside (ONPG) for every 1 ml of cell mixture
(4 mg/ml ONPG in 0.1 M potassium phosphate bufter, pH 7.0). The reaction was stopped when a
yellow color appeared with 500 pl stop buffer (106 gm Na2CO3 in 1 L H20). Two replicates
were done for each sample with different reactions times to ensure the enzyme reaction was
taking place in the linear range. Samples were pelleted at 5 x g for 3 min and the supernatant was
measured at 420 nm. Each culture was also diluted 1 in 5 in Z-buffer and measured on the
spectrophotometer at 650 nm. Miller Units were calculated as Miller units = (1000 x A420)/ (t

x v x A650). Each strain was done in at least 4 replicates over 2 days.

Heterologous expression of A. baylyi proteins in E. coli

Plasmids, listed in Table 3.3, expressing A. baylyi RacD, AspT, or RacD plus one of the
7 Aspartate transporter homologs were introduced into E. coli DH5a. Cells were then grown on
minimal media with kanamycin, for plasmid retention, and either 20 mM L-Asp or D-Asp
overnight. Cell density was measured after 72 hours at 595 nm on spec. Each strain was done in

at least 6 replicates over 3 days.

Isolation of L-Asp* mutants of A. baylyi strains missing AalR
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Spontaneous mutants were selected for ACN1280 and ACN1260, strain missing aalR, by
growth on L-Asp as the sole carbon source. Multiple mutations in the c/pA4 coding sequence were
discovered by next generation sequencing and regional Sanger sequencing, Eton Biosciences. A
mutation in the aspA promoter region was located via regional Sanger sequencing, Eton

Biosciences.

Next generation sequencing and analysis

Genomic DNA was isolated from ADP1 derived strains and sonicated to approximately
500 bp size fragments in a total of 500 ng. Genomic libraries were prepared using the NEBNext
Ultra IT DNA Library Prep Kit for [llumina (New England Biolabs) including end-repair, adaptor
ligation, and addition of an individual 15/i7 index primer. Sequencing was performed on the
[Mlumina NextSeq500 instrument at the Georgia Genomics and Bioinformatic Core at the
University of Georgia.

Sequence analysis was performed using Geneious software with default settings. A
reference genome was constructed by mapping reads from ADP1 to GenBank CR543861.
Paired-end reads were mapped to this refence genome and a minimum variant frequency of 0.8

was used to call variants and identify single nucleotide polymorphisms.

Transcript analysis

A. baylyi cell cultures were harvested while in late logarithmic phase and entering
stationary. RNA was preserved using RNAprotect (Qiagen) and isolated using the RNAeasy kit
(Qiagen). RNA was further treated with RQ1 DNase (Promega) and confirmed to be free of

DNA through PCR using LongAmp Taq (NEB) and assessment via agarose gel electrophoresis.
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The 5° RACE System for Rapid Amplification of cDNA Ends (Invitrogen) was used to
determine the 5 end of transcripts. cDNA for aspA was generated using primer ALS60. Primers
ALS61 and ALS62 were used for internally amplification of 5° RACE products which were then
cloned into pCR4-TOPO vector (Invitrogen) and sequenced. For generation of AspY cDNA,
primer LES9 was used, with primers LES10 and LES11 were used for internal amplification. For
generation of aalR cDNA, primer ALS114 was used. Primers ALS66 and ALS115 were used for
internal amplification of aalR cDNA. For generation of racD cDNA, primer LES12 was used.
Primer used for internal amplification were either ALS18 or ALS129, and ALS123

The transcript of Asp4 was evaluated with two independently isolated RNA samples from ADP1
grown on L-Asp. Both AspY and racD transcripts were evaluated from at least two RNA samples
from ADP1 grown on D-Asp. The aalR transcripts was evaluated with three independently

isolated RNA samples from ACN2029 grown on L-Asp.

Fluorescence assays to assess AspA::gfp transcriptional fusions

Liquid cultures were grown on minimal media with pyruvate with and without 5 mM L-
Asp or D-Asp, inoculated 1:10 from cultures with no Aspartate. Cell cultures were assayed at an
0OD600 of 0.86-1.2. Green fluorescence (excitation 485, emission 528) and OD600 were
measured using a Synergy 2 plate reader (Biotek). Fluorescence measures are reported as green
fluorescence relative to OD600. Relative fluorescence was then normalized to an A. baylyi strain

without gfp.



Table 3.2: Strains used in Chapter 3 study

Strain

ADPI

ACN1260

ACN1261

ACN1280

ACN1720

ACN1721

ACN1726

ACN1862

ACNI1864

ACN1876

ACN1883

ACN1884

ACN18%4

ACN1895

ACN1924

ACN1964

ACN2035

ACN2059

ACN2061

Relevant Characteristics

Wild-type strain (BD413)

AaalR::sacB-KR51260

sacB-KR cassette from pRMJ1 replacing aalR (1,753,790 - 1,754,674)

pBACI1051 Xmnl X ADP1

AmdcR::sacB-KR51261
sacB-KR52161 cassette from pRMJ1 replacing mdcR
pBAC1052 X ADPI

AaalR51280

Deletion of aalR inside of start and stop codons (1,753,790 - 1,754,674)

pBAC1032 EcoRI X ACN1260

AracD::sacB-KR51720
sacB-KR cassette replacing racD (321,876 - 324,768)
pBAC1289 Sphl/Sacl X ADP1

AdarR::sacB-KR51721
sacB-KR cassette replacing darR (323,700 — 322,810)
pBAC1297 Bgll/ BspQI X ADP1

AdarR51726

Xhol recognition site replacing darR (323,700 — 322,810) inside of start and stop codons

pBAC1296 Sapl/ Sacl X ACN1721

AmdcR::mCherry51862
mCherry interrupting mdcR
pBAC1425 Pvul x ACN1261

AmdcR::mCherry51862; AaalR::sacB-KR51260
ACNI1260 lysate x ACN1862

AmdcR::mCherry51862; AaalR51280
ACN1280 lysate X ACN1864

AmdcR::mCherry51862; AspA::gfp-QKR51883
gfp-QKmR51883 interrupting AspA
pBAC1468 Xmnl X ACN1862

AmdcR::mCherry51862; AspA::gfp-QKR51883; AaalR51280
pBAC1468 Psil X ACN1876

AspA::gfp-QKR51883
ADP1 lysate X ACN1883

AaalR51280; AspA::gfp-QKR51894
ADP1 lysate X ACN1884

AaalR::sacB-KR51260; AdarR51726
ACNI1260 lysate x ACN1726

AdarR51726; AracD::sacB-KR51720
pBAC1289 Sphl/Sacl X ACN1726

AAspT52035

Deletion of AspT (320,208 — 321,532) replaced with Xhol recognition site

pBAC1541 Pvull X ACN1720

AspY::QSR52059
Interruption of AspY with QSR
pBAC1569 Aatll/Sapl X ADP1

AAspT52035; AspY::QSR52059
PBAC1569 Aatll/Sapl X ACN2035

Source

(33)

This study

@7

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
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ACN2140

ACN2141

ACN2144

ACN2152

ACN2153

ACN2179

ACN2180

ACN2195

ACN2196

ACN2197

ACN2208

ACN2209

ACN2220

ACN2221

ACN2222

ACN2246

ACN2247

ACN2252

ACN2253

ACN2265

AaalR::darR52140; AdarR51726
darR (322,807 - 323,697) replacing aalR (1,753,787 — 1,754,677)
pBACI1510 BamHI/EcoRV X ACN1924

AaalR::darR52141; AdarR51726

Longer darR (322,807 - 323,703) replacing aalR (1,753,787 — 1,754,677)

pBAC1607 BamHI/EcoRV X ACN1924
AspY::lacZ-KR52144

lacZ-KR52144 inserted into AspY at Xhol recognition site in same orientation. Expression

should be controlled by AspY promoter
pBAC1611 Aatll X ADP1

AaalR::darR52140; AdarR51726

ACN2140 spontaneous mutant using | mM D-Aspartate as sole carbon source

AaalR::darR52141; AspA52153; AdarR51726

spontaneous mutations in the promoter region of Asp4 (C -> T ; 1,753,683)
ACN2141 spontaneous mutant using | mM D-Aspartate as sole carbon source

AspY::lacZ-KR52179

lacZ-KR52179 inserted into AspY at Xhol recognition site in opposite orientation as AspY.

Expression should not be controlled by 4spY promoter
pBAC1612 Aatll X ADP1

AaalR51260; clpA52180
11 nt repeat in clpA4 (1,359,239 — 1,359,249)
ACN1260-derived L-Asp+ spontaneous mutant

AaalR51280; AspA52153
pBAC1637 Aatll/Ndel X ACN1260

AaalR::darR52140; AspA:.gfp-QKR51883; AdarR51726
pBAC1468 Psil X ACN2140

AaalR::darR52141; AspA::gﬁ)-QKR51894; AdarR51726
pBAC1468 Psil X ACN2141

AspAS52153: AspA::gfp-QKR51894
pBAC1638 Pmel/Aatll X ADP1

AaalR1280; AspA52153; AspA::gfp-QKR51894
pBAC1638 Pmel/Aatll X ACN2195

AaalR51280; AspA52153; AdarR51726
pBAC1637 Aatll/Sapl X ACN1924

AaalR::darR51943; AspA52153; AspA::gfp-QKR51894; AdarR51726
pBAC1645 Aatll X ACN2140

AaalR::darR52141; AspA52153; AspA::gfp-QKR51894; AdarR51726
pBAC1646 Aatll X ACN2141

AaalR::sacB-KR51260; clpA::QSR52246
QSR from pUI1638 interrupting clpA
pBAC1634 AatIl/Ndel X ACN1260

AaalR51280; clpA::QSR52246
pBAC1634 Aatll/Ndel X ACN1280

AaalR51280; AspA52153; AdarR::sacB-KR51721
ACNI1721 lysate X ACN2195

AaalR51280; AspA52153; AdarR51726
ACN2220 L-Asp* spontaneous mutant

AaalR::darR52265 (G->T, 323,095); AdarR51726

darR replacing aalR with G -> T point mutation isolated from Stabb Lab experiments

pBAC1658 Psil/Kpnl X ACN1924

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
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ACN2266

ACN2277

ACN2278

ACN2291

ACN2292

ACN2293

ACN2294

ACN2295

ACN2296

ACN2910

ACN2911

ACN2912

ACN2913

ACN2914

ACN2915

ACN2916

ACN2917

AaalR::darR52266 (G->T, 323,095); AdarR51726

longer darR replacing aalR with G -> T point mutation isolated from Stabb Lab

experiments
pBAC1659 Psil/Kpnl X ACN1924

AaalR51280; AspA:.gfp-QKR51894; AdarR51726
pBAC1468 Psil X ACN2220

AaalR51280; AspA52153; AspA:.gfp-QKR51894; AdarR51726
pBAC1638 Psil X ACN2220

AaalR::darR52265; AspA52153; AdarR51726
pBAC1665 Aatll/Sapl X ACN1924

AaalR::darR52266; AspA52153; AdarR51726
pBAC1666 Aatll/Sapl X ACN1924

AaalR::darR52265; AspA::gfp-QKR51883; AdarR51726
pBAC1468 Psil X ACN2265

AaalR::darR52266; AspA::gfp-QKR51883; AdarR51726
pBAC1468 Psil X ACN2266

AaalR::darR52265; AspA52153; AspA::gfp-QKR51883; AdarR51726
pBAC1638 Psil X ACN2291

AaalR::darR22665; AspA52153; AspA::gfp-QKR51894; AdarR51726
pBAC1638 Psil X ACN2292

AaalR::sacB-KR51260

Remade ACN1260 to check that phenotype is correct
(FM-B for BM (students))

pBAC1051 Aatll X ADP1

AaalR::sacB-KR51260

Remade ACN1260 to check that phenotype is correct
(DW-B for AC (students))

pBAC1051 Aatll X ADPI

AaalR::sacB-KR51260

Remade ACN1260 to check that phenotype is correct
(FM-A (students))

pBAC1051 Aatll X ADP1

AaalR::sacB-KR51260

Remade ACN1260 to check that phenotype is correct
(JS-B (students))

pBAC1051 Aatll X ADP1

AaalR::sacB-KR51260

Remade ACN1260 to check that phenotype is correct
(JI-A (students))

pBAC1051 Aatll X ADPI

AaalR::sacB-KR51260

Remade ACN1260 to check that phenotype is correct
(AW-B (students))

pBAC1051 Aatll X ADP1

AaalR::sacB-KR51260

Remade ACN1260 to check that phenotype is correct
(DW-A (students))

pBAC1051 Aatll X ADP1

AaalR51280; clpA52917

clpd, G > T (1,358,183) SNP in 82" nucleotide resulting in a premature stop codon
ACN1280 L-Asp* suppressor mutant isolated on 20 mM L-Asp as the sole carbon source

(JS-student).

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
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ACN2918

ACN2919

ACN2921

ACN2922

ACN2923

ACN2924

ACN2925

ACN2926

ACN2927

ACN2928

ACN2947

ACN2948

ACN2949

AaalR51280
ACN1280 L-Asp* suppressor mutant isolated on 20 mM L-Asp as the sole carbon source
(AW-student).

AaalR51280
ACN1280 L-Asp* suppressor mutant isolated on 20 mM L-Asp as the sole carbon source
(AC-student).

AAspT52035; AspY::QSR52059; AspS52921

T insertion in promoter region of AspS (after 474,090)

ACN2061 D-Asp* suppressor mutant on 20 mM D-Asp as the sole carbon sourse after
overnight growth on 20 mM L-Asp as the sole carbon source (DW-student).

AAspT52035; AspY::QSR52059; AspS52921

T insertion in promoter region of AspS (after 474,090)

ACN2061 D-Asp* suppressor mutant on 20 mM D-Asp as the sole carbon sourse after
overnight growth on 20 mM L-Asp as the sole carbon source (DW-student).

AAspT52035; AspY::QSR52059; AspS52921

T insertion in promoter region of AspS (after 474,090)

ACN2061 D-Asp* suppressor mutant on 20 mM D-Asp as the sole carbon sourse after
overnight growth on 20 mM L-Asp as the sole carbon source (DW-student).

AAspT52035; AspY::QSR52059; AspS52921

T insertion in promoter region of AspS (after 474,090)

ACN2061 D-Asp* suppressor mutant on 20 mM D-Asp as the sole carbon sourse after
overnight growth on 20 mM L-Asp as the sole carbon source (DW-student).

AaalR::sacB-KR51260
ACN2911 L-Asp*'D-Asp* suppressor mutant isolated on 20 mM L-Asp and 20 mM D-
Asp as the carbon sources.

AaalR::sacB-KR51260; clpA52926

GG insertion after 1,601% nucleotide (1,359,702) in c/pA CDS causing alternative end to
protein

ACN2915 L-Asp*'D-Asp* suppressor mutant isolated on 20 mM L-Asp and 20 mM D-
Asp as the carbon sources.

AaalR::sacB-KR51260; clpA52927

Deleted C (1,359,000) in codon 300 causing premature stop codon in clpA.

ACN2913 L-Asp'D-Asp* suppressor mutant isolated on 20 mM L-Asp and 20 mM D-
Asp as the carbon sources.

AaalR::sacB-KR51260; cipA52928

sacB-KR cassette from pRMIJ1 replacing aal/R (1,753,790 - 1,754,674). T insertion in
188%™ codon (1,358,664) causing premature stop codon in clpA.

ACN2910 L-Asp'D-Asp* suppressor mutant isolated on 20 mM L-Asp and 20 mM D-
Asp as the carbon sources.

AdarR51726; racD52947; Pracptrc52947

Pracptre52947 = 437 nt from racD promoter (318,942-319,379) replaced with trc
promoter (305 nt of trc construct from (6) downstream fonB terminator®).

racD52947 = racD encoding K3N replacement (CDS nt 9 change A->C). Selected for
growth on 20 mM D-Asp as the sole carbon source.

pBAC1950 AhdI X ACN1726

AdarR51726; racD52947; Pracptrc52947

Pracptre52947 = 437 nt from racD promoter (318,942-319,379) replaced with #rc
promoter (305 nt of trc construct from (6) downstream fonB terminator™).

racD52947 = racD encoding K3N replacement (CDS nt 9 change A->C). Selected for
growth on 20 mM D-Asp as the sole carbon source.

pBAC1950 Ahdl X ACN1726

AAspS::sacB-SR52949; AspS52921

AspS (474,293-475,597) removed with ACN2921 and replaced with sacB-SR and extra T
(after 474,090) in promoter region (P4sps*)

pBAC1949 AhdI X ADP1

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
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ACN2950

ACN2951

ACN2952

ACN2953

ACN2954

ACN2955

ACN2956

ACN2957

ACN2958

ACN2959

ACN2964

ACN2965

ACN2966

ACN2967

ACN2968

ACN2969

ACN2970

ACN2971

ACN2972

ACN2978

ACN2979

AaalR::darR52140; AdarR51726
Re-made ACN2140.
pBACI1510 BamHI/EcoRV X ACN1924

AaalR::darR52141; AdarR51726
Re-made ACN2141.
pBAC1607 BamHI/EcoRV X ACN1924

AdarR51726; Pracptre52947
Removed native racD promoter (318,942-319,379) replaced with trc promoter.
pBAC1952 AhdI/Ndel X ACN1964

AdarR51726; AracD52953; Pracptrc52947
Removed native racD promoter and CDS (318,942-320,087) replaced with trc promoter.
pBAC1953 Ahdl X ACN1964

AdarR51726; racD52947; AaalR::sacB-KR51260; Pracptrc52947
pBAC1051 Aatll X ACN2947

AdarR51726; racD52947; AaalR::sacB-KR51260; Pracptrc52947
pBAC1051 Aatll X ACN2948

AdarR51726; racD52947; Pracptrc52947
pBAC1952 AhdI/Ndel X ACN1726

AdarR51726, Pracptrc52947; AaalR::sacB-KX51260
pBAC1051 Ahdl/Aatll X ACN2952

AdarR51726; AracD52953; AaalR::sacB-KR51260; Pracotrc52947
pBAC1051 AhdI/Aatll X ACN2953

AdarR51726; Pracptre52947; AaalR::sacB-KR51260
pBAC1051 Ahdl/Aatll X ACN2956

AspS::lacZ-KR52964
lacZ-KR interrupting AspS after 47" codon (474,433)
pBAC1954 Ahdl X ADP1

AspS::lacZ-KR52964; AdarR51726
pBAC1954 Ahdl X ACN1726

AspS::lacZ-KR52964; AaalR51280
pBAC1954 Ahdl X ACN1280

AspS::lacZ-KR52964; AAspT52035; AspY::QSR52059
pBAC1954 Ahdl X ACN2061

AspS::lacZ-KR52964; AAspT52035; AspY::QSR52059
pBAC1954 Ahdl X ACN2921

AspS::lacZ-KR52969; AAspT52035; AspY::QSR52059

lacZ-KR interrupting AspS after 47" codon (474,433) with T insertion in promoter region
(after 474,090). (P.gps™)

pBAC1955 Ahdl X ACN2061

AspS::lacZ-KR52969; AAspT52035; AspY::QSR52059
pBAC1955 Ahdl X ACN2921

AspS::lacZ—KR52969; AaalR51280
pBACI1955 Ahdl X ACN1280

AspS::lacZ-KR52969; AdarR51726
pBAC1955 Ahdl X ACN1726

AdarR51726; AracD52953; Pracptre52947
aalR PCR (KTE121/124) Dpnl X ACN2958

AdarR51726; AracD52953; AaalR51280; Pracptre52947
pBAC1032 Ahdl X ACN2958

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
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ACN2980 | AracD::sacB-KR51720; AracD52953; Pracptre52947 This study
pBAC1953 Ahdl X ACN1720

ACN2981 | AracD52953; AaalR51280; AdarR::sacB-KR51721; Pracptrc52947 This study
pBAC1297 Ahdl X ACN2979

ACN2982 | AracD52953; AaalR51280; Pracptrc52947 This study
darR PCR (ALS7/8) Dpnl X ACN2981

ACN2983 | AspY::lacZ-KR52144 This study
pBAC1611 Ahdl X ADP1

ACN2984 | AspY::lacZ-KR52144; AdarR51726; AracD52953; Pracptrc52947 This study
pBAC1611 Ahdl X ACN2978

ACN2986 | racD-QKR52986 This study
QKR inserted downstream stop codon of racD (320,090) to determine if AspT has is own
promoter
pBAC1956 Pvul X ADP1

ACN2987 | AspS::lacZ-KR52964; AAspT52035 This study
pBAC1954 Ahdl X ACN2035

ACN2988 | AspS::lacZ-KR52964; AspY:QSR52059 This study
pBAC1954 Ahdl X ACN2059

ACN2989 | AspY::lacZ-KR52144; AracD52953; AaalR51280; Pracptrc52947 This study

pBAC1611 Ahdl X ACN2982
* tonB terminator sequence: AGTCAAAAGCCTCCGGTCGGAGGCTTTTGACT

a. A. baylyi strains were derived from ADP1, previously known as Acinetobacter calcoaceticus
or Acinetobacter sp. (7)

b. Bold numbers correspond to positions on the ADP1 chromosome in NCBI entry NC _005966.
c. Underlined text indicates the donor DNA and, where relevant, the restriction enzyme used to
linearize a plasmid (pBAC number/Enzyme). The donor DNA was used to transform (X) the

indicated recipient strain.

Table 3.3: Plasmids used in Chapter 3 study

Plasmid Relevant Characteristics Source
pUC18 ApR; cloning vector (34)
pUC19 ApR; cloning vector (34)
pminiT2.0 | ApR; cloning vector New
England
Biolabs

pJPK13 KR; expression vector (3%5)



pUI1637
pUI1638
pKOK6
pRMJ1
pILS27
pBAC1032

pBAC1033

pBAC1051

pBAC1052

pBAC1289
pBAC1291

pBAC1296

pBAC1297
pBAC1299

pBAC1300

pBAC1407

pBAC1419

pBAC1421

pBAC1424

pBAC1425

pBAC1466
pBAC1468

pBAC1504

pBAC1510

pBAC1541

ApR, K&; source of QKR cassette
ApR, SR; source of QSR cassette
ApR KR; source of lacZ-KR cassette
ApR, KR; source of sacB-KR cassette
CmR KR; source of gfp

ApR; AaalR51280

DNA fragments generated by PCR upstream aa/R with KTE121 and KTE122 (1,753,277 -
1,753,789) and downstream aal/R with KTE123 and KTE124 (1,754,675 - 1,755.236) including
an Xhol recognition site engineered in frame with aalR in between the start and stop codons
(1,753,790 - 1,754,674) assembled by SOEing. DNA was inserted into pUC19 by digestion with
BamHI and EcoRI

ApR; AmdcR51281 (1,766,508-1,766,937; 1,767,853-1,768,371) in pUC19 vector

ApR KR; AaalR::sacB-KR51260
sacB-KR® cassette from pRMJ1 digested with Sall inserted in Xhol site of pBAC1032 (compatible
sticky ends)

ApR, KR; AmdcR::sacB-KR51261; sacB-KR® cassette from pRMJ1 inserted in Xhol site of
pBAC1033

ApR, KR; AracD::sacB- KR51720; sacB- KR cassette inserted in Xhol site of pBAC1291

ApR; AracD51725 in pUC19
Xhol site replacing racD

ApR; AdarR51726
Xhol site replacing darR

ApR, KR; AdarR::sacB- KR51720; sacB- KR cassette inserted in Xhol site of pBAC1296

ApR; darR (322,810 — 323,700) inserted into pBAC1296 linearized with Xhol by gap repair with
ADP1

ApR; site directed mutagenesis of pPBAC1299 with ALS9 and ALS10 to generate change to
nucleotide 603 of darR (G -> T; M -> I; 323,095)

ApR; PCR fragment KTE121 and ALS52 carrying part of AspA and aalR (1,753,277-1,754,674)
introduced into pBAC1032 by restriction digest with Sphl and HindIII

ApR; AspA::gfp51894, gfp from pJLS27 amplified with ALS69 and ALS70 inserted into Sphl site
in aalR in pPBAC1407

ApR; AspA::gfp51894, additional ADP1 sequence (1,749,977 - 1,753,341) amplified from WT
with ALS72 and ALS75 inserted into pPBAC1419 Kpnl and EcoRI sites

ApR, KR®; AmdcR::sacB-mCherry
mCherry from pJLS27 digested with Xhol and Xbal ligated pBAC1052 digested with Xhol and
Spel

ApR; AmdcR::mCherry51862
pBAC1424 cut with EcoRV and SnaBI and ligated to remove sacB

ApRKR; QKR cassette from pUI1637 inserted into EcoRI site in pUC18

ApRKR; AspA::gfp-QKR51883

QKR cassette from pPBAC1466 inserted into Kpnl site in pBAC1421

ApR; AaalR::darR52140, darR (322,807 - 323,697) amplified with ALS110 and ALS116 and
sequence downstream aalR (1,754,678 — 1,755,236) amplified with ALS117 and KTE124

assembled with Splicing by Overlap Extension PCR with ALS116 and KTE124 and inserted into
BamHI and Psil sites of pPBAC1032

ApR; AaalR::darR52140, sequence near Psil site in pBAC1504 restored to match pBAC1032 by
replacing DNA from Kpnl site to Psil site (1,753,757 — 1,753,336)

ApR; AdspT52035; DNA upstream AspT (318,384 - 320,207) amplified with MTV399 and
ALS134 and DNA downstream AspT (321,533 - 324,768) amplified with MTV396 and ALS135
with an engineered Xhol site in place of AspT and 26 bp DNA downstream assembled with
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pBAC1567

pBAC1569
pBAC1607

pBACI1611

pBAC1612

pBAC1629

pBAC1630

pBAC1634

pBAC1636

pBAC1637

pBAC1638

pBAC1645

pBAC1646

pBAC1658

pBAC1659

pBAC1665

pBAC1666

pBAC1673

pBAC1680

Splicing by Overlap Extension PCR with MTV399 and MTV396 and inserted into Sacl and Pstl
sites in pUC19

ApR; AspY, DNA from WT (1,334,426 - 1,337,336) amplified with ALS141 and ALS142 inserted
into Xbal and HindIII sites in pUCI18

ApR SR; AspY::QSR52059, QSR cassette from pUI1638 inserted into Pstl site of pPBAC1567

ApR; AaalR::darR52141 Site directed mutagenesis of pPBAC1510 with ALS165 and ALS166
introducing 6 nucleotides (323,698 — 323,703) upstream darR adding the alternative start site

ApR,KR; AspY::lacZ-KR52144, lacZ-KR cassette from pKOKS6 inserted in Xhol site of pPBAC1567
disrupting AspY

ApR KR, AspY::lacZ-KR52179, lacZ-KR cassette from pKOKS6 inserted in Xhol site of pPBAC1567
in opposition orientation to pBAC1611 disrupting AspY

ApR; WT sequence (1,357,557-1,360,899) including c/p4 amplified with ALS143 and ALS144
inserted into pminiT

ApR; ACN2180 sequence (1,357,557-1,360,899) including c/p452180 amplified with ALS143
and ALS144 inserted into pminiT

ApR, SR; clpA::QSR52246; QSR cassette from pUI1638 digested with EcoRV inserted into SnaBI
site of pBAC1629

ApR; AspA::gfp51894; AspA52153
Site directed mutagenesis of pPBAC1468 with SRB113 and SRB114 introducing 4spA promoter
mutation C->T at position 1,753,683

ApR; AaalR51280; AspA52153
Site directed mutagenesis of pPBAC1032 with SRB113 and SRB114 introducing 4spA promoter
mutation C->T at position 1,753,683

ApRKR; AspA::gfp52153; QKR51894, QKR from pBAC1468 inserted into Kpnl site of
pBAC1636 with gfp interrupting aalR and AspA promoter mutation C->T at position 1,753,683

ApRKR; AaalR::darR51943; AspA::gfp52153; QKR51894,
AspA::gfp region from pBAC1638 digested with Psil inserted into Psil and Sfol sites in
pBAC1510

ApRKR; AaalR::darR52141; AspA::gfp52153, QKR51894, AspA::gfp region from pBAC1638
containing 4spA4 promoter mutation digested with Psil inserted into Psil and Sfol sites in
pBAC1607

ApR; AaalR::darR52265, pBAC1300 and pPBAC1510 digested with Ncol and EcoRV and ligated
to replace aalR with shorter darR (322,807 - 323,697) with point mutation G->T in darR at
position 323,095 resulting in M2011

ApR; AaalR::darR52266, pBAC1300 and pPBAC1607 digested with Ncol and EcoRV and ligated
to replace aalR with longer darR (322,807 - 323,703) with point mutation G->T in darR at
position 323,095 resulting in M2031

ApPR; AaalR::darR52265; AspA52153

AspA52153 promoter mutation from pBAC1637 digested with Psil and Kpnl and inserted into
Psil and Kpnl sites of pPBAC1658 containing aalR replaced with shorter darR (322,807 -
323,697) with point mutation G->T in darR at position 323,095 resulting in M2011

ApR; AaalR::darR52266; AspA52153

AspA52153 promoter mutation from pBAC1637 digested with Psil and Kpnl and inserted into
Psil and Kpnl sites of pPBAC1659 containing aalR replaced with longer darR (322,807 - 323,703)
with point mutation G->T in darR at position 323,095 resulting in M2031

KR; racD and AspT sequences (319,380-321,518) in pJPK13, under control of the lac promoter
assembled by NEBuilder of ALS185 and ALS186 pJPK13 fragment and ALS187 and ALS188
fragment with racD and AspT sequences

KR; racD under control of lac promoter in pJPK 13 made by digest with Ncol and re-ligation to
remove AspT sequences (320,463 — 321,056)
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pBAC1683

pBAC1935

pBAC1936

pBAC1937

pBAC1938

pBAC1939

pBAC1940

pBAC1941

pBAC1942

pBAC1943

pBAC1944

pBAC1945

pBAC1946

pBAC1947

pBAC1948

pBAC1949

pBAC1950
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KR; 4spT under control of lac promoter in pJPK13 assembled by NEBuilder of ALS185 and This study
ALS186 pJPK13 fragment and ALS187 and ALS196 fragment with AspT sequences (320,208 —
321,518)

KR; 4spY under control of lac promoter in pJPK13 assembled by NEBuilder of SRB754 and This study
ALS185 pBAC1683 fragment and SRB751 and SRB754 fragment with AspY sequences
(1,335,452 — 1,336,750)

KR; ACIAD RS10205 (TP3) under control of lac promoter in pJPK13 assembled by NEBuilder | This study
of SRB754 and ALS185 pBAC1683 fragment and SRB756 and SRB758 fragment with
ACIAD_RS10205 sequences (2,119,881 — 2,201,277)

KR; AspS under control of lac promoter in pJPK13 assembled by NEBuilder of SRB754 and This study
ALS185 pBAC1683 fragment and SRB760 and SRB762 fragment with 4spS sequences (474,293
—475,597)

KR; ACIAD_RS04730 (TP5) under control of lac promoter in pJPK 13 assembled by NEBuilder | This study
of SRB754 and ALS185 pBAC1683 fragment and SRB764 and SRB767 fragment with
ACIAD_RS04730 sequences (1,017,738 — 1,019,009)

KR; ACIAD_RS14645 (TP6) under control of lac promoter in pJPK 13 assembled by NEBuilder | This study
of SRB754 and ALS185 pBAC1683 fragment and SRB768 and SRB771 fragment with
ACIAD_RS14645 sequences (3,143,711 — 3,144,952)

KR; ACIAD_RS05475 (TP7) under control of lac promoter in pJPK 13 assembled by NEBuilder | This study
of SRB754 and ALS185 pBAC1683 fragment and SRB772 and SRB775 fragment with
ACTIAD _RS05475 sequences (1,189,971 1,191,359)

KR; racD and AspY under control of /ac promoter in pJPK 13 assembled by NEBuilder of SRB753 | This study
and SRB754 pBAC1673 fragment and SRB751 and SRB752 fragment with AspY sequences
(1,335,452 — 1,336,750)

KR; racD and ACIAD RS10205 (TP3) under control of lac promoter in pJPK13 assembled by This study
NEBuilder of SRB753 and SRB754 pBAC1673 fragment and SRB756 and SRB757 fragment
with ACIAD_RS10205 sequences (2,119,881 — 2,201,277)

KR; racD and AspS under control of lac promoter in pJPK13 assembled by NEBuilder of SRB753 | This study
and SRB754 pBAC1673 fragment and SRB760 and SRB761 fragment with AspS sequences
(474,293 — 475,597)

KR; racD and ACIAD _RS04730 (TP5) under control of lac promoter in pJPK13 assembled by This study
NEBuilder of SRB753 and SRB754 pBAC1673 fragment and SRB764 and SRB765 fragment
with ACIAD_RS04730 sequences (1,017,738 — 1,019,009)

KR; racD and ACIAD RS14645 (TP6) under control of lac promoter in pJPK13 assembled by This study
NEBuilder of SRB753 and SRB754 pBAC1673 fragment and SRB768 and SRB769 fragment
with ACIAD RS14645 sequences (3,143,711 — 3,144,952)

KR; racD and ACIAD RS05475 (TP7) under control of lac promoter in pJPK13 assembled by This study
NEBuilder of SRB753 and SRB754 pBAC1673 fragment and SRB772 and SRB773 fragment
with ACIAD_RS05475 sequences (1,189,971- 1,191,359)

ApR; AspS with P4gps® in pUC19 assembly in E. coli DH5a of fragments make by PrimeSTAR This study
PCR with SRB780 and SRB781 (4spS fragment from ACN2921 template) (473,292 - 476,076)
and SRB776 and SRB777 (pUC19)

ApR; AdspS (474,293 — 475,597) with Pagps™; This study
Constructed by E. coli assembly of fragments make by PrimeSTAR PCR with SRB780 and

SRB793 (upstream TP4 fragment from ADP1 template), SRB792 and SRB781 (downstream TP4

fragment from ADP1 template), and SRB776 and SRB777 (pUC19).

ApR SR; AdspS (474,293 — 475,597) replaced with sacB::SR with P4gps™; This study
Constructed by E. coli assembly of fragments make by PrimeSTAR PCR with SRB796 and
SRB797 (pBAC1947 template), and SRB794 and SRB795 (pUI1638 template)

ApR; tre promoter controlling racD with K3N mutation and intergenic region upstream racD This study
deleted (no DarR binding site); Constructed by E. coli assembly of fragments make by

PrimeSTAR PCR with SRB800 and SRB802 (upstream racD from ADP1 template), SRB803 and

SRB804 (trc promoter from pBAC1919 template(Bradley paper reference)), SRB805 and



pBAC1951

pBAC1952

pBAC1953

pBAC1954

pBAC1955

pBAC1956
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SRB806 (racD from ADP1 template), and SRB807 and SRB801 (pUC19). Upon sequencing I
found a mutation in the 3rd codon changing a K to and N.

ApR; AspS in pUC19; constructed by E. coli assembly of fragments made by PrimeSTAR PCR This study
with SRB780 and SRB781 (4spS fragment from ADP1 template) and SRB776 and SRB777
(pUC19)

ApR; tre promoter controlling racD and intergenic region upstream racD deleted (no DarR This study
binding site); Constructed by E. coli assembly of fragments make by PrimeSTAR PCR with

SRB800 and SRB802 (upstream racD from ADP1 template), SRB803 and SRB804 (trc promoter

from pBAC1919 template(Bradley paper reference)), SRB805 and SRB806 (racD from ADP1

template), and SRB807 and SRB801 (pUC19).

ApR; trc promoter upstream AracD (319,383 — 320,087); Constructed by E. coli assembly of This study
fragments made by PrimeSTAR PCR with SRB808 and SRB809 (pBAC1952 template) to
remove racD coding sequence in between the start and stop codons

ApR KR; AspS::lacZ-KR; Constructed by E. coli assembly of fragments made by PrimeSTAR PCR | This study
with SRB810 and SRB811 (lacZ-KR from pKOK6 template) and SRB812 and SRB813 (4spS
from pPBAC1951 template).

ApR K®; AspS::lacZ-KR; P4gps*; Constructed by E. coli assembly of fragments made by This study
PrimeSTAR PCR with SRB810 and SRB811 (lacZ-K®R from pKOK6 template) and SRB812 and
SRB813 (4spS from pBAC1947 template).

ApRKR; trc promoter controlling racD and intergenic region upstream racD deleted (no DarR This study
binding site) with QKR directly downstram of RacD CDS; Constructed by E. coli assembly of

fragments make by PrimeSTAR PCR with SRB816 and SRB817 (QKR from pUI1637 template)

and SRB814 and SRB815 (pBAC1952 template)

Table 3.4: Primers used in Chapter 3 study

Name
ALSS
ALS6
ALS7
ALSS
ALS9

ALS10

ALS18
ALSS52
ALSS8

ALS59
ALS60
ALS61
ALS62
ALS66
ALS69
ALS70

ALS72

Sequence (5°-3°)

CGTTCCCACAATGAATCTTG
ATCAGGAGTGAGGTTCAAG
TCTATTCAGCCGTCGTATTG
ACCGCAATCATTATCTGAGT

AAATTTATTGACCTTTTTGCCAATATAGCTATCATCGG
TATAATTCATTAATGG

CCATTAATGAATTATACCGATGATAGCTATATTGGCAA
AAAGGTCAATAAATIT

GTATGTGTTTGTTGCTGTAATTGA
GATATACTCGAGGTATTCGATATTTCTAAGAGAATCCC

GAGTCTGCATGCGCTTAAGGAGATATACATATGGCTA
G

GATCATGCATGCTCAGTTGTACAGTTCATCCATG
GGATAAACGTCATTGGTCGATTGAG
TGGCATTCATGTTGGTAGAGGT
AATGGGGAACTGTTCGTGGTA
TTCAAGACTCATTGCTTCATGTC
TTTGCTTCTGCACATGCATGTCAGTTGTACAGTTCATC

ATTAGCGATGGTGAAGCATGTCTAGGCTTAAGGAGAT
ATACATATGG

TCAATAATATCTGACCCGCATCG



ALS73 AAACCCAGTTATTCCAGAGGC

ALS74 AGATAAGGATTCAGAGCAGTCAC

ALS75 TCCTGCACCTAAAAATCCTG

ALS92 TATCCAGAAAGCTTAAACTCACC

ALS93 ATGCTTCACCATCGCTAATG

ALS104 TTACTGGGTCTACGTGAAGT

ALS110 TTCAAAAATTTGCTATTATTTCATGTCCAGTCAATTGC

ALS114 ACGTTCTTGTTCGAGTGTGAGTAG

ALS115 GCGCATTATAAACACGGTATGC

ALS116 TTATAATGCGCCAAAACACTATATGACATGAAGCATT
GATACAAAATATTGAATTAAAGTGG

ALS117 GCAATTGACTGGACATGAAATAATAGCAAATTTTTGA
AAAAGC

ALS126 AACACATCTGCTCATTCTGATC

ALS132 CACTCAGTAGACGCATTCAAAC

ALS133 TGGCAATGACCGATCTTCTAAAG

ALS134 TGAAAGTAACTCCAACTAAGCTACTCTCGAGACTACA
CTCACTAGATTACCGAAG

ALS135 CTTCGGTAATCTAGTGAGTGTAGTCTCGAGAGTAGCTT
AGTTGGAGTTACTTTCA

ALS136 TGAAAGTAACTCCAACTAAGCTACT

ALS141 CGACAGTCAAACAGGCAA

ALS142 GCAATTCAATCGCAAGGTC

ALS143 GTACACCTGTGGTCAAGC

ALS144 CTGCTACATCAGGCTCTAG

ALS163 GGCATGTCACAGTGCAT

ALS164 AATGCACTGTGACATGCC

ALS165 ATGTCCTTGATACAAAATATTGAATTAAAGTG

ALS166 TGCTTCATGTCATATAGTG

ALS179 CTGCTCTTGCTTTTGCGAC

ALS180 CGCAATCACCGTACCTTC

ALS181 ATCATGCTCATGTGCTTCAG

ALS182 GAATGGTACGTTGCGTTGC

ALSI183 GGTTAATCTGTATTTTGC

ALS184 ATACAGCCGACATTC

ALSI185 AGCTGTTTCCTGTGTGAAATTG

ALS186 GGTGATGGTTCACGTAGTG

ALS187 CCACTACGTGAACCATCACCTTAAAAACTGAGTTAGG
CAC

ALS188 ATTTCACACAGGAAACAGCTATGCATAAAGCAATCGG
AATATTAG

ALS192 CAACAGTTGATGCGA

ALSI193 TGTTATGCAAAATGTAGAT

ALS194

CATATAAAAATTTGGATAATTCTT
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ALSI195
ALS196

LES9
LES10
LES11
LES12
KTE121
KTE122

KTE123

KTE124

MTVS58
MTV89
MTV396
MTV399
MTV475
SRB113
SRB114
SRB749
SRB750
SRB751

SRB752

SRB753
SRB754
SRB755

SRB756

SRB757

SRB758

SRB759
SRB760

SRB761

SRB762

SRB763

CAGTTGCTGGATCTC

ATTTCACACAGGAAACAGCTATGAAAAAGGAAACCAC
AGTACGCT

ATGAAATTCTGTAATGTC
AATAAGAGAAGCACCGATGAACC
TGAGCCTAAAGATGAAGATTTACCC
ATTCTTTTTGATACAGTTC
GATCTTGAATTCTGACCCAAATGCTCTAATG

GGCTTTTTCAAAAATTTGCTATTATTTTACTCGAGCATT
GCTTCATGTCATATAGTGTT

AACACTATATGACATGAAGCAATGCTCGAGTAAAATA
ATAGCAAATTTTTGAAAAAGCC

TTGCGAGGATCCAATGAGATAGTAAGGAAATTCTTCT
AG

GCCATTACGCTCGTCATCAA
GACAGCATCCTTGAACAAG
GATCATCTGCAGTGATTCCCTGGATAACGAATTTGAC
GAGTCAGAGCTCAAATTGACTGGAAAACATGGTGTTG
GCAGCCGATTGTCTGTTG
TTGTCTAGATAGCGATATAAG
GATGATTCATTATAGAATTGGGTTTG
GAACAAGAGTCCACTATTAAAGAACGTG
AGCTGGCACGACAGG

CCATCACCTTAAAAACTGAGTTATGAATGACCTGTCGT
ACTCAC

GGTAATCTAGTGAGTGTAGTATGAATCAGAAAAAATT
GCTCAAATATAT

ACTACACTCACTAGATTACCGAAGAAC
CTCAGTTTTTAAGGTGATGGTTCAC

ATTTCACACAGGAAACAGCTATGAATCAGAAAAAATT
GCTCAAATATAT

CCATCACCTTAAAAACTGAGTTATGCATGTGCAGGAC
GATC

GGTAATCTAGTGAGTGTAGTATGGCTAAAAAACCAAT
TTATAA

ATTTCACACAGGAAACAGCTATGGCTAAAAAACCAAT
TTATAA

TCTGAGTCTGTATTGCCACG

CCATCACCTTAAAAACTGAGTTAAGCATCAGCTTTGGG
TTGATTCAGAG

GGTAATCTAGTGAGTGTAGTATGAAAAATTTTAAAATT
AGCCTCGCATGGCAAATT

ATTTCACACAGGAAACAGCTATGAAAAATTTTAAAAT
TAGCCTCGCATGGCAAATT

CTCAAGGATGAATTGATTTTAGCGTATTC
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SRB764

SRB765

SRB766
SRB767

SRB768

SRB769

SRB770
SRB771

SRB772

SRB773

SRB774

SRB775

SRB778

SRB779

SRB780

SRB781

SRB782

SRB783

SRB784

SRB785

SRB786

SRB787
SRB788
SRB789
SRB790
SRB792
SRB793

SRB794

CCATCACCTTAAAAACTGAGTTAGTTGACTGATGATTT
ATGCTCAAGTACG

GGTAATCTAGTGAGTGTAGTATGTGGCAGAAATTAAA
GTCAAACC

CTCTTCTGATTCTGTGCTTCCAC

ATTTCACACAGGAAACAGCTATGTGGCAGAAATTAAA
GTCAAACC

CCATCACCTTAAAAACTGAGTTACTCAGTTGAACTTTC
TATTACTTTGATATTTCG

GGTAATCTAGTGAGTGTAGTATGAGCTTAAATACGCA
AATTTTAATTGC

CATGGTGCAGTGGTCTTGC

ATTTCACACAGGAAACAGCTATGAGCTTAAATACGCA
AATTTTAATTGC

CCATCACCTTAAAAACTGAGCTAAGAGTGATCCAGTG
TGACATC

GGTAATCTAGTGAGTGTAGTATGAATTGGCCTCTAATC
ATAAACATTGTTC

CCTGTACTCACCTTTGCATTTAC

ATTTCACACAGGAAACAGCTATGAATTGGCCTCTAATC
ATAAACATTGTTC

CGACGGCCAGTGAATTCGAGCACCATAGCCACCATAT
TCTTCTGG

GCTATGACCATGATTACGCCAAGAAACTTCACCTTTCA
GAATCATACTAAATGC

CGACGGCCAGTGAATTCGAGCCTACAAACCGATAAGG
TATTTGAAC

GCTATGACCATGATTACGCCAAGGGTGCTGATCCCAA
GAAGAAGG

CGACGGCCAGTGAATTCGAGGTTGTTATGCAATCAAT
CCAACTGG

GCTATGACCATGATTACGCCAAGCTTAAGTTTATCTTC
TGATGGCTGACC

CGACGGCCAGTGAATTCGAGTCAGATAATCGCTTAAT
GCCACAC

GCTATGACCATGATTACGCCAAGGCGAGTAATTCTGC
AAAACATAGC

CGACGGCCAGTGAATTCGAGGCAATACGAAGTTCAGG
ATCTGC

GCTATGACCATGATTACGCCAAGCTAGCCAAGGTCGC
ATGTCC

CTTTGCATTAAATCTTGACCAAGCTACTC
CCACACAAAAACTGCCAAACTAATAATG
CGTACCGTAGAAGGTGCAGATG
GTCTTATCGCATCAATAAACCTGATTCAA
GCGATAAGACAATCCTTATGCTTGGCAAG

TGCTTGCCAAGCATAAGGATTGTCTTCGATACCGTCGA
CCTCGAG
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SRB795

SRB796

SRB797
SRB798
SRB799

SRB800

SRB§01

SRB802

SRB803

SRB804

SRB805

SRB806

SRB8&07
SRB808
SRB809
SRB810
SRBS811
SRB812
SRB813
SRB814
SRB815
SRB816
SRB817

SRB818

SRB819

SRB820

SRB8§21

SRB§22

SRB8&23
SRB824

TATTGATGCGATAATACAGAGAATGAAAAGAAACAGA
TAGATTTT

TTTCTTTTCATTCTCTGTATTATCGCATCAATAAACCTG
ATTCAA

TCGAGGTCGACGGTATCGAAGACAATCCTTATGCTTG
GCAAG

CTCAATAGAATGTTGCGATTATTTTATCG
CTTAGATTTATACCAATCTGTCGTGAATCG

ACGGCCAGTGAATTCGAGTTAAAAGTTGGCTTCAAAC
GTCATTTG

AATGACGTTTGAAGCCAACTTTTAACTCGAATTCACTG
GCCGTCG

AGCCTCCGACCGGAGGCTTTTGACTATGTCTCACTATT
TACAGAGATCATTTAAAAAATC

AGCCTCCGGTCGGAGGCTTTTGACTGCGCAACGCAAT
TAATGTGAG

TAATATTCCGATTGCTTTATGCATGGTCTGTTTCCTGTG
TGAAATTGTTA

AATTTCACACAGGAAACAGACCATGCATAAAGCAATC
GGAATATTAGGAG

GAGCGCAACGCAATGAAATAGATGAGTAATAAATCCA
TTTAATGAAAACC

TTCATTAAATGGATTTATTACTCATCTATTTCATTGCGT
TGCGCTCACTG

GATCACATGGTCTGTTTCCTGTGTGAA
CCATGTGATCATGAAGGTTCATGCATTTTGTG
GGGCCAGATCGGGGGCTAGAGAGGAAACAGCTATG
TAAAGATCGTTGTGTCTCAAAATCTCTGATGTTAC
CACAACGATCTTTATTAGCCTGATCAAAATGATTG
CCTCTCTAGCCCCCGATCTGGCCCAATGGCTTCAG
GTACCGAGCTTCATGAAGGTTCATGCATTTTGTGC
TCTACCGGGCCTCAGCTACAAGTTTCTGGCTGTCC
AGCCAGAAACTTGTAGCTGAGGCCCGGTAGATCCG
GCATGAACCTTCATGAAGCTCGGTACGATCCGGTG

TAGCTAGCATGCATTTACGTTTAAGGAAGAATGTAAG
GAAGTTGTGAAAC

TCTAGCCCCCGAGTTTTACCTGTAATCTAAGATATTTA
TTAGCTTTACAG

ATAAATATCTTAGATTACAGGTAAAACTCGGGGGCTA
GAGAGGAAACAGC

TGAGCCTTTCGTTTTATTTGTCAGAATTGGTTAATTGGT
TGTAACACTGG

TGTTACAACCAATTAACCAATTCTGACAAATAAAACG
AAAGGCTCAGTCG

TCACAACTTCCTTACATTCTTCCTTAAACGTAAATGCA
TGCTAGCTATAG

CGGTATGCTGTTCAAACGTATTCTG
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SRB825 GGGAAATAAAATGACACTAGGTCTAGG
SRB826 GAGACATTCCTTCCGTATCTTTTACG
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CHAPTER 4
MODULAR EXPANSION: INTRODUCTION OF A VERATRATE AND ISOVANILLATE

DEGRADATION PATHWAY TO ACINETOBACTER BAYLYI ADP1

Introduction

The integration, expression, and optimization of a segment of foreign DNA in the 4.
baylyi ADP1 chromosome was demonstrated in Chapter 2. In those studies, the 7-kbp region of
foreign DNA encoded an alternative pathway for the catabolism of an aromatic compound that
A. baylyi already consumes, protocatechuate. I next sought to insert and optimize a different
foreign pathway in the A. baylyi chromosome. Here, genes for the catabolism of two aromatic
compounds that A. baylyi does not naturally consume, veratrate and isovanillate, were
introduced.

Veratrate catabolism has been studied in two bacteria, Comamonas testosteroni strain
BR6020 and Pseudomonas putida CSV86 (1, 2). In both organisms, researchers identified two
sets of two-component O-demethylase enzymes that sequentially convert veratrate to
protocatechuate. The veratrate demethylase enzyme, called VerAB (sometimes called [vaAB), is

proposed to remove the methyl from the 4-methoxy group of the aromatic acid. The substrate
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specificity of this enzyme also allows organisms to consume isovanillate either as an

intermediate of veratrate catabolism or as the initial carbon source (Figure 4.1).

A veratraldehyde veratrate vanillate
O H
aldehyde isovanillate
dehydrogenase
o
\
CHs Hj
5,
=
>
@ Hs
. 9
COO A?’&

TCA cycle é—ketoadipate pathway/|
OH
OH
protocatechuate

:

6.9 kb
f : )
ver gene ver&{ verC>—{ verK >-{ verP >—m—/
organization

___________ P \/ N T~ T~

Predicted | MarR type

Major facilitator
Aldehyde : OprD type
protein function jtranscriptional O-demethylase dehydrogenase  SuPerfamily porin
| regulator transporter

Figure 4.1: Veratrate degradation pathway and gene organization
Panel A: Predicted veratrate degradation scheme with foreign pathway in 4. baylyi ADP1. Purple
arrows represent enzymatic steps encoded by P. putida CSV86 ver genes. Yellow arrows

represent enzymatic steps encoded by native ADP1 genes. Panel B: The 6.9 kb region (verR
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through verP) shows the genetic organization from the native host, Pseudomonas putida CSV86.
This organization was maintained for integrating the ver genes in A. baylyi. To select the
introduction of ver genes into the ADP1 chromosome, the QK® drug-resistance cassette was

inserted downstream the ver genes in different constructs.

The second two-component O-demethylase enzyme is VanAB, a vanillate O-
demethylase, studied in ADP1. VanAB removes the methyl from the 3-methoxy group of the
aromatic acid (Figure 4.1) (3, 4). VanB functions as the oxidoreductase subunit of the enzyme
(5). It contains FAD binding and [2Fe-2S] ferredoxin domains that transfer an electron from an
electron-carrier co-enzyme to the Rieske-type [2Fe-2S] cluster of the VanA monooxygenase
subunit (5-7). In VanA, the electron is then passed to an Fe?" site, where oxygen binding and
subsequence demethylation of the bound substrate can occur (5, 7-9). The similarity between the
predicted VanAB from P. putida CSV86 and ADP1 is evident in a sequence alignment (Figure

4.2).
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A Van A Top: P. putida CSV86
Bottom: A. baylyi ADP1
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g ******** * ** ***** ** * ***** <% *** ************** *
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1 ---MELLEKAMRLEAE DPH
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233 Qv DRSI 1 -—RC
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Figure 4.2: Alignment of VanA and VanB from P. putida CSV86 and A. baylyi ADP1
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Panel A: Alignment of P. putida CVS86 VanA (UniProt ID L1LSN6) and 4. baylyi ADP1 VanA
(UniProt ID Q6FDI6) (10). Panel B: Alignment of P. putida CVS86 VanB (UniProt ID L1LS29)
and A. baylyi ADP1 VanB (UniProt ID 024840) (10). Markings underneath each residue and
highlighted color in the alignment indicate identical residues (* dark grey), residues with
strongly similar properties (: medium grey), or residues with weakly similar properties (. light

grey), as defined on https://www.uniprot.org/help/sequence-alignments (10).

The VerAB system likely functions in a similar manner since both components are
homologs of their VanAB counterparts and both enzyme systems catalyze analogous
demethylation reactions. Phylogenetic studies report information about the relationships and
distribution of vanillate and veratrate O-demethylase components (2). Both A and B subunits
cluster into two distinct groupings based on the substrate, veratrate or vanillate (2). Sequence
alignments are shown in Figure 4.3. While the A. baylyi VanAB and VanAB homologs in other
bacteria are reported to have wide substrate specificity (3, 11, 12), these bioinformatic and

phylogenic findings point to distinct roles for the VerAB and VanAB O-demethylases.
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A P. putida CSV86 VanA and VerA alignment
VerA 1 MSTSQIQSLAYEVGAPTELPKFEBLNQ GEAW TLLGKPVMLERTADGQP
VanA 1 ————mmmm - IKIA-CTPDF AEQHKICI(\JIENMGDHERV

61 TLEEQGV LENG CLE PTKAKVPAYH
41 FVRDGKL EMbS RTAT AFPAIRSFP
ek ekt K **
121 DQILWI SADHKEPTYEPBTYDIHSSGEYL YDAP! S
100 HGFEL DPARADTALI-BNLHWA PDW b IACD
LE IS e *. A H B 5 . ,
181 LRTEEGNAGIHMNAQ ESBDKTMRVI PDS TYTEAYPF
159 SSEGOKEIDEAPVNTRMSGB--EMITS ENI FWQ LRG
* kK :** e o Iy **_.* * . *. el
236 EIEECVT-HL TEAVD, DSLEDBSRGGFHMRGFHG ENTS TIATNP
217 ICRETPPS EVE@VAH bbYD CKAGSIVVDFI SDTSI GMARNFE
* ok .* *: * .*... * ok ok :* *
295 SNHEETKAKVVEQTAMTEE FGPGPMVDIH
271 DDPALTETIRSGQ&KI LEM Q HPQRSLLKLNI bVQS

355 RQES=—========n
337 IAAEQAPVIARSAS

B P. putida CSV86 VanB and VerB alignment

MELLIKAMRLEAEDIVGLELVREDGAPLPAFTAGAHIDVHLDQGLVRQYSLCNDPHEQHR

S e e SDVVE DEBLSG
61 YCIGVLHDAASRGGSRAVHORLR Q SGAG
. ok .

dkokok kok ok dokokok ok ok ok ok ok ok ok ok ok ok
44 THVVARKS CG ERL LESD FAEHLHLHVDNGPYE
T2 S REGRP S OLCELPARCYFD——=====
ckok _kk_ sk kkkk ok _ sk <. Fok ok ok . * Lk

104 PGQGD SEFMSHIQSS QVLEGBQPEEIELSRS
174 EPADT YID LEb LTQAE RIHAT

o Kokok ok ok ok .

164 KTALEMBLEHNVEVES DSE
234 DRSIT DDAGIIIP FLT RbQM

* **** .. . ******** * ok ok ok ok

224 SHSP
292 ARGGC

******:*. Je ek e e




218

Figure 4.3: Alignment of P. putida CSV86 VerA to VanA and VerB to VanB

Panel A: Alignment of P. putida CVS86 VerA (UniProt ID LILYA4) VanA (UniProt ID
L1LSNG®6) (10). Panel B: Alignment of P. putida CVS86 VerB (UniProt ID L1LYDO0) and VanB
(UniProt ID L1LS29) (10). Markings underneath each residue and highlighted color in the
alignment indicate identical residues (* dark grey), residues with strongly similar properties (:
medium grey), or residues with weakly similar properties (. light grey), as defined on

https://www.uniprot.org/help/sequence-alignments (10).

O-demethylase enzymes are particularly important for microbial degradation of lignin, a
highly abundant, natural plant polymer. The individual components making up the lignin
polymer are often O-methylated, and initial catabolic steps for the degradation of these lignin
monomers in bacteria typically involve demethylating the aromatic ring substituents to hydroxyl
groups (13). The EASy method of laboratory evolution detailed in Chapter 1 had been used to
alter one such O-demethylase, GcoAB, for guaiacol degradation (14, 15). Using EASy with
foreign gcoAB genes from Amycolatopsis sp. ATCC 39116 resulted in an altered GcoAB enzyme
that allowed 4. baylyi ADP1 and P. putida KT2440 to grow on guaiacol as the sole carbon
source (14). As described here, I sought to use EASy to enable 4. baylyi to grow on veratrate
using a pathway identified in a different organism, P. putida CSV86.

Transcriptional studies in P. putida CSV86, showed that verBACKP are encoded as two
transcriptional units, verBAC (CSV86_ 16960, CSV86 16965, CSV86_16970) and verKP
(CSV86 16975, CSV86 16980) (Figure 4.1) (2). verC encodes an aldehyde dehydrogenase,
verK encodes a transporter, and verP encodes a porin. A MarR type transcriptional regulator is

encoded by verR (CSV86_16955), located divergently upstream verB (Figure 4.1). The gene
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organization of verR to verBAC is typical of MarR type transcriptional regulators which typically
function to repress transcription of their target operons in the absence of an effector ligand (16).
It has not been experimentally verified that VerR, VerK, and VerP are involved in veratrate
regulation and uptake respectively, but their proximity to verBA4 suggests this connection.

In these studies, we integrated codon optimized genes based on the Pseudomonas putida
CSV86 veratrate degradation pathway in the chromosome of 4. baylyi. Growth on veratrate or
isovanillate as the carbon source was selected using the EASy method of laboratory evolution.
ADPI1-derived strains thus acquired the ability to grow on two new aromatic carbon sources.
Subsequent whole genome re-sequencing of evolving strains led to potential insights into the

regulation of the veratrate pathway that current experiments are addressing.

Results
ADP1 does not grow on veratrate as the sole carbon source

When tested for growth on minimal medium with 1, 3, or 5 mM veratrate or isovanillate
as the sole carbon source, 4. baylyi ADP1 did not grow. This result is presumably due to the lack
of veratrate catabolic genes in A. baylyi. We thus sought to integrate one of the known veratrate
degradation pathways into the 4. baylyi chromosome. Both sets of characterized veratrate
catabolic genes have higher G+C content than 4. baylyi genes (1, 2). To avoid issues with G+C
content or codon usage, each ver gene from Pseudomonas putida CSV86 was optimized by Dr.

Jan Mrazek to match those of the highly expressed ribosomal protein genes in ADP1.
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Introduction of a veratrate degradation pathway from Pseudomonas putida CSV 86

For introduction of the ver genes into A. baylyi, we considered which ver genes to include
and where to put them in the chromosome. Maintaining the genetic organization from P. putida
could preclude the need to alter promoter regions or include other synthetic constructs.
Therefore, we chose to keep the intergenic regions of the ver cluster unchanged. To maximize
the likelihood that the integration and adaptation of the ver genes is successful in 4. baylyi, we

chose to make strains containing all or some of the genes.

A | A. baylyi ADP1 chromosomal location B
ACIAD_RS004420 ACIAD_RS004405 ACIAD_RS004390 ACIAD_RS004385
/ ' ' ' ' m ‘I — / Location of ver
ACIAD_RS004410 ACIAD_RS004400 ACIAD_RS16975 gene insertion

transposable elements deleted from chromosome
and replaced with ver genes by natural
transformation and homologous recombination

ACN2137
ACIAD_RS004420 6.9 kb ACIAD.RS004385 Acinetobacter baylyi

e A P

ACIAD_RS16975

ACN2753

ACIAD_RS004420 ACIAD_RS004385

/ SRR o y
*van genes located within

ACIAD_RS16975

ACN2755

ACIAD_RS004420 ACIAD_RS004385

ACIAD_RS16975

Chapter 2
studies

catabolic island |

Figure 4.4: Chromosomal integration of ver genes into 4. baylyi

Panel A: Chromosomal region in 4. baylyi (green arrows) where ver genes and a kanamycin
resistance cassette (purple arrows) were introduced. Transposable elements removed from
chromosome by homologous recombination in red box. Panel B: Depiction of 4. baylyi

chromosome with relative locations of the catabolic islands (yellow boxes), location of ver gene
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insert (green arrow), location of van genes (*), and 90 kbp deletion from Chapter 2 (red

bracket).

The ver genes, with an QKR cassette for selection, were integrated into the A. baylyi
chromosome through natural transformation and homologous recombination. In strain
ACN2137, all six ver genes were introduced (verRBACKP) (Figure 4.4 Panel A). Strain
ACN2755 has only the O-demethylase encoding genes (verBA), and strain ACN2753 has the O-
demethylase encoding genes along with the gene encoding the predicted regulator (verRBA)
(Figure 4.4 Panel A).

Since the foreign VerAB and the native VanAB are likely to be required for the
catabolism of veratrate, we chose to integrate the ver genes into the 4. baylyi chromosome near
the van genes in catabolic island I (5). During my studies detailed in Chapter 2, a large 90 kbp
deletion of the chromosome, including the van genes, was discovered that likely resulted from
transposable elements, IS7236, located next to the large deletion (17, 18). To avoid the instability
in this region of the genome often caused by the transposable elements located near catabolic
island I (18), the veratrate degradation genes were inserted in place of the /S7236 transposable
elements and the composite transposon they flank, ACIAD RS004390, ACIAD RS04400,
ACIAD RS04405, and ACIAD RS04410 (6, 7) (Figure 4.4 Panel B). An QKR® cassette was
also integrated into the chromosome with the ver genes for antibiotic selection during

chromosomal integration (Figure 4.4 Panel A).
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Selection of ver" and isov* 4. baylyi ADP1-derived strains

After undergoing allelic replacement in the A. baylyi chromosome to introduce the ver
genes, none of the A. baylyi-derived strains grew on veratrate or isovanillate as the sole carbon
source. Possible reasons for the failure to grow include low-level heterologous expression,
unbalanced metabolic flux, inappropriate regulation, unstable or misfolded proteins, and/or
problems with transport. We therefore sought to use the previously described EASy method of
laboratory evolution used for the PCA-4,5 pathway in Chapter 2.

Initial laboratory evolution experiments focused on strain ACN2137 containing all ver

genes, verRBACKP. A summary of the EASy amplification of this strain is shown in Figure, 4.5.
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1 |Natural transformation of A. baylyi Select for cells with amplification || 3 |. Move transformants to desired
carrying ver genes with SBF to by selection on increased selection (minimal medium + 3 mM
induce precise amplification concentration of kanamycin (1 mg/ml) veratrate or isovanillate)

Only one successful isolate
(ACN2192)

ﬁ f j minimal medium +
f y f 3 mM isovanillate

SBF

ACN2137 minimal medium + 20 mM

(verRBACKP pyruvate + 1 mg/ml Kanamycin j f y f minimal medium +

in A. baylyi) / f / f 3 mM veratrate

4 |Only successful isolate, ACN2192 5 | Daily subcultures performed on
moved to liquid medium with 3 mM both carbon sources for EASy
isovanillate or veratrate laboratory evolution
‘ ‘ ACN2192 on isovanillate =~ ACN2192 on veratrate

|'_(:tc.

[ ||etc.

[

- - days days
ACN21920n  ACN21920n e Ee—
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Figure 4.5: EASy laboratory evolution of A. baylyi strain with ver genes, ACN2192
Overview of EASy laboratory evolution of ACN2192 derived from ACN2137. Steps
summarized in red boxes. Evolution of ACN2192 was carried out on both veratrate and

1sovanillate as sole carbon sources.
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Briefly, a precise duplication of the amplicon including the ver genes was initiated by
natural transformation of the strain with the synthetic bridging fragment (SBF), pBAC1604
linearized by restriction digest with Aatll. Successful transformants with induced amplifications
were selected for their increased resistance to kanamycin. Colonies were then moved to medium
containing either 3 mM veratrate or 3 mM isovanillate as the sole carbon source. For the 4.
baylyi strain containing verRBACKP, ACN2137, only one successful strain gained the ability to
grow on the new aromatics, ACN2192. It was first isolated growing on isovanillate, designated
as isov', but after isolation, it grew on both isovanillate and veratrate, ver'.

A. baylyi strains containing some of the ver genes, verRBA (ACN2753) and verBA
(ACN2755), also were subjected to chromosomal amplification. Only three isolates were
successful from ACN2753, one isolated on isovanillate and the other two isolated on veratrate.
No successful ver® or isov" isolates have been discovered from the strain with only verBA,
ACN2755. Experiments with these strains containing only some of the ver genes were stopped
when I was no longer able to go into the laboratory during the initial COVID-19 outbreak.
Characterization of only the ver” and isov" strain containing all ver genes, ACN2192, was

continued.

Long-term culturing of a ver* and isov* A. baylyi strain containing verRBACKP (ACN2192)
The isov'/ver® strain, ACN2192, was then moved to liquid culture and EASy evolution
was continued by daily subcultures of the populations (Figure 4.5). Cells were cultured on each
aromatic compound in separate experiments. The amplicon copy number was assessed
periodically during long-term culturing by quantitative (q) PCR. As was done in Chapter 2, the

copy number of a small fragment of the KR gene in the amplicon, designated F87, was used as an



225

approximation of the gene dosage for the amplified region, since typically the tandem array
increases or decreases by integral amplicon units (19).

The amplicon copy number of ACN2192 evolving on veratrate or isovanillate is depicted
in Figure 4.6. On each carbon source, the population starts out with a high F87 copy number,
averaging 50 on veratrate and 71 on isovanillate. Consistent with previous EASy evolution
experiments, the F87 copy number quickly decreased, presumably as beneficial mutations arose
and the need for extra copies of the foreign genes decreased (8, 9). After hitting a low of 10
copies at week 3, the F87 copy number increased again on both carbon sources and remained
elevated through 21 weeks of evolution. In the PCA-4,5 evolution described in Chapter 2, even
though strains didn’t lose all F87 copies, they maintained a lower copy number throughout long-
term culturing. However, in ACN2192 growing on veratrate or isovanillate, the F87 copy
number increased again after the initial decrease in copy number. Populations grew on
isovanillate or veratrate with the lowest average copy number of the ver genes at week 3 (10
copies). So, a single colony was selected from each population at week 3, named ACN2334
(cultured on veratrate) and ACN2439 (cultured on isovanillate), and sent for whole genome re-

sequencing.
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Figure 4.6: Copy number of F87 during culturing on veratrate or isovanillate

Long-term culturing of ACN2192, containing all ver genes, the copy number of the F87
fragment was analyzed periodically by qPCR. Purple dots represent the copy number of the
population growing on veratrate as the sole carbon source, and blue squares represent the copy
number of the population growing on isovanillate as the sole carbon source. Error bars represent

the standard deviation for 4 technical replicates from a genomic DNA extraction of the whole

evolving population.

WGS of A. baylyi strains after long-term culturing on either aromatic compound
Results of [llumina whole genome re-sequencing of ACN2334, A. baylyi with

verRBACKP cultured on veratrate, and ACN2439, A. baylyi with verRBACKP cultured on

isovanillate, are shown in Tables 4.1 and 4.2. WGS reads were mapped to the A. baylyi

reference genome NCBI entry NC _005966. WGS analysis was done through the Breseq pipeline



227

(20). ACN2334, cultured on veratrate, had five mutations. The significance of four of these
mutations is not clear. The fifth mutation was a small deletion in ACIAD RS04520, the vanillate
transporter gene, vank, resulted in a frameshift. This mutation causes a premature truncation in
coding sequence of VanK, which could be affecting veratrate transport.

Whole genome re-sequencing of the strain cultured on isovanillate, ACN2439, revealed
none of the five mutations which occurred in the veratrate cultured strain. Even though
ACN2334 and ACN2439 started from the same population, ACN2192, five mutations accrued

only when the population was cultured on veratrate and not isovanillate.

Table 4.1: WGS revealed mutations in 4. baylyi strain cultured on veratrate

Strain Gene locus ID (name) Position* | Predicted description BB DNA change AL
type effect
ACIAD RS02750 559 92é4i; 47 glycosyl transferase deletion A2 bp frameshift
ACIAD_RS04520 (vanK) | 968,748 MFS superfamily deletion (G)6—5 | frameshift
vanillate transporter
ACN2334 tRNA [JSer/efflux
(cultured ACIADtRNASer 34 —/ RND transporter
on «— ACIAD_RS05325 1,148,146 periplasmic adaptor bp change =T N/A
veratrate) subunit
RNA polymerase
ACIAD RS13200 (rpoD) | 2,854,879 sigma factor RpoD bp change C-T R116C
transcription
ACIAD_RS13730 (rho) 2,968,318 termination factor Rho bp change G—A A112T

* Position refers to positions on the ADP1 chromosome in NCBI entry NC_005966.

Larger chromosomal rearrangements are reported through the Breseq pipeline by their
novel junction (Table 4.2). A new chromosomal junction was identified in both strains after
long-term culturing, ACN2334 (cultured on veratrate) and ACN2439 (cultured on isovanillate)
(Figure 4.7). The new junction created a new amplification in the chromosome that was similar

in size and location to the engineered amplification (induced by the SBF) including the
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verBACKP operon and the QKR cassette. However, the outer bound ended between verB and
verR, excluding verR from the amplicon (Figure 4.7). When cultured on veratrate, this
rearrangement took over the population leaving no copies of the original designed amplicon
present. There is thus only a single copy of verR in the chromosome. However, when cultured on
isovanillate, both junctions are still present. Because Illumina WGS uses short sequence reads,
>300 bp, it is unclear how these amplifications are distributed within the chromosome. This
result may suggest a stronger evolutionary pressure to the cells when grown on veratrate
compared to isovanillate to lower the transcription of or product formation of VerR. However,
the stochastic nature of spontaneous mutations makes it difficult to draw conclusions from a

comparison of only two cultures.

Spontaneous amplicon
~11.8 kb
1

1

ACIAD_RS004420 ACIAD_RS004375

Amplicon engineered by SBF
~11.1 kb

ACIAD_RS004385

4

ACIAD_RS004370

ACIAD_RS16975 ACIAD_RS004380

Figure 4.7: Original and spontaneous amplicons including ver genes

Green arrows depict 4. baylyi loci. Purple arrows depict ver genes and the kanamycin resistance
cassette. Orange bracket indicates the relative bounds of the amplicon engineered by the SBF
(pBAC1604 linearized at Aatll site). Red bracket indicates the relative bounds of the

spontaneous amplification.
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Table 4.2: WGS revealed junctions

Evolved strain Predicted description Junction/ location of insertion*
ACN2334 New amplification junction:
((i/uelrt;trrz(ze()m ACIAD_RS04370 and between verR and verB TGAACATCTAGTCCANGSIISSLECMNIEHS

New amplification junction:
ACN2439 ACIAD_RS04370 and between verR and verB

(cultured on

TGAACATCTAGTCCATGCTCGAAGTTTGTG

\ : Designed junction induced by SBF:
isovanillate) between ACIAD_RS04380 and AAAATAATGACATATGTATGAAGAAACAAT
ACIAD RS04385 and ACIAD RS04420

Future Directions: characterizing VerR

Based on its sequence, VerR belongs to the MarR family of transcriptional regulators.
Canonically, MarR regulators suppress transcription of their target operons in the absence of
their effector ligands (16, 21, 22). De-repression occurs when the effector is present and binds to
the regulator, allowing transcription of the target operon to proceed (Figure 4.8 Panel B).
However, actual regulation by MarR type regulators may vary and needs to be determined for
each protein experimentally. Based on the canonical model of MarR type regulation and the
results of the ACN2192 long-term culturing experiments, we hypothesize that isovanillate, and
not veratrate may be the true effector of VerR (Figure 4.8 Panel C).

Our reasoning stands that when cells are grown on isovanillate, the true VerR effector,
the effector is thus present to de-repress expression of the ver operon. However, when cells are
grown on veratrate, de-repression is not induced since veratrate is not the true effector of VerR,
resulting in minimal expression of the ver genes. This hypothesis can be tested by Surface
Plasmon Resonance (SPR) experiments analyzing veratrate or isovanillate as potential inducers
of VerR. SPR can measure receptor-ligand interactions and kinetics through very sensitive

detection of small molecules binding to proteins fixed to the SPR surface (23-26).
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Figure 4.8: VerR regulatory hypothesis

Panel A: SDS-PAGE gel of in vitro expression of VerR. Black arrow points to band around the
expected size, 23 kDa, for VerR only present in reactions that included pPBAC1803 (for VerR
expression). Panel B: Schematic of canonical MarR transcriptional regulation. VerR is
represented by orange wedged circle, an effector is represented by green raindrop shapes, and
DNA is represented by double helix figure (ver operon in purple DNA). Panel C and D:

predicted VerR regulation where veratrate, red hexagon, does not bind VerR, orange wedged-
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circle (Panel C), but isovanillate, green raindrop, does bind VerR, orange wedged-circle, and

derepresses transcription of ver operon, purple DNA.

Expressing and purifying VerR

To test our hypothesis concerning the inducer specificity of VerR by SPR, I need to
purify the protein so it can be bound to the SPR surface and tested for a response to veratrate or
isovanillate ligand binding. The verR coding sequence was put into the E. coli expression
plasmid pET-28b. Expression should result in a C-terminal his tag affixed to VerR. The his tag
would be used to purify the protein and then to fix it to the SPR sensor.

I first attempted to express VerR using autoinduction medium to grow and induce
expression in E. coli BL21 (27, 28). However, no product around the expected size of VerR, 23
kilo Daltons, could be detected on SDS-PAGE gels of the cell lysates. Next, I attempted to
induce expression of verR in E. coli KRX with IPTG and rhamnose induction. However, I still
could not detect any VerR product on SDS-page gel of the cell lysates. To determine that the
plasmid pBAC1803 was capable of expressing VerR, I tried a commercial method of in vitro
protein expression, NEBExpress®. Using the recommended protocol for this method of protein
expression resulted in the formation of a product around the expected size of VerR (Figure 4.8

Panel A). This result suggests that the pBAC1803 is expressing VerR.

Discussion
Selection of 4. baylyi strains utilizing veratrate or isovanillate as sole carbon sources
In these studies, I generated 4. baylyi strains capable of growing on two new aromatic

carbon sources, veratrate and isovanillate, through the introduction and chromosomal
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amplification of foreign genes, ver genes, from Pseudomonas putida CSV86. However, only four
A. baylyi strains capable of growing on veratrate and/or isovanillate were isolated through EASy
laboratory evolution. In past EASy experiments, other researchers and I isolated many successful
EASy amplification mutants growing through various foreign genes (Chapter 2) (Chantel
Duscent-Maitland unpublished data) (29, 30). Problematic aspects with this pathway are likely to
involve transport, enzyme substrate specificity, and/or regulation. These topics are discussed

below along with possible directions for future research.

Transport of veratrate and isovanillate in 4. baylyi

The consumption of aromatic acids such as those being studied here typically require
specific transport proteins. This requirement is reflected in the large amount of genomic DNA in
ADP1 that is devoted to encoding transporters (31). In Chapter 3, multiple transporters were
shown to contribute to the uptake of amino acids. For this reason, the genes encoding potential
transport proteins for veratrate (verK and verP) were introduced and amplified in the
chromosome along with the genes encoding the demethylase. However, it is also known that
problems can be caused if the level of transport proteins is too high or too low. During my
doctoral studies, I worked to express transport proteins from synthetic promoters, for example
for pcaK and for aspT (32). Firsthand experience illustrated that that the promoter strength was
important for growth. In recent EASy studies of terephthalate degradation, the major outcomes
of the evolutionary studies were changes to transport proteins. In this example, the foreign genes
encoding transporters became mutated and variants of native ADP1 transporters were selected

(30).
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Balanced expression of foreign and native enzymes for veratrate catabolism

For cells to grow on veratrate or isovanillate, their degradation must be coordinated with
vanillate degradation. Both native and foreign genes must be expressed at the right time, and
metabolites must be produced at appropriate levels. If too much or too little of any intermediary
compound is made it might affect induction of additional proteins, producing enough of a
subsequent metabolite for growth. Additionally, in P. putida, the van genes were expressed when
the strain was grown on veratrate and vanillate, compounds with a methyl group on the meta
position of the aromatic ring. Lastly, since 4. baylyi can catabolize many aromatic compounds,
competitive inhibition could be occurring. Another enzyme acting on veratrate or isovanillate
could be producing an unusable end product and preventing A. baylyi from growing on these

aromatic compounds.

Differences in evolutionary trajectory for the same initial A. baylyi population when
cultured on different aromatics

Because ACN2192 was the only successful amplification mutant possessing
verRBACKP, 1 expected to find a mutation that was present in this population that allowed for
this population to grow on veratrate and isovanillate where all other 4. baylyi cells failed. WGS
revealed that the only mutation present after the strain was evolved on isovanillate was a
rearrangement of the amplicon resulting in two separate amplicons. One amplicon was the
original engineered junction induced by the synthetic bridging fragment, but the second was a
new spontaneous amplicon that excluded verR. Therefore, there were more copies of verBACKP

than verR in the chromosome. When the population was cultured on isovanillate, both amplicons
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occurred in about equal frequency. However, on veratrate, the cells lost all copies of the original

amplicon, leaving only one copy of verR in the chromosome.

Insights into regulation of veratrate and isovanillate catabolism by VerR

MarR type transcriptional regulators, the family of regulators VerR belongs to, typically
repress transcription from target operons by binding DNA and blocking RNA polymerase. When
their effector is present and binds, the regulator’s conformation changes, and it no longer binds
to the target DNA. Expression is then de-repressed, and transcription can occur (Figure 4.4
Panel B). In these studies, I hypothesized that because ACN2192 evolved to have only one copy
of verR on veratrate but maintained multiple copies on isovanillate, isovanillate may be the true
effector of VerR (Figure 4.4 Panel C). This hypothesis will be tested by Surface Plasmon
Resonance (SPR) by testing the binding efficiency of various effectors, likely veratrate and
isovanillate, to VerR.

In summary, the research done here has provided a strong foundation for continuing to
study the catabolism of veratrate in A. baylyi. In future experiments, the ver" and isov" strains
with only verBA or verRBA can be submitted to long-term culturing on these carbon sources and
subsequently evaluated for adaptive mutations. The regulatory hypotheses regarding veratrate

catabolism in A. baylyi presented here can also be evaluated in future experiments.

Experimental Procedures
Media and growth conditions
Defined ADP1 medium was used for culturing all A. baylyi strains as previously

described (33). This medium was supplemented with 2 mM veratrate or isovanillate and
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incubated at 30 °C or pyruvate and incubated at 37 °C with liquid cultures shaking at 250 rpm,
unless otherwise indicated. For plasmid cloning, E. coli XLI Blue or DH5a (Stratagene) was
grown in Luria-Bertani medium (LB) (34). All cultures were incubated at 37 °C with liquid
cultures shaking at 250 rpm, unless otherwise indicated. E. coli BL21 used for VerR protein
expression was cultured on autoinduction media as previously described (27). E. coli KRX used
for VerR protein expression was cultured on terrific broth (TB) (34). Expression was induced
with final concentrations of 1 mM Isopropyl - d-1-thiogalactopyranoside (IPTG) and 1%
rhamnose. Antibiotics were used at final concentrations of 25 pg/ml for kanamycin, 12.5 pg/ml
each for streptomycin and spectinomycin, and 150 pg/ml for ampicillin. Increased concentration

of kanamycin used to select for EASy amplification mutants was 1 mg/ml.

Strain and plasmid construction

DNA used for plasmid constructed was PCR-amplified by using the high-fidelity
polymerases PrimeSTAR Max (Takara Biosciences) or Phusion (New England Biosciences). All
primers used can be found in the primer table (Table 4.5). Plasmids were constructed by
overlapping sequence assembly by NEBuilder (New England Biosciences) or in E. coli XL1-
Blue or DH5a competent cells (Stratagene) as previously described (cloning should be easy).
Standard restriction digest followed by ligation (Quick Ligation Kit, New England Biosciences)
was also used for plasmid construction. Plasmids were confirmed by DNA restriction mapping
and/or regional DNA sequencing (Eton Biosciences or Eurofins Genomics). Plasmids are

described further in the supplemental plasmid table (Table 4.4).
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All chromosomal changes in ADP1 were constructed by allelic replacement as previously
described (35). Strains were confirmed by PCR and/or regional DNA sequencing. All strains are

further described in the strain table (Table 4.3).

Laboratory evolution by EASy

A. baylyi derived strains carrying the ver genes were evolved growth by the EASy
method. Strains were transformed with donor DNA called the synthetic bridging fragment (SBF),
linearized pPBAC1604 in this study. This fragment induces precise, defined duplications in the
chromosome that can undergo subsequent amplification (19, 36). Transformants were then
exposed to 1 mg/ml of kanamycin. This concentration of antibiotic kills cells carrying a single
copy of the QKR cassette but not cells that underwent chromosomal amplification (14).
Therefore, this step selects for strains with the desired chromosomal amplifications including
QKR and the ver genes. Strains that grew on the high concentration of kanamycin were then
moved to liquid ADP1 minimal media with veratrate or isovanillate as the sole carbon source at
30 °C. Strains were then cultured with constant selective pressure. For the first week 10%
inoculations were used for daily subcultures. This daily inoculation was then tapered down over
multiple days to 0.1% for the rest of the evolution. The number of copies of the amplicon in

evolving strains was analyzed by quantitative (q) PCR as described below.

qPCR copy number analysis
The qPCR method used to assess copy number during EASy experiments was previous
described (37). Primers for qPCR are listed in the primer table (Table 4.5). Standard curves used

genomic DNA from strains with a single copy of the amplicon (ACN2137) for both 7po4 and
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QKR®. The ratio of calculated concentration for QKR® relative to 7poA4 was presumed to equal the

copy number of that fragment.

Next generation sequencing and analysis

Genomic DNA was isolated from ADP1 derived strains and sonicated to approximately
500 bp size fragments in a total of 500 ng. Genomic libraries were prepared using the NEBNext
Ultra IT DNA Library Prep Kit for [llumina (New England Biolabs) including end-repair, adaptor
ligation, and addition of an individual 15/i7 index primer. Sequencing was performed on the
[Mumina NextSeq500 instrument at the Georgia Genomics and Bioinformatic Core at the
University of Georgia.

Breseq version 0.35.4 was used to analyze WGS data on the UGA GACRC High-
Performance Computing Cluster (Sapelo2), Linux based. Version 2.4.1 of bowtie2 and version
4.0.0 of R were used in the pipeline. The consensus mode was used with the default consensus
frequency cutoff of 0.8 and polymorphism frequency cutoff of 0.2. The reference genome used
for ADP1 was from NCBI entry GenBank CR543861. Differences between our laboratory ADP1

sequence and the NCBI entry can be found in Table 2.10.

Protein purification

Plasmid pBAC1803 was used to purify VerR. Initial protein expression and purification
method was followed as previously described (28). When this method failed to result in the
expression of VerR, another method was attempted. In this second attempted method,
pBAC1803 was first transformed into chemically competent £. coli KRX by heat shock. A 5 mL

culture were grown on LB + kanamycin overnight then diluted 1% into 125 mL TB in a 500 ml
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baffled flask and shaken at 37 °C until an ODs9s5 of 0.7-0.8 is reached. Cultures are then moved

to shaking at 30 °C until an OD** of 1.0-1.5 is reached. Next, 25 ml of culture is removed and

remains uninduced. To induce the remaining 100 ml, IPTG is added to a final concentration of 1

mM and rhamnose is added to a final concentration of 1%. Both the induced and uninduced

cultures are shaken at 19 °C for 24 hours.

Table 4.3: Strains used in Chapter 4 study

Strain

Relevant Characteristics

Source

ADP1

Wild type (BD413)

(38)

ACN2137

AACIAD RS004390; AACIAD_RS04400; AACIAD RS04405;

AACIAD RS04410::verRBACKP52137; QKR52137

ver operon from Pseudomonas putida CSV86 codon optimized for ADP1 with QKR cassette
inserted in place of insertion elements 1 and 2 and composite transposon (941,301 — 944,785")
pBAC1601/Aatll X ADP1

This study

ACN2192

AACIAD RS004390; AACIAD RS04400; AACIAD_RS04405;

AACIAD RS04410::verRBACKP52137; QKR52137; SBF52192

ver operon from Pseudomonas putida CSV86 codon optimized for ADP1 with QKR cassette
inserted in place of insertion elements 1 and 2 and composite transposon amplified by SBF
pBAC1604. Selected for growth on 3 mM isovanillate

pBAC1604/Aatll X ADP1

This study

ACN2334

AACTAD RS004390; AACIAD_RS04400; AACIAD_RS04405;

AACIAD RS04410::verRBACKP52137, QKR52137; SBF52192

ver operon from Pseudomonas putida CSV86 codon optimized for ADP1 with QKR cassette
inserted in place of insertion elements 1 and 2 and composite transposon amplified by SBF
pBAC1604. Isolated from evolving population on 3 mM veratrate week 3 for whole genome
resequencing

This study

ACN2439

AACIAD_RS004390; AACIAD_RS04400; AACIAD_RS04405;

AACIAD RS04410::verRBACKP52137, QKR52137; SBF52192

ver operon from Pseudomonas putida CSV86 codon optimized for ADP1 with QKR cassette
inserted in place of insertion elements 1 and 2 and composite transposon amplified by SBF
pBAC1604. Isolated from evolving population on 3 mM isovanillate week 3 for whole genome
resequencing

ACN2446

AACIAD_RS004390; AACIAD_RS04400; AACIAD_RS04405;

AACIAD _RS04410::verRBACKP52137; QKR52137; vanK::sacB:SR52446

ver operon from Pseudomonas putida CSV86 codon optimized for ADP1 with QKR cassette
inserted in place of insertion elements 1 and 2 and composite transposon. vanK interrupted after
968,779® with sacB:SR cassette

pBAC1762/Aatll X ACN2137

This study

ACN2455

AACIAD_RS004390; AACIAD_RS04400; AACIAD_RS04405;

AACIAD RS04410::verBACKP52455; QKR52137

ver operon without the regulator, verR, from Pseudomonas putida CSV86 codon optimized for
ADP1 with QKR cassette inserted in place of insertion elements 1 and 2 and composite
transposon

pBAC1776/Aatll/Ahdl X ADP1

This study

ACN2483

Arsf452483
Deletion of rsfA4

Alaa
Ahmed
Dissertation

ACN2540

AACIAD_RS004390; AACIAD_RS04400; AACIAD_RS04405;
AACIAD RS04410::verBACKP52137, QKR52137; vanK52334

This study
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ver operon from Pseudomonas putida CSV86 codon optimized for ADP1 with QKR cassette
inserted in place of insertion elements 1 and 2 and composite transposon. vanK allele from
evolved isolate ACN2334 replacing sacB:S® cassette

pBAC1707/Aatll X ACN2446

ACN2751

AACIAD_RS004390; AACIAD_RS04400; AACIAD_RS04405;

AACIAD RS04410::verRBACKP52137; QKR52137; AACIAD RS1391052483 (rsf4)

ver operon from Pseudomonas putida CSV86 codon optimized for ADP1 with QKR cassette
inserted in place of insertion elements 1 and 2 and composite transposon with deletion of rsf4
pBAC1601Aatll X ACN2483

This study

ACN2752

AACIAD_RS004390; AACIAD_RS04400; AACIAD_RS04405;

AACIAD RS04410::verRBA52752; QKR52137; AACIAD RS1391052483 (rsf4)

ver operon from Pseudomonas putida CSV86 codon optimized for ADP1 with QKR cassette
inserted in place of insertion elements 1 and 2 and composite transposon with deletion of rsf4
pBAC1877Aatll X ACN2483

ACN2753

AACIAD RS004390; AACIAD RS04400; AACIAD_RS04405;

AACIAD RS04410::verRBA52752; QKR52137

verRBA genes from Pseudomonas putida CSV86 codon optimized for ADP1 with QKR cassette
inserted in place of insertion elements 1 and 2 and composite transposon

pBAC1877Aatll X ADP1

This study

ACN2754

AACIAD_RS004390; AACIAD_RS04400; AACIAD_RS04405;

AACIAD RS04410::verBA52754; QKR52137; A ACIAD_RS1391052483 (rsfA)

verBA genes from Pseudomonas putida CSV86 codon optimized for ADP1 with QKR cassette
inserted in place of insertion elements 1 and 2 and composite transposon with deletion of rsf4
pBAC1879Aatll X ACN2483

This study

ACN2755

AACIAD RS004390; AACIAD_RS04400; AACIAD RS04405;

AACIAD RS04410::verBA52754; QKR52137

verBA genes from Pseudomonas putida CSV86 codon optimized for ADP1 with QKR cassette
inserted in place of insertion elements 1 and 2 and composite transposon

pBAC1879Aatll X ADP1

This study

ACN2768

AACIAD RS004390; AACIAD RS04400; AACIAD_RS04405;

AACIAD _RS04410::verBACKP52455; QKR52137; A ACIAD RS1391052483 (rsf4)

ver operon without the regulator, verR, from Pseudomonas putida CSV86 codon optimized for
ADP1 with QKR cassette inserted in place of insertion elements 1 and 2 and composite
transposon with deletion of rsf4

pBAC1776/Aatll/Ahdl X ACN2483

This study

ACN2800

AACIAD RS004390; AACIAD_RS04400; AACIAD_RS04405;

AACIAD RS04410::verBACKP52455; QKR52137; SBF52137

ver operon with no regulator, verR, amplified by SBF pBAC1604 selected for growth on 2 mM
isovanillate

pBAC1604/Aatll X ACN2455

This study

ACN2801

AACIAD_RS004390; AACIAD_RS04400; AACIAD_RS04405;

AACIAD RS04410::verBACKP52455; QKR52137; SBF52137

ver operon with no regulator, verR, amplified by SBF pBAC1604 selected for growth on 2 mM
isovanillate

pBAC1604/Aatll X ACN2455

This study

ACN2802

AACIAD_RS004390; AACIAD_RS04400; AACIAD_RS04405;

AACIAD RS04410::verRBACKP52137, QKR52137; SBF52137; AACIAD RS1391052483
(rsf4)

ver operon amplified by SBF pBAC1604 selected for growth on 2 mM isovanillate with deletion
of rsf4

pBAC1604/Aatll X ACN2751

This study

ACN2803

AACIAD RS004390; AACIAD RS04400; AACIAD_RS04405;

AACIAD RS04410::verBA52137; QKR52137; SBF52137; AACIAD_RS1391052483 (rsf4)
verBA amplified by SBF pBAC1604 selected for growth on 2 mM isovanillate with deletion of
rsfA

pBAC1604/Aatll X ACN2754

This study

ACN2804

AACIAD RS004390; AACIAD_RS04400; AACIAD_RS04405;

AACIAD RS04410::verBA52137; QKR52137; SBF52137; AACIAD _RS1391052483 (rsf4)
verBA amplified by SBF pBAC1604 selected for growth on 2 mM isovanillate with deletion of
rsfA

pBAC1604/Aatll X ACN2754

This study
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ACN2805

AACIAD RS004390; AACIAD RS04400; AACIAD_RS04405;

AACIAD RS04410::verRBA52752; QKR52137; SBF52137

verRBA amplified by SBF pBAC1604 selected for growth on 2 mM isovanillate
pBAC1604/Aatll X ACN2753

This study

ACN2806

AACIAD_RS004390; AACIAD_RS04400; AACIAD_RS04405;

AACIAD RS04410::verRBACKP52137, QKR52137; SBF52137; AACIAD RS1391052483
(rsf4)

ver operon amplified by SBF pBAC1604 selected for growth on 2 mM veratrate with deletion of
rsfA

pBAC1604/Aatll X ACN2751

This study

ACN2807

AACIAD_RS004390; AACIAD_RS04400; AACIAD_RS04405;

AACIAD RS04410::verRBACKP52137, QKR52137; SBF52137;, AACIAD RS1391052483
(rsf4)

ver operon amplified by SBF pBAC1604 selected for growth on 2 mM veratrate with deletion of
rsfA

pBAC1604/Aatll X ACN2751

This study

ACN2808

AACIAD_RS004390; AACIAD_RS04400; AACIAD_RS04405;

AACIAD RS04410::verBA52137; QKR52137; SBF52137; AACIAD RS1391052483 (rsfA)
verBA amplified by SBF pBAC1604 selected for growth on 2 mM veratrate with deletion of rsf4
pBAC1604/Aatll X ACN2754

This study

ACN2809

AACIAD RS004390; AACIAD_RS04400; AACIAD_RS04405;

AACIAD RS04410::verBA52137; QKR52137; SBF52137; AACIAD _RS1391052483 (rsf4)
verBA amplified by SBF pBAC1604 selected for growth on 2 mM veratrate with deletion of rsf4
pBAC1604/Aatll X ACN2754

This study

ACN2810

AACIAD_RS004390; AACIAD_RS04400; AACIAD_RS04405;

AACIAD RS04410::verRBA52752; QKR52137; SBF52137

verRBA amplified by SBF pBAC1604 selected for growth on 2 mM veratrate
pBAC1604/Aatll X ACN2753

This study

ACN2811

AACIAD RS004390; AACIAD_RS04400; AACIAD_RS04405;

AACIAD RS04410::verRBA52752; QKR52137; SBF52137

verRBA amplified by SBF pBAC1604 selected for growth on 2 mM veratrate
pBAC1604/Aatll X ACN2753

This study

a. A. baylyi strains were derived from ADPI1, previously known as Acinetobacter calcoaceticus

or Acinetobacter sp. (39)

b. Bold numbers correspond to positions on the ADP1 chromosome in NCBI entry NC_005966.

c. Underlined text indicates the donor DNA and, where relevant, the restriction enzyme used to

linearize a plasmid (pBAC number/Enzyme). The donor DNA was used to transform (X) the

indicated recipient strain.

Table 4.4: Plasmids used in Chapter 4 study

Plasmid Relevant Characteristics Source
pUCIS8 ApR; cloning vector (40)
pUC19 ApR; cloning vector (40)
pUI1637 ApR, KR; source of QKR cassette (41)
pBACI1548 | ApR, SR; source of sacB-SR cassette (42)
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pBAC1593 | Codon optimized ver genes amplified as multiple fragments SRB60/61, SRB62/63, SRB64/65, | This study
SRB66/67 assembled by NEBuilder and inserted into pUC18 digested with Eco53KI and
HindIII
pBAC1599 | Plasmid to delete 1S7236 elements and insert ver genes. Upstream ACIAD RS04390 amplified | This study
from A. baylyi genome with SRB85/86 and downstream ACIAD RS04410 with SRB87/88.
Fragments assembled by NEBuilder and inserted into pUC18 digested with Eco53KI and Sphl
pBAC1600 | QKR inserted into pPBAC1599 by restriction digest and ligation with Sacl This study
pBAC1601 | pBAC1593 and pPBAC1600 digested with Xhol and NotI and ligated together to flank ver This study
operon with 4. baylyi DNA for chromosomal insertion
pBAC1604 | Synthetic bridging fragment. Fragments connecting downstream (SRB94/95) and upstream This study
(SRB96/97) regions of amplicon assembled by NEBuilder in pUC18 digested with Kpnl and
Xbal
pBAC1707 | vanK allele from ACN2334 amplified from chromosome with SRB247/248 and assembled into | This study
pUC19 fragment made with SRB249/250 assembled in E. coli
pBAC1762 | pBAC1548 digested with EcoRV and Mscl and inserted into pPBAC1707 Mscl site by ligation This study
pBAC1776 | Delete verR by PCR amplification pBAC1601 with SRB253/254 and self-ligated in E. coli This study
pBAC1803 | VerR expression plasmid, in pET-28b backbone. verR amplified with SRB393/394 and pET- This study
28b amplified with SRB395/396 assembled in E. coli
pBAC1877 | Delete verCKP by PCR amplification pBAC1601 with SRB600/601 and self-ligated in E. coli This study
pBAC1879 | Delete verR by PCR amplification pBAC1877 with SRB253/254 and self-ligated in E. coli This study

Table 4.5: Primers used in Chapter 4 study

Primer Sequence Use
MTV274 | GCTCGACGCCTTCTATTTCAA pPCR for rpo4
MTV275 | TTTACGTCGCATTCTATTGTCTTCTT pPCR for rpod
MTV302 | GCGTTGGCTACCCGTGATA pPCR for QKR
MTV303 | GGAAGCGGTCAGCCCATT pPCR for QKR
SRB60 CTATGACCATGATTACGAATTCGAGGCGGCCGC | Amplify verRBACKP and assemble into pUC18. Sits
TCATAACTGC in verR and pUC18
SRB61 TTAGGGGTTTATAAGTCTAGAACCAAACGAGGT | Amplify verRBACKP and assemble into pUC18. Sits
GAACG in verB and downstream verB
SRB62 TTGGTTCTAGACTTATAAACCCCTAACAAGAAA | Amplify verRBACKP and assemble into pUC18. Sits
TTCAGATAGC in verB and downstream verB
SRB63 GATCTTCAGTTACGTAAAGGCCCGGGATGCC Amplify verRBACKP and assemble into pUC18. Sits
in verC
SRB64 CCCGGGCCTTTACGTAACTGAAGATCCAGGTGC | Amplify verRBACKP and assemble into pUC18. Sits
in verC
SRB65 AAACCGATTAGTGAGGTACCTACGATGCCAC Amplify verRBACKP and assemble into pUC18. Sits
in verK
SRB66 ATCGTAGGTACCTCACTAATCGGTTTATTAGCG | Amplify verRBACKP and assemble into pUC18. Sits
GC in verK
SRB67 CGTTGTAAAACGACGGCCAGTGCCACTCGAGCG | Amplify verRBACKP and assemble into pUC18. Sits
TATGGACGCTATG downstream verP and in pUC18
SRB68 GGTTACGGGTACGCATCATCAA PCR confirmation and sequencing. Sits in verR
SRB69 GAATCAGGGAGGAGGTAACAGG PCR confirmation and sequencing. Sits downstream
verR
SRB70 CGTTCCTTGATTTGTTATCAGATGTTCC PCR confirmation and sequencing. Sits in verB
SRB71 CGATTTCTTGCCAACGGTCCA PCR confirmation and sequencing. Sits in ver4
SRB72 TGGTATCCACATGAATGCTCAAATGC PCR confirmation and sequencing. Sits in ver4
SRB73 CAATCAATTCCGTATCCTAAAATGCATGATCC PCR confirmation and sequencing. Sits in verC
SRB74 TCGTGACACCCCTTTGCAC PCR confirmation and sequencing. Sits in verC
SRB75 CCACACAACTTGTTCCGTGC PCR confirmation and sequencing. Sits in verC
SRB76 CCAAGAGCAGTAACACGTTGTTCAG PCR confirmation and sequencing. Sits in verK
SRB77 GCATTTGGCTTAGTTCTTGTTATCGGT PCR confirmation and sequencing. Sits in verK
SRB78 CGAAGCTCGCGATGAATATAGTGAATT PCR confirmation and sequencing. Sits in verP
SRB79 AGCGTACCTGGGCTGTTAAATACG PCR confirmation and sequencing. Sits in verP
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SRB85 CGACGGCCAGTGAATTCGAGCCTCGAATGAATC | Amplify upstream ACIAD_RS04390 and assemble
ACAAC into pUC18. Sits in ACIAD RS04380 and pUCI18
SRB86 GATCCAAGAAGAGCTCGATCACTTTAATGATTA | Amplify upstream ACIAD_RS04390 and assemble
AATAATCAATTTTC into pUCI18. Sits downstream ACIAD RS16975 and
upstream ACIAD RS04420
SRB87 TAAAGTGATCGAGCTCTTCTTGGATCTCCAAAG | Amplify downstream ACIAD RS04410 and
TTAACGTTACG assemble into pUCI18. Sits downstream ACIAD
RS16975 and upstream ACIAD RS04420
SRBS8 GATTACGCCAAGCTTGCATGCTTCAGCACGGGT | Amplify downstream ACIAD_RS04410 and
GGCAAAC assemble into pUCI18. Sits in ACIAD RS04425 and
in pUC18
SRB89 GTGCATTATTTCAACATCTTCACTTAAAGCATCG | PCR confirmation and sequencing. Sits in
ACIAD RS04385
SRB90 GGTCGACAAACATCTGATGCTAAAAGAG PCR confirmation and sequencing. Sits in ACIAD _
RS04380
SRBI1 GGAAGTGGTTTATGTTTAATAACAGTTACAGGT | PCR confirmation and sequencing. Sits in ACIAD _
RS16975
SRB92 CTCACCAAAAACAACAAATACATCACACC PCR confirmation and sequencing. Sits upstream
ACIAD RS04420
SRB93 CAGCAATTACACCAGCAAAGACACTA PCR confirmation and sequencing. Sits in
ACIAD RS04420
SRB9%4 AGTGAATTCGAGCTCGGTACGAGCTCTTCTTGG | Amplify downstream SBF fragment and assemble
ATCTCC into pUCI18. Sits downstream ACIAD RS04420 and
pUCI18
SRB95 ATAATGACATATGTATGAAGAAACAATTATAAT | Amplify downstream SBF fragment and assemble
CC into pUC18. Sits in ACIAD_RS04420 and
ACIAD RS04385
SRB96 CTTCATACATATGTCATTATTTTTAGAATGCTGC | Amplify downstream SBF fragment and assemble
into pUCI18. Sits in ACIAD RS04420 and
ACIAD_RS04385
SRB97 TGCATGCCTGCAGGTCGACTGAGCTCGATCACT | Amplify downstream SBF fragment and assemble
TTAATGATTAAATAATC into pUC18. Sits downstream ACIAD_ RS16975 and
pUCI18
SRB247 | GGCCAGTGAATTCGAGCTCGGTACCACTCCTTA | Amplity ACIAD_RS04520 (vanK) allele from
TCACTTATTGGATCCAA ACN2334 and insert into pUCI9. Sits upstream
ACIAD_RS04520 (vanK) and in pUC19
SRB248 | ATTACGCCAAGCTTGCATGCAAACCGAACATCA | Amplify ACIAD_RS04520 (vanK) allele from
CTCAAAAAATTT ACN2334 and insert into pUC19. Sits downstream
ACIAD RS04520 (vanK) and in pUC19
SRB249 | AAATTTTTTGAGTGATGTTCGGTTTGCATGCAA | Amplify ACIAD_RS04520 (vanK) allele from
GCTTGGCG ACN2334 and insert into pUC19. Sits upstream
ACIAD RS04520 (vanK) and in pUC19
SRB250 | TTGGATCCAATAAGTGATAAGGAGTGGTACCGA | Amplify ACIAD_RS04520 (vanK) allele from
GCTCGAATTCAC ACN2334 and insert into pUCI9. Sits upstream
ACIADRS04520 (vanK) and in pUC19
SRB253 | TAGGCAAGACGCGGCCGCCACCGCGGTGGAGC | Delete verR from pBAC1601
TCTTCTTGGATCT
SRB254 | TGGCGGCCGCGTCTTGCCTACCCCTGTTACCTCC | Delete verR from pBAC1601
TCCCTGATTCC
SRB261 | GATCCATTATATCAGTATGCAAATTGAGCAG PCR confirmation and sequencing. Sits upstream
ACIAD_RS04520 (vank)
SRB262 | GCCTGTTATTCCGACTTTGCC PCR confirmation and sequencing. Sits downstream
ACIAD RS04520 (vankK)
SRB263 | CGTAGTCTTGCTGTTAGTCTCATG PCR confirmation and sequencing. Sits in
ACIAD_RS04520 (vank)
SRB264 | GCACTCATGGTCGGTTTATTGC PCR confirmation and sequencing. Sits in
ACIAD_RS04520 (vank)
SRB393 | GGATCTCAGTGGTGGTGGTGGTGGTGTAACTGC | Amplify verR and assemble in pET-28Db. Sits in verR
GGTTCTACGGCATTCAC and pET-28b
SRB394 | AATTTTGTTTAACTTTAAGAAGGAGATATACCA | Amplify verR and assemble in pET-28Db. Sits in verR
TGGCTCGCCATTTGTGG and pET-28b
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SRB395 | GAGCCATGGTATATCTCCTTCTTAAAGTTAAAC Amplify pET-28b and insert verR. Sits in pET-28b
AAAATTATTTCTAGAGG and verR.

SRB396 | GTGAATGCCGTAGAACCGCAGTTACACCACCAC | Amplify pET-28b and insert verR. Sits in pET-28b
CACCACCACTGAGATCC and verR.

SRB600 | TATGGTGAAAGGAGGCAGTTATGGTCAC Delete verCKP from pBAC1601

SRB601 | TTTCACCATAGCGTCCATTCGAGGG Delete verCKP from pBAC1601
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CHAPTER 5:

CONCLUSIONS AND FUTURE DIRECTIONS

Approaches to, and significance of, the expansion of 4. baylyi metabolism

The studies described in this thesis are unified by the common goal of understanding
metabolism and regulation by exploiting the genetic malleability of Acinetobacter baylyi ADP1.
In many cases, it proved useful to develop new techniques or modifications of methods that are
uniquely possible because of the exceptionally high efficiency of natural transformation and
homologous recombination in strain ADP1. In Chapter 2, I describe the incorporation of foreign
DNA into the 4. baylyi chromosome for the consumption of aromatic compounds through a non-
native pathway (a protocatechuate meta-cleavage route called the PCA-4,5 pathway). The long-
term goal of this work is to increase the number of lignin-derived aromatic compounds that can
be consumed by an individual bacterium. To accomplish this goal, I first established a foundation
for modular expansion (Figure 2.1) and demonstrated that this approach to chromosomal
manipulation is feasible. My research approach contributes to improved understanding of how
new metabolic functions become regulated, optimized, and integrated in a new host. The results
are relevant to fundamental aspects of evolution, horizontal gene transfer, and metabolic
regulation.

The successful isolation and characterization of strains that evolved to consume aromatic
growth substrates using the PCA-4,5 pathway at 30 °C unveiled a role for an uncharacterized

phosphotransferase system (PTS) and peptidyl-prolyl isomerases (PPlase) in A. baylyi regulation.
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The importance of a PtsP-dependent regulatory circuit was revealed by the frequent occurrence
of its genetic inactivation and by the effects of engineered ptsP deletions (Table 2.5, Figures 2.8
and 2.9). These findings lay the foundation for future studies to determine the components and
functions of this novel PTS. As indicated in the diagram below, PtsP of ADP1 is a homolog of
the first component of a three-component PTSN", a type of regulatory system that has been
studied in other bacteria. PTSN" has been found to balance cellular carbon and nitrogen
availability by integrating small molecule-signaling pathways and by altering transcriptional,
posttranscriptional, and posttranslational controls (1). There is no PtsN homolog in ADP1
indicating that key aspects of PtsP-mediated regulation in this bacterium need to be determined
and compared to other PtsP-based circuits (2). Some type of PtsP-dependent regulation appears
to be critical for the metabolic integration and function of a foreign pathway for aromatic
compound degradation in 4. baylyi. It is intriguing to speculate that, as in Legionella
pneumophila, a relay system composed of PtsP and PtsO ultimately affects phosphorylation of a
two-component transcriptional regulatory system that participates in global regulation (2).
Preliminary data suggest that one such transcriptional system is involved in regulating aromatic
compound degradation in ADP1. My results provide a framework for generating and testing

specific hypotheses about the role of PtsP.
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Figure 5.1: Canonical PTSN" compared to A. baylyi incomplete PTS

Blue ovals represent the canonical PTSN" in which a phosphate is relayed from
phosphoenolpyruvate (PEP), through each enzyme (PtsP, PtsO, and PtsN) to downstream
proteins. The yellow ovals represent a possible functional PTS in 4. baylyi that lacks a PtsN
component. As discussed earlier, a PtsO homolog exists in ADP1, but whether it functions with

PtsP has not been studied.

Mutants generated during EASy studies with the PCA meta-cleavage pathway revealed
an unexpected effect on maximal growth temperature. A single copy of the genes enabled growth
using the pathway, but not at temperatures above 25 °C. The genes encoding this pathway came
from a marine bacterium that has a lower optimal growth temperature than does ADP1.
However, it is unclear whether there is something inherently associated with protein sequence
that restricts the maximum temperature of functionality for this pathway. Nevertheless, it is easy
to envision that during horizontal gene transfer, the instability of foreign proteins would prove
problematic. Thus, the mutants that emerged to improve protein stability during laboratory
evolution are likely to reflect common adaptation mechanisms that occur in nature. Growth at
increased temperature with the foreign pathway resulted in mutations that appear to increase
expression of a well-characterized chaperone, GroE (3). This result is consistent with the well-
known effects of GroE on growth at different temperatures (4). The effects of mutations in the
tig, slyD and fbp genes implicate the encoded FKBP PPlase enzymes in critical issues of protein
maturation and/or stability affecting growth via the PCA 4,5-pathway. As described in Chapter

1, the known functions of these enzymes are consistent with their ability to affect growth at
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higher temperatures. However, the specific role of these proteins and their interactions with PtsP

cannot yet be deduced. These proteins should be the focus of future studies.

Gene amplification and remarkable chromosomal flexibility

Gene amplification, induced by the EASy method, facilitated the acquisition of new
capabilities by A. baylyi, such as enabling the use of veratrate and isovanillate as growth
substrates and the consumption of compounds via a foreign meta-ring cleavage pathway. These
results support models that propose a transient role for gene amplification during adaptation and
evolution, as previously reviewed (5). The extent to which strains transiently increased the
apparent copy number of the PCA 4,5-pathway was impressive. On the 4. baylyi chromosome,
some strains had more than 100 copies (one had 172 copies) of the F87 fragment. Typically, the
initial selection for growth in the presence of high levels of kanamycin requires no more than 10
copies of the drug-resistance gene. Growth at 37 °C using the foreign pathway, therefore,
initially required and selected massive alteration of the A. baylyi chromosome. A region of 172
12-kbp amplicons corresponds to a segment of approximately 2 Mbp. Since the 4. baylyi ADP1
chromosome is 3.6 Mbp, this additional DNA has a size equal to 50% of the normal
chromosome, as shown schematically in Figure 5.2. Moreover, since the amplicons are tandemly
repeated, all must be on one side of the replicore. This finding raises important questions about
chromosomal symmetry and the mechanism(s) by which the genome can be properly replicated.

Genomic flexibility was also evident in the ease with which large deletions could be
made. The novel approach to remove all remaining amplicon copies from the genomes of
selected mutants enabled analysis of the role played by mutations within and external to the

target region. This useful analysis was possible because large deletions could readily be made by
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allelic replacement using a linear donor DNA fragment. For example, allelic replacement readily

yielded the loss of 130 kbp of DNA, as illustrated in Figure 5.2.

origin

l A. baylyi
chromosome

A. baylyi
chromosome

A. baylyi
chromosome

terminus
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172
amplicons

130 kbp

1 amplicon deleted

Increase the genome (3.6
Mbp) by almost 2 Mbp

Figure 5.2: Chromosomal changes from gene amplification and chromosomal deletions
Circle A represents an 4. baylyi chromosome with a single copy of the foreign PCA-4,5 pathway
genes. Circle B represents an A. baylyi chromosome with 172 copies causing a large increase in
the size of the chromosome and significant asymmetry for replication. Circle C represents an A.
baylyi chromosome in which 130 kbp was deleted in a single step during the amplicon

replacement method from Chapter 2.

Development of new genetic and synthetic biology methods for 4. baylyi

Based on this chromosomal flexibility, I contributed to three publications developing new
and modified tools to facilitate the use of A. baylyi as a platform organism for synthetic biology
and biotechnology applications (6-8). In one of these publications (6), I used a newly developed
synthetic promoter library to test multiple hypotheses about aspects of aromatic compound

catabolism in A. baylyi ADP1 that we did not have tools to test previously. Additionally, in
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Chapter 3, I used this promoter library to test the specificity of two homologous transcriptional

regulators for the two isomers of aspartate, L-Asp and D-Asp.

Additional method development is underway and can be completed in the future. One
such method seeks to discover metabolic pathways and genes by capturing foreign DNA on the
A. baylyi chromosome without prior characterization. As illustrated in Chapter 2 and Chapter
4, metabolic engineering usually is based on known catabolic pathways, an important scientific
challenge is to discover metabolic capabilities and novel pathways that have not yet been
elucidated. The full range of microbial capability is far from being understood. During my
doctoral studies, I collaborated with Dr. Yo Suzuki at the J. Craig Venter Institute to develop a
method of capturing environmental DNA (eDNA), collected without prior culturing, on the A.
baylyi chromosome (Figure 5.3).

Traditional cloning methods capture foreign DNA fragments on plasmids, or similar
vectors for expression in model bacteria, such as E. coli. There are several problems with this
method. There is a limit to the size of DNA fragments that can readily be cloned by these
traditional plasmid-based methods. In contrast, our studies with 4. baylyi suggest that extremely
large segments of foreign DNA can be incorporated in the chromosome and replicated.
Furthermore, in 4. baylyi the adjustable regulation of protein expression could be mediated by
the cell via gene amplification after the induction of a duplication. There is another possible
problem with using a traditional host, such as E. coli, to capture and express genes for the
catabolism of lignin-derived compounds. Namely, since E. coli does not naturally degrade

aromatic compounds, it may not have the catabolic versatility needed for the desired proteins and
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pathways to function. Thus, developing the ADP1 chromosome to serve essentially as a cloning

vector is an attractive idea.

Schematic of environmental DNA capture method
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Figure 5.3: Method of capturing environmental DNA on the 4. baylyi chromosome

Left panels depict schematics of each step described in the corresponding right panel.

Environmental DNA represented by orange, purple, and grey double helices, A. baylyi sequences

are represented by green and red double helices, A. baylyi cells are blue circles with a circular

chromosome inside, and A. baylyi cells that have integrated eDNA have the corresponding color
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circle around them. Current work focuses on step 1, adding A. baylyi sequences to environmental

DNA.

The PCA degradation pathway from P. atlantica Téc genomic DNA can be used as
proof-of-concept for this method development since I have already shown that integrating the
pathway allows A. baylyi to grow on PCA or POB at 25 °C. In initial studies, the P. atlantica
genomic DNA is being used as the eDNA (Figure 5.3 Step 1), and selection for integration of
the /ig genes in this sample DNA is the ability to grow on PCA at 25 °C (Figure 5.3 Step 3).

This eDNA capture method first requires the tagging of eDNA with A. baylyi sequences.
The A. baylyi DNA sequence allows homologous recombination to mediate allelic replacement
that inserts tagged DNA into a known location on the chromosome. Initial attempts to add A.
baylyi sequences used two methodologies. One method used a Tn5 transposon loaded on DNA
containing the A. baylyi sequences. The transposon integrates the A. baylyi sequences within the
eDNA. The second method used tagged primers to amplify eDNA with the phi29 polymerase.
The phi29 polymerase has high fidelity and can generate extremely large DNA fragments
through multiple displacement amplification (9). The primer tags can then be used for in vitro
assembly with the A. baylyi sequences. Future experiments should continue to refine this
methodology.

A different method that I have been developing seeks to facilitate the identification of
which mutations are significant for conferring a new phenotype. In laboratory evolution
experiments, such as those reported in Chapters 2 and 4, whole genome re-sequencing of strains
revealed multiple chromosomal mutations, often six or more. Reconstructing all mutations found

in a strain would be a massive undertaking that is not feasible. However, if multiple mutations
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could be simultaneously transformed into 4. baylyi cells in a transformation assay like that used
to demonstrate the importance of the c/pA alleles in Chapter 3, then we could quickly test what
combinations of mutations confer a growth benefit.

The transformation assay I am developing relies on two steps, natural transformation to
bring DNA into the cells and allelic replacement to integrate the DNA into the chromosome. To
test multiple fragments simultaneously would require that all fragment of interest would
efficiently transform an individual cell. For example, to test seven different mutations at once
might require a single recipient to take up seven fragments. Future experiments could ensure that
all DNA of interest enters the cell in a single uptake step by creating one piece of DNA
containing all mutant alleles. An A. baylyi strain could be made that expresses a restriction
enzyme that does not cut any sequences in its chromosome, such as FselR (Figure 5.4). If the
mutant alleles are separated by the Fsel recognition sequence, they could be cut from the single
fragment once inside the cell and then used for allelic replacement via homologous
recombination (Figure 5.4). This method could create a high throughput screen for analyzing

mutations that arise in 4. baylyi during laboratory evolution experiments.

Transform A. baylyi with a single piece of
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by an Fsel recognition sequence
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genome

°'..GGCCGELC...37 DNA brought into cell by natural
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via homologous recombination



258

Figure 5.4: Method to analyze multiple mutated alleles by a single natural transformation
step

Numbered stars represent mutant chromosomal alleles. A single piece of DNA containing all
alleles (line with numbered stars) can be taken into the chromosome by natural transformation

and then cut with the FesIR restriction enzyme (represented by red scissors).

Using A. baylyi for biotechnology

Collectively, the research described in this thesis addresses fundamental and applied
aspects of metabolism and regulation in a genetically malleable soil bacterium. Aromatic
compound catabolism is important for the bioeconomy of the future. As depicted in Figure 5.5,
valorization of lignin by bacteria could convert an energy rich renewable resource such as lignin
into industrially important compounds. Other applications of microbial synthesis or degradation
of aromatic compounds include alleviating problems caused by the accumulation of plastic
wastes, synthesizing new polymers, and/or the bioremediation of aromatic pollutants (10-12).
Towards these long-term goals, my studies have increased understanding of metabolism,
generated new methods, and helped to develop a microbiology course based on the unique

attributes of A. baylyi ADP1.
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Figure 5.5: Microbial Lignin Valorization
Steps in microbial lignin valorization. Lignin is represented by the interconnected chemical
structures which are then depolymerized into the various aromatic compounds. A. baylyi ADP1

(red oval) can then catabolize those aromatics and accumulate a product of interest.
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