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Abstract

The obligate intracellular bacterium Chlamydia trachomatisis a pathogen of
immense clinical and societal importance with over 1.5 million cases of new infection
reported annually in the United States alone. With the infection asymptomatic in most
men and women and no acquired immunity in human , Chlamydiainfection often leadsto
disease related sequelae such a®pithelial scaring, ectopic pregnancy and infertility.
Globally, the pathogen is also responsible for the ocular infection called trachoma that is
the leading cause of infectious blindness.

Given the impact of C. trachomatison human health, there is great interest in
understanding the molecular mechanism underlying its pathogenesis for the
improvement of vaccine development and antimicrobial drug discovery. This obligate
intracellular pathogen has evolved in isolation inside the human cells, becoming
dependent upon the host for most of its metabolic needs. The bacteria have a diminutive
genome consisting of just over 900 genes In addition, C. trachomatisiad been historically
refractory toward genetic manipulation. The functions of individual Chlamydial genes
cannot be determined simply by deletion from the genome.

With the bacteria relying upon the host for basic metabolic resources we
hypothesized that the genes retained in its genome are essential for the infectivity,

pathogenesis and life cycle of bacteria. Through bioinformatics tools like sequence



similarity networks, we have found that Chlamydiaretains a complete set of genes
involved in the biosynthesis of menaquinone, a membrane bound electron shuttle
essential for cellular respiration. The biosynthesis of menaquinone in C. trachomatis
involve s the recently discovered futalosine pathway .

In this project, we developed a molecular toolkit to examine the individual
Chlamydial genes involved in menaquinone biosynthesis for its enzymatic function and
essentiality. We employed small molecule inhibitors to chemically probe the function of
genes in a cellular infection model and demonstrated the ability of certain inhibitors of
the menaquinone biosynthesis to exert an inhibitory phenotype in Chlamydiainfected
cells. Next, we developed a library of codon-optimized expression plasmids for
recombinant expression of the Chlamydial protein in E. coli As an example, we have
characterized the enzymatic function of the Chlamydiaflavin prenyltransferase protein
CT220 and determined its crystal structures as well as proposed its relationship to the
Mgn pathway. We demonstrated the ability of C. trachomads CT428 gene togenetically
complement the growth defect observed in E. colil U E Bufiant. Lastly, we were able to
improve the processes for plasmid-based mutagenesis ofC. trachomatisising the recently
developed fluorescent-reported allelic exchange mutagenesis (FRAEM) tool. This
optimization along with the establishment of readout for C. trachomatisnfected cell assay
allow us to characterize potential Chlamydia mutants for defective menaquinone

biosynthesis.
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1. Introduction

1.1 Overview of Chlamydia trachomatis as an Obligate
Intracellular Pathogen

Chlamydia trachomatiss among the top five common sexually transmitted
infections (STIs) in the United States with over 1.5 million cases reported annually.?
Worldwide, it also the number one cause of infectious blindness often diagnosed as
trachoma. Chlamydia trachomatidelongs to the family of Chlamydia ceae. The genus of
Chlamydiahas recently been divided into Chlamydophila and Chlamydia. The distant
relative of C. trachomatisChlamydophila pneumaéae is also a pathogen of interest in the
medical fields.

The C. trachomatisspeciesis subdivided into three major serovar grouping s that
are found in three different medical phenotypes of diseasecausing pathogenesis? The
serovars A, B and C are chiefly responsible for the infectious blindness. Serovars D
through K are responsible for the sexually transmitted urogenital infection. Serovars L1,
L2 and L3 are responsible for the unigue infection of the lymph node called
lyphogranuloma vernerium.

Chlamydia trachomatisfection is largely asymptomatic, showing little to no sign
of inflammation suggesting a dampened immune -responses and a lack of long term
acquired immunity .2 This leads to high transmission rate due to asymptomatic infection.

Untreated cases of urogenital infections can lead to severeepithelial scaring, ectopic



pregnancy in females and infertility in both sexes as well as anincreased vulnerability to
secondary infection by other STI agents.

Common beta-lactam antibiotic treatment s like penicillin are ineffective and place
the bacteria in aninduced persistent state during which the bacteriaremain dormant until
the antibiotics are eliminated by the body.3 The current effective antibiotic treatment for
Chlamydiainfection are azithromycin or doxycycline with azithromycin yie Iding the
fastestinfection clearance rate. However, the infection cycle imparts a degree of difficulty
in antibiotic selection and treatment. Late in the infection cycle, most antibiotic treatment s

fail to prevent bacteria replication and cellular damages to the host.

1.2 Life Cycle and Biology of Chlamydia trachomatis

Chlamydia ceae family member s are obligate intracellular pathogen that share a
common biphasic life cycle as indicated in figure 1.4 The bacteriaexisted extracellularly in
a compacted form called the elementary body (EB), which is non-replicative but highly
infectious. Upon contact with the host cell followed by endocytosis, the elementary body
form transitions into the second phase of development where the EB differentiates into
the metabolically active replicative form called reticulate body (RB),. Eventually, after
depleting the hostz k#sources, the bacteria convert back intotheir infectious EB form and
exit the cell and the cycleis repeated.

During the early hour s of infection, the bacteria hijack the host endocytic vacuole



and convert it into an inclusion body. The bac teria utilize numbers of effector proteins to

co-opt the host cellular functions and transporters to acquire metabolic resources. The
infected cells are known to have dampened inflammation responses sot that common
apoptosis inducing agents like staurosporine are ineffective at causing cell death to a

Chlamydiainfected cell.
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Figure 1: The life cycle of Chlamydia trachomatis . The non-replicative but infectious
EB is endocytosed by the host cell. The bacteria convert the endocytic vacuole into the
inclusion body where they transition into the RB form. The bacteria then replicate and
eventually convert back into EB and exit the cell.

1.3 Conservation of Essential Pathway Within the Chlamydial
Genome

Chlamydia trachomatjdike its relatives, has a diminutive genome of around 950s
genes which is significantly smaller compar ed to other free-living bacteria like Escherichia
coli who se genome contains over 6000 genes. In comparison, C. trachomatiscontains a
smaller number of encoded proteins than the two genuses of large viruses Megavirus

(approximately 1,120 encoded proteins) and Pandoravirus(approximately 2,500 encoded



proteins).t

Among the approximately 950predicted Chlamydial open reading frame (ORFs),
less than half are characterized bioinformatically based on sequence similarity to known
protein classes. Even fewer have been characterized biochemically. There is alack of
reliable mutagenesis tools due to the obligate intracellular life cycle that make it difficult
to validate the essentiality for viability and/or pathogenesis of the individual genes.

Based on bioinformatic analysis, several key metabolic pathways are absent from
the bacteria genome. For example, the biosynthesis pathways of the common amino acids
are mostly absent from the bacteria except for the biosynthesis of aspartate and glutamate.
In addition, there is an incomplete tryptophan biosynthesis pa thway with only the
terminal protein complex TrpAB present. The TrpAB complex requires an indolglycerol
phosphate substrate that the bacteria have no recognizable meas to biosynthesize.® The
Chlamydial genome also encodes for a glycine hydroxy -methyltransferase (CT432) that
can interconvert serine and glycine.

To compensate for the lack of bast metabolic resources, the bacteria are furnished
with a sodium -dependent amino acid transporter which help sfunnel the host amino acids
pool into the bacteria metabolism.” Similar transporter sare found for ATP and S-adenosyl
methionine (SAM). &9 In the case of ATP and SAM transporters, these enzymes are also

capable of exporting the enzymatic byproduct s ADP and SAH.



Within the C. trachomatisgenome, there are many encoded secreted effector
proteins. Some have been shown to contribute toward the co-opting of host cellular
functions in order to not only dampen the inflammatory responses but also to control
cellular metabolism and funnel resources.111

It is hypothe sized from the limited genome size and the obligate intracellular
lifestyle that the retained genes are essential for the infectivity, pathogenesis and growth
of the bacteria. The enzymological characterization of individual genes combined with
chemical biology probes are keys for understanding the enzymatic function and

essentiality of the individual genes.

1.4 Essential Genes in the Early State of Chlamydial infection

In 2003, the Caldwell group profiled the Chlamydia trachomatigranscriptome at
different infection timepoint s.22 They found that throughout the infection cycle, diff erent
genes within the chlamydial genome are being upregulated or downregulated. This
suggests that the individual genes are essential for different states of the infection. It is
also potential ly a means for conservation of resources by the bacteria.Figure 2 depictsthe
chlamydial gene transcription level at different time point.

We focused on the genes that are upregulated between 1 and 8 hours post infection
(h.p.i) because we hypothesized that they are essential for the early stage of infection This

time range contains important events like the conversion of the endocytic vacuoles into



inclusion bodies and the transition between EBs and RBs. This isalso an important time
point for the research field since inhibition of the bacteria in the earl ier state of infection
will minimize resource depletion from the host cell and increase the chance of clearance
of the bacteria from the cells.

Through the transcription profiling, it is observed that a large portion of the
proteins being upregulated by 8 h.p.i. is related to the electron transport chain. The
ATP/ADP translocase (CT065)is found to upregulated by 1 h.p.i. The cytochrome oxidase
complex (CT013 and CT014) along with the NADH Quinone Reductase complex (CT278,
CT279, CT280 and CT281) are upregiated by 3 h.p.i. The Succinate dehydrogenase
complex (CT591, CT592, CT593) and ATP Synthase complex (CT304, CT305, CT306, CT307
and CT 308) are upregulatedby 8 h.p.i.

In common biological systems, these electron transport chain complexes are
essential for the funneling of the electron across the membrane to build a charge gradient
facilitating the oxidative phosphorylation production of ATP. A recent publication by the
Juarezgroup suggests that C. trachomatiemploy a sodium gradient instead of a proton
gradient found in other common bacterium like E. coli as well as in the eukaryote
mitochondria. 3 Disruption of the sodium gradient by the ionophore Monensin
completely inhibited the bacteria growth. The inhibition study suggests that disruption in

the biological fun ction of the protein responsible for the build -up of such a gradient might



also inhibit the bacteria.

o
@ o
0?‘ @ Elementary Body (EB)
%0 O Reticulate Body (RB)

Gene Expression

1 1000

40 hpi

Figure 2: Transcriptome profile of the chlamydial genes during the course of infection.
The transcription level of the individual gene is quantified by RT -gPCR at different
hours post infection (hpi) . The figure is adopted from previous publication by the
Caldwell group. 12

1.5 Introduction to Isoprenoid Quinones

There is a common link between the electron transport chain complexes that is
worth further examination. C ommon across different organisms are the membrane bound
electron carrier isoprenoid quinones. These are molecules that have a hydrophobic
isoprenoid tail that binds to the phospholipid membrane and a hydrophilic quinone head

which is capable of undergoing oxidation/reduction (see Figure 3) to shuttle electrons



between different membrane bound protein complexes.
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Figure 4: Structure of Ubiquinone, Menaquinone and Desmethylmenaquinone

The two most common isoprenoid quinone are menaquinone and ubiquinone. In
some bacteria, desmethylmenaquinone is also utilize for metabolic function .*4 Figure 4
depicts the structures of these quinones. Menaquinone is commonly associated with
gram-positive bacteria as well as anaerobic biological function. Ubiquinone is found in all
eukaryote and is common in gram-negative bacteria associated with aerobic biological
function. In eukaryote s, menaquinone (also known as Vitamin K2) is taken up and
converted into Vitamin K1 which is important cofactor for gamma -glutamyl carboxylase,
essential in blood coagulation.

In eukaryote s, disruption of biosynthesis of and/or binding of isoprenoid quinone

to the electron transport chain complexesresult in mitochondria disfunction follow ed by



increased oxidative stress and subsequenty radical oxygen species (ROS) inducedcell
death.15 In prokaryote s, isoprenoid quinone s play an even more complex role. Disruption
of isoprenoid quinone biosynthesis impact s not only the electron transport chain, but it
also disables the function of disulfide isomerase DsbB which is essential in the periplasmic
disulfide -based folding of secreted protein.® Impeded function of DsbB leads to a
significant decrease in infectivity of many pathogen like Salmonella. Mutation or
inhibition of the quinone biosynthesis pathway leads to severe phenotypic outcomes
ranging from lack of infectivity, slow growth, loss of anaerobic function to a complete halt
of biological function.

Interestingly, menaquinone and ubiquinone are often not interchangeable in
biological function. ¥ E. coli mutants lacking menaquinone are incapable of growth
anaerobically even when ubiquinone production is normal; and mutant s lacking in
ubiquinone grow poorly under aerobic condition. This suggess that either the redox
potential differences between ubiquinone and menaquinone make it difficult to substitute
one for the other, or that the binding pocket for the utilizing enzymes is so specific for one

over the other that they cannot be interchanged.

161 sopr enoi d Redox RoventmldDsctates Functionality

Individual isoprenoid quinone species has a unique quantifiable redox potential.

When an enzyme utilize redox conversion of cofactors to transfer electron, the redox



potential differences can be characterized bythe Nernst Equation: «JO £"CD swhere
wGezis the actual Gibbs free energy, n is the number of electron transfer, F is the Faraday
constant and E°zis the actual electrochemical potential. The calculated electrochemical
potential of ubiquinone in water is -163 mV while the electrochemical potential of
menaquinone is -260 mV218 The difference in potential between ubiguinone and
menaquinone would impact the Gibbs free energy if one molecule is utilized in place of
the other. In the case where the resuting Gibbs free energy increases to a positive value,
the reaction is no longer thermodynamically favorable . If a reaction in the electron
transport chain is halted in this fashion, the overall electron transport chain function is
impacted. Hence, the individual isoprenoid quinone species can potentially be non-
interchangeable in a biological system. In other word, a deficiency in one quinone species

often cannot be compensate by another quinone species.

1.7 Menaquinone Biosynthesis Pathway within Chlamydial
Genome

Through bioinformatic analysis of the C. trachomatisgenome, we identified the
genes involved in the biosynthesis of menaquinone which can be categorized into three
convergent pathways (see Figure 5).The complete biosynthesis of menaquinone involve s
products from two other pathways: isoprenoid pyrophosphate biosynthesis and
chorismate/shikimate biosynthesis (see Figures 6 and 7) Isoprenoid pyrophosphate

biosynthesis is important in the production of terpenoids and membrane lipid s. It also
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produces essential substrate for protein prenylation. The chorismate/shikimate pathway
provides an important aromatic precursor for aromatic amino acids biosynthesis as well
as folate biosynthesis. In the biosynthesis of menaquinone, the isoprenad pyrophosphate
biosynthesis provides the polyisoprenyl tail of the quinone while the
chorismate/shikimate pathway provide s the building block for the aromatic head.

To add to the uniqueness of Chlamydial biology, the main steps of menaquinone
biosynthesis involve a recently discovered alternative Mgn pathway that is found in only
a few bacteria families like that of Thermus thermophilys Helicobacter pyloriand
Stregomyces coelicol&r This pathway is significantly different from the traditional Men
pathway found in gram -positive bacteria like Staphylococcus aureushich produc esonly
menaquinone, as well as facultative anaerobic bacteria like E. coliwhich produce both
menaquinone and ubiquinone. One of the noticeable differences between the Men and
Mgn pathways is the production of 1 ,4-dihydroxy -2-naphthoic acid by the Men pathway
versus 1,4dihydroxy -6-naphthoic acid by the Mgn pathway (see Figure 8)

The final two steps of isoprenoid quinone biosynthesis are common between the
traditional and the alternative menaquinone biosynthesis which involve the linking of the
isoprenoid tail to the aromatic quinone head followed by the subsequent C -methylation
at the C2 position. The two proteins responsible for these biosynthesis steps are also found

in the biosynthesis of ubiquinone but play much earlier role in the biosynthesis.
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* Green:transcript 3 h.p.i
* Blue:transcript 8 h.p.i
* Red: transcript 16 h.p.i

pyruvate glyceraldehyde 3-phosphate
CT331 1-deoxy-d-xylulose-5-phosphate synthase Dxs
1-deoxy-d-xylulose-5-phosphate
CTO71 + 1-deoxy-d-xylulose-5-phosphate reductase  IspC
2-C-methylerythritol 4-phosphate
CT462 # 2-C-methylerythritol 4-phosphate cyclase IspD
4-diphosphocytidyl-2-C-methylerythritol
CT804 + 4-diphosphocytidyl-2-C-methylerythritol kinase  IspE
4-diphosphocytidyl-2-C-methyl-D-erythritol 2-phosphate
CT434 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase  IspF
2-C-methyl-D-erythritol 2,4-cyclodiphosphate
CT057 + 4-hydroxy-3-methylbut-2-enyl pyrophophate synthase IpG
(E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate
CT859 # 4-hydroxy-3-methylbut-2-enyl pyrophosphate reduciase  IspH

erythrose 4-phosphate phosphoenol pyruvate
CTSBZY\ 3-deoxy-d-arabino-heptulosonate-7-phosphate synthase DAPHS
3-deoxy-D-arabino-heptulosonate-7-phosphate
CT369 ¢ 3-dehydroquianate synthase DHQS
3-dehydroquianate
CT370 ¢ 3-dehydroquianate dehydratase DHQ
3-dehydroshikimate
CT370 ¢ shikimate 5-dehydrogenase SD
D-shikimate
CT367 ¢ shikimate kinase SK
shikimate 3-phosphate
CT366 * 5-enolpyruvylshikimate 3-phosphate synthase EPSP Synthase
5-enolpyruvylshikimate 3-phosphate
CT368 ¢ chorismate synthase CS
chorismate
42 # chorismate dehydratase ~ MgnA2
3-(1-carboxyvinyl)-oxybenzoate
CT767 ¢ futalosine synthase ~ MgnC2

futalosine
CT263 ¢ dehypoxanthine futalosine synthase ~ MgnB
dehypoxanthine futalosine
CT426 4’ cyclic dehypoxanthine futalosine synthase MqgnC
cyclic dehypoxanthine futalosine

CT262 ¢ 1,4-dihydroxy-6-naphthoic acid synthase  MqnD
1,4-dihydroxy-6-naphthoic acid

isopentenyl pyrophosphate CT085/CT220 1,4-dihydroxy-6-naphthoic acid decarboxylase UbiD/UbiX
# isomerase >“1> polyisoprenyl pyrophosphate 1,4-naphthoquinone
dimethylallyl pyrophosphate prenyftransferase ‘ 1,4-napthoquinone prenyltransferase UbiA

desmethyl menaquinone

CT42 ¢ desmethyl menaquinone methyltransferase UbIE

menaquinone

Figure 5: The genes involved in the biosynthesis of isoprenoid quinone within Chlamydia trachomatis and the time point s in

which the transcription is upregulated.
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Figure 6: Biosynthesis of polyisoprenyl pyrophosphate by the methy! -erythritol
phosphate (MEP) pathway in C. trachomatis
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In 2008, the Saramm group characterized CT263 and suggested thatChlamydia
trachomatisutilize s menaquinone for its biological function. 20 Using the similar approach
of protein -BLAST search, we identified the proteins involved in biosynthesis. Upon the
inspection of the Chlamydial genome, we found that the bacteria retain complete
pathway s for the biosynth esis ofthe isoprenoid tail as well as the aromatic quinone head.
The majority of the protein s within these pathways have their corresponding genes
transcriptionally upregulated at 8 h.p.i. (see Figureb). Figures 6 through 8 depict the genes

involved in t he biosynthesis of menaquinone within Chlamydia trachomatis
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1.8 Introduction to Dissertation Project

The biosynthesis of menaquinone in Chlamydia trachomatigprovid es a unique
opportunity for understanding of biological function at the protein level through
enzymology as well as at the systemic level through design of small molecule probes. In
addition, d ue to the pathway being discovered only recently ,2t the various steps involved
in the alternative menaquinone biosynthesis pathway are not clearly understood
enzymatically and therefore are of interest for enzymatic elucidation and characterization.
Deficency in menaquinone biosynthesis potentially impacts not only the electron
transport chain but also the periplasmic folding of transporter proteins and secreted
effectors (see Figure 9).

With the majority of proteins involved in the complete biosynth esis of
menaguinone absent in the mammalian host, small molecule inhibitors of those proteins
can be used to evaluate for their anti-chlamydial propert ies in an infected cell model
follow ed by subsequent animal infection model in collaboration with the Hum an Vaccine
Institute.

The majority of inhibition phenotype was demonstrate d through the
characterization of genetic mutants. In E. coli which can make both ubiquinone and
menaquinone, the mutation in menaquinone biosynthesis causes the loss in ability to

grow anaerobically. The E. colimutants lacking the biosynthesis of ubiquinone show a



drastically slow ed growth rate as well as the inability to grow with succinate being the
sole carbon source. In Salmonella, the infectivity and capability to live inside macrophage
is dampened with mutation to the biosynthesis of its ubiquinone. These phenotypical
function s can be used to determine whether the C. trachomatigene once introduced into
the bacterial mutants can complement the growth defect.

There are limited numbers of commercially -available small molecule inhibitor s
that specifically target the main pathway for the biosynthesis of isoprenoid quinones.
There are small molecules avalable to inhibiting the chorismate /shikimate pathway as
well as the polyisopre nyl pyrophosphate biosynthesis pathway. The inhibition of these
two pathway halt the supply of building block sfor the final isoprenoid quinone molecule.
However, becausethose two pathways are also involved in the biosynthesis of other
essential metabolites, one cannot say with certainty that the inhibitory phenotype
observed is solely due to the inhibition of menaquinone biosynthesis.

The limitation in reliable mutagenesis methods for C. trachomatigpresent a major
challenge to characterize Chlamydia mutants with regard to menaquinone biosynthesis. 22
The forward genetic approach in which the Valdivia group utilized to identify and
characterize C. trachomatigenetic mutants failed to yield any truncation mutant of the 22
proteins involved in the complete biosynthesis of menaquinone.? Since the forward

genetic technique relied on random mutations induced by mutagen, the absent of
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truncation mutants can be either be due to sample sizes or due to the essentialy of the
genes. To be certain, a different, more targeted approach need to be taken usingecently
developed plasmid based mutagenesis strategies These strategiegrovide poten tial way s

to obtain the targeted genetic mutants of mequinone biosynthesis.

Metabolites:
Amino Acids, ATP,
Lipids, SAM, etc.

Host Cytosol

Inclusion

— ] -
1

Secreted Effectors: Periplasm S
Proteases, Kinases, Disulfide
MTases, etc. Folding

Figure 9: The biological function of C. trachomatis at the membrane level in the early
state of chlamydial infection that can potentially be impacted by deficiency in
menaguinone biosynthesis.

Chlamydia Cytosol

The current effective approach within the field of Chlamydial research for
characterize of individual protein encoded in the Chlamydiagenome is to enzymatically
characterize it through recombinant protein approach. Although, because over half of the
genome encoded proteins have not been classified through bioinformatic analysis, the
unclassified enzymes cannot be tested for their functions. However, the 22 proteins
involved in m enaquinone biosynthesis was able to be identified through bioinformatic

analysis. With each of these proteins carries out a unique enzymatic transformation , the
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enzymatic characterization approach will yield information not only important to the
biology of Chlamydia but also to the understanding of the underlying enzymatic
mechanisms.

This dissertation project set out to evaluate and gain a better understanding of the
biosynthesis of menaquinone in Chlamydia trachomatisFirstly, we evaluate published
small molecule inhibitor s of the pathways toward the complete biosynthesis of
menaquinone. Utilizing a cultured mammailan cell infection model, we can characterize
the ability for these inhibitor to imbeded the growth of Chlamydiain cells.

Secondly, we utilize recombinantly expressed Chlamydiaprotein in order to gain a
better understanding of how the biosynthesis of menaquinone take s place. Since the main
steps of menaquinone biosynthesis in Chlamydiaare classified as a recently discovered
futalosine pathway, the individual enzymatic transformation is not clearly understood
and therefore provide sa unique opportunity for in depth study of the individual enzyme.

Thirdly, with the availability of E. coli mutants, we can perform a genetic
complementation assay where homologs of the mutated genes from other organisms can
be introduced back into the E. colimutants. The ability for the protein homologs to restore
normal grow th function within the E. colimutants will demonstrate that the biological
function of the enzyme homolog s and that of the E. colienzymes are similar enough.

Lastly, there have not been a targeted studies of mutagenesis of Chlamydiausing
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the available plasmid based mutagenesis methods. With the collaboration of the Valdivia
group, we examined the Targetron method in which we attempt to inhibit the final two
enzymes of menaquinone biosynthesis.?* We also utilize the FRAEM methods in order to
knock out the proteins within the menaquinone biosynthesis pathway. 25 However, the
major limitation of the FRAEM pathway is the cloning steps of the targeting plasmid. We
optimized the generation of these plasmid sthrough the implementation of Gibson-styled
cloning.

In summary, this dissertation project generates a variety of biological tools to
examine the biosynthesis of menaquinone in Chlamydia trachomatiand to characterize the

individual biosynthesis genes involved.



2. Evaluation of Existing Inhibitors of Menaquinone
Biosynthesis Against Chlamydia

2.1 Background

The current antibiotic treatment for Chlamydiainfection is by either azithromycin
or doxycycline with azithromycin offer ing the fastest cleaance rate2 Azithromycin ,
similar to other sin the family of macrolid es antibiotics, acts by binding to the 50S subunit
of the ribosome, inhibiting the translation of MRNA into protein. Doxycycline like other
tetracycline antibiotics also inhibit s the ribosomal activity through binding with the 30S
subunit. Other antibiotic classes like quinolones and betalactams are alsocapable of both
crossing the layers of membrane due to the intracellular lifestyle of the bacterium and
impacting the metabolically active RBs.

The problem with using quinolones and beta-lactam in treatment of C. trachomatis
is that they induced an aberrant state within the Chlamydialife cycle.2 The bacteria enter a
state of metabolic quiescent in tandem with an enlarged inclusion body. This so-called
aberrant form persists until the clearance of the antibioti ¢ by the body. At which point,
the bacteria reverted into the RBs state and the replication cycle continues. This biological
feature makes treating Chlamydial infection even more difficult . A wrong course of
treatment can lead to temporary alleviation of t he infection but incomplete clearance of
Chlamydiafrom the system.

In addition, clinical isolates of multi -drug resistances C. trachomatishave been
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reported with bacteria isolates displaying resistance toward doxycycline, azithromycin
and ofloxacin.?” Such isolates lead to recurrent and chronic infection with no effective
treatment. This creates an incentive to find new targets within the Chlamydial system and

discover new classes of antibiotic s that caninhibit Chlamydiaspecifically.

2.2 Inhibition of Menaquinone Biosynthesis

The isoprenoid, chorismate and menaquinone biosynthesis pathway s found in the
Chlamydiametabolism system are almost unique to the bacteria and not found in the
mammalian host. With the exception of the two enzymes UbIA and UbIE , which
homologs are also involved in the biosynthesis of ubiquinone in the mitochondria, no
other protein homologs are found in the host. 28 This led us to hypothesize that inhibition
of the Chlamydia -specific proteins will uniquely impact the bacteria life -cycle within the
host cell and limit the side -effects such inhibitors might have on the ho st.

Before further endeavors to characterize the enzymes involved within the
Chlamydiapathway, we want to examine the existing inhibitor s for the pathways in a cell
infection model. This allow s for the characterization of inhibition phenotype and
essentiality of the pathway as a whole to be characterized The early transcriptional
regulation of the genes involved (see Figure 5 from Chapter 1) suggess the inhibition of
menaquinone biosynthesis leads to an early halt in the life cycle of Chlamydia. While the

mammalian cell culture lacks the inflammatory response that allow s for clearance of
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Chlamydiafrom the cell, early inhibition of the Chlamydia | life cycle often leads to the
observable diminutive size of Chlamydiainclusion body.

While ther e are several inhibitors reported in the literature targeting menaquinone
biosynthesis, there are limited commercially available inhibitors that can be purchase d for

the study of Chlamydiainfected cell model.

2.2.1 Inhibition Through MEP Pathway for Isoprenoid Biosynthesis

A key structural component of menaquinone is the polyisoprenyl tail. The
prenyltransferase enzyme UbiA utilize s polyisoprenyl pyrophosphate as a substrate for
prenyl -transfer onto the naphthoquinone head group.? However, targeting the
biosynthesis of polyisoprenyl pyrophosphate impacts not only menaquinone biosynthesis
but also the related terpenoid pathway and potentially the biosynthesis of other lipids.

The biosynthesis of polyisoprenyl pyrophosphate through the methyl-erythritol
phosphate (MEP) pathway found in Chlamydiais unique to the bacteria. It is different from
the mevalonate pathway responsible for the similar biosynthesis task that was found in
the host cell (see Figure 10) In humans, the cardiac treatment drug class statins are
inhibitors of the mevalonate pathway. Patients on treatment with statins are
recommended to take a supplement of ubiquinone -10 because of an observable depletion
of ubiquinone in cells. Hypothetically, the inhibition of the MEP pathway will similarly

result in the depletion of the menaquinone pool.
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The intermediates and final product of the MEP pathway are phosphorylated. The
negative charge of the phosphate group influenced the design of the reported inhibitors
targeting the MEP pathway .2° The majority of known inhibitors of MEP pathway is
derived from glyphosate, the main component of the weed -killer Round -up®. The two
main commercially available inhibitor s targeting MEP pathway are Fosmidomycin and
FR-900098 which specifically target the enzyme IspC. (see FigurelO0and 11)

Due to the charge incurred by the phosphate group, prodrug forms of MEP
pathway inhibitor s are often used to mask the charge group and increase membrane
permeability. However, these prodrug molecules depend upon the targeted organism

metabolism to activate and convert the prodrug form into the intended inhibitor molecule.
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2.2.2 Inhibition of the Main Mqgn Pathway with MTAN Inhibitor

While there are several reported inhibitors targeting the traditional Men pathway
for menaquinone biosynthesis, only the immucillin class of inhibitor is reported to inhib it
specific enzymes within the alternative Mgn pathway. The immucillin inhibitor class was
studied extensively by the Schramm group against UT I wi O4a OEUDPE w x
methylthioadenosine/adenosylhomocysteine nucleosidase (MTAN) protein family .3t It
was recently discovered that the inhitibion of subclass of MTAN proteins involved in the
biosynthesis of menaquinone is lethal toward the bacteria host.®2 While the structure
homology of this MTAN subclass is similar to other MTAN in the family, the substrate
scope is quite different and the intended substrates are futalosine and aminofutalosine.

Based on the enzymatic reaction of the MTAN protein, the Schramm group
designed a transition state inhibitor which mimic s the intermediate of the N -ribosidic
bond hydrolysis reaction. This inhibitor design was found to decrease bacterial quorum
sensing, sulfur recycling and polyamine synthesis in bacteria like Escherichiaoliand Vibrio
cholera® While the inhibitor did not lethally impact those bacteria species it proved
detrimental to bacteria that utilize the Mgn pathway for biosynthesis of menaquinone like
Helicobactepylori and Campylobactespecies3* The MTAN inhibitor BuT -DADMe -Imma
wasfound to be apicomolar inhbitor of the H. pylori MTAN protein in vitro. The molecule

has a MICq of less than 8ng/mL againstH. pylori culture.

2€

(et

mp

C\

C\



In 2014, the Shcrammsgroup published the crystal structure of the C. trachomatis
enzyme CT263 along with the full enzymatic characterization proving that it is an MTAN
protein whose substrates are futalosine and aminofutalosine. 20 His group then proposed
that C. trachomatiaitilize the Mgn pathway to produce menaquinone. However, they did
not test any the MTAN inhibitors against CT263

We obtained 1mg of BuT-DADMe -Imma from the Shcramm group through
material transfer agreement and proceeded to test the efficacy of this molecule against
mammallian cell infection model. With the MTAN protein family not being found in
humans, the MTAN inhibitor can be a template for targeting the Chlamydial biological

system specifically.
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Figure 12: (A)The enzymatic reaction of MTAN/MgnB enzyme which inhibited by
BuT-DADMe -Imma (B) The underlying enzymatic steps of MTAN/MgnB enzyme
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2.3 Methods:
2.3.1 Mammalian Cell Cultures

Vero and Hela cells were obtained from the Duke Cell Culture Facility and
screened for potential contaminations like mycoplasma. The mammalian cells were
maintained according to the protocol prov ided by the Duke Cell Culture Facility. Vero
cells were grown and passaged with DMEM media by Gibco, which already contained
glucose, L-glutamine and Sodium pyruvate, supplemented with 10% fetal bovine serum
(FBS) by Sigma Aldrich. Hela cells were grow and passaged with MEM media by Sigma
Aldrich supplemented with L -glutamine and Sodium pyruvate and 10% FBS. Cells were
maintained in T75 flasks (VWR) unless otherwise specified. In addition, mammalian cell
culture safety techniques were followed according to standard operating procedures
dictated by Occupational and Environmental Safety Office at Duke University and
Medical Center.

For each passage, spent media was discarded and the cells were washed once with
10mL of DBPS (Gibco). The cells were trypsinizedwith 5mL of 0.25% Trypsin with EDTA
(Sigma). The trypsinized cells were collected into a sterile 15mL centrifugation tube and
centrifuged at 900 rpm for 2 minutes. The supernatant was discarded and the cells were
resuspended in fresh media with volume depend ent upon the number of flasks needed

for the next passage. For Vero cells, the media need to be changkevery 4 days and the
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designated passaging dilution is 1:4. For Hela cells, the media need to be changd every 3
days and the designated passaging dilution is 1:4. The cells were occasionally monitored
by light microscopy for contamination and abnormallity. Upon detection of

contamination, all cells w ere bleached and media reagents replaced to minimize risk of

further contamination.

2.3.2 Generation of Chlamydia trachomatis L2 Rf2 Wildtype Strain EB
Stock:

An aliquot of Chlamydia trachomati&2/434/Bu Rf2 was obtained from Dr. Robert
Batisdas from the Valdivia group. The strain was propagated in Vero cell in six well plate
setting with dilution of 5 pL of stock Rf2 per well. At 44 hours post infection, cells were
first inspected under light microscope for sign of inclusion body formation. The infected
cells were washed twice with PBS and incubated for 15 minute s with 800uL of ultrapure
H20. The cells were osmotically lysed upon addition of 200 pL of 5x SucrosePhosphate-
Glutamate (SPG) buffer consisted of 10mM Sodium Phosphate, 220mM sucrose and
0.50mM of L-glutamic acid. The SPGhbuffer help s both in the osmotic lysis as well as
providing a protective storage medium for ChlamydiaEBs. The cell lysate containing
ChlamydiaEBs was aliquoted in 200uL fraction and flash frozen in liquid nitrogen.

Three different aliquot s of newly generated ChlamydiaRf2 stock were thawed for
titering of bacteria concentration. The experiment was carried out through infection of

Hela cell in 96-well plate setting. Confluent Hela cell s were infected with a serial 1:10



dilution of ChlamydiaRf2 EB stock. The plate was centrifuged at3,00 g for 30 minutes in
order to induce a uniform attachment of chlamydial EB onto the host cells. The plate was
incubated at 37°C for 36 hours. The plate waswashed twice with DPBS and fixed with ice
cold methanol for 20 min at room temperature. The plate was then washed twice with
DPBS and stored at 4C prior to the in cell western process. Platewas blocked with 100uL
of 3% wi/v of Bovine Serum Albumine (BSA) / Phosphate Buffered Saline (PBS) for 30 min
at room temperature. The plate was washed once with PBS prior to incubation with 50 L
of 1:2000 antiCT043 rabbit antibody PBS solution for 1 hour at room temperature. The
plate was washed 4 times with PBS prior to incubation with 50 pL of 1:250 goat antirabbit
antibody and 1:2000 Hoechst stain. The platewas washed 4 times with PBS before
wrapped in aluminum foil and store at 4 °C until imaging using Axio Observer inverted
fluorescent microscope. Individual well images w ere taken at 10x objective and andysed

for the chlamydial inclusion form ation.

2.3.3 Viability Assay

Similar to the set up for titering of EBs, 2QuL of DMEM containing serial dilutions
of the inhibitor of interest was added to the wells instead of the chlamydial aliquot. The
sample was incubated at the exact same timeline as the infetion assay. The cytotoxicity

reading was conducted at 36 hpi. The plate was first washed 3 times with DPBS. To each
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of calcein AM was added. The no-inhibitor control wells are prepared as followed: 2 wells
were treated without any stain, 2 w ere treated with just calcein AM, 2 w ere treated with
both stain, 2 were treated with propidium iodine in 50:50 DMEM:methanol. The plate was

incubated for 30 min at 37°C. The plate was washeal 2 times with PBS prior to analysis
using fluorescence plate reader. The control wells without any fluorescence stains were
used to blank the instrument. The control wells with just calcein AM w ere used to
establish quantification standard for live cells. The control wells with just propidium

iodine where the cell was killed with methanol was used quantification standard for
maximum number dead cells per well. The control wells with both stain w ere used to
determine cytotoxicity of both stains. The plate was analysed with the following exciation

and emission wavelength: calcein AM (485/535), propidium iodine (530/620).
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Figure 13 A) The drug concentration used for assessing viability of Hela  cells upon
treatment with fosmidomycin in 96 -well plate. B) Viability of Hela cells in the presence
of different concentrations of fosmidomycin
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2.3.3 Inhibitory Assay of C. trachomatis Infected Vero Cells

Vero cells were grown to >90% confluence in 96 well plates. Cells were washed
OOCE!l wbbPUT w#UETI OEOzUw/ T OUxT EUT ! @il il Wi Eiwa £ ODIOD &
Modified Eagle Medium (DMEM) was added to every. 20uL of serial dilution of t he
compound of interest w as added to each well 30 min prior to the introduction of C.
trachomatiswild type. To standardize the process, 10mM stock solution of individual
compounds was prepared (10x concentration).

20uL of C. trachomatid.2 wild -type was added to each well which give an IFU of
100. The plate was centrifuged at3,000G for 30 minutes in order to induce a uniform
attachment of chlamydial EB onto the host cells. The plate was incubated at 37C for 36
hour. The plates were washed twice with DPBS and fixed with ice cold methanol for 20
min at room temperature. The plate s were then washed twice with DPBS and stored at
4°C prior to the in cell western process. Plates were blocked with 1 00uL of 3% w/v of
Bovine Serum Albumine (BSA) / Phosphate Buffered Saline (PBS) for 30 min at room
temperature. The plate were washed once with PBS prior to incubation with 50 pL of
1:2000 anttCT043 rabbit antibody PBS solution for 1 hour at room temperature. The plates
were washed 4 times with PBS prior to incubation with 50 uL of 1:250 goat antirabbit
antibody and 1:2000 Hoechst stain. The plates vere washed 4 times with PBS beforebeing

stored at 4°C until imaging using Axio Observer confocal microscope.
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Figure 14: A) The drug concentration s used for assessing of Vero cell infected
with C. trachomatis L2/343/Bu strain upon treatment with inhibitors in 96 -well plate.
B) Representative concentration at which the inhibitory phenotype was observed
Chlamydial inclusion was pseudocolored in red and cell nucleus was pseudocolored in
blue. The images were tak en at with 20x objective on a Axio Observer Fluorescent
microscope
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2.4 Assessment of FR900098 Prodrug Against C. trachomatis
Infection

Through a collaboration of the Meyers group at John Hopkins, we obtained a
prodrug form of FR900098 which is similar to f osmidomycin. 35 The prodrug has masked
the charge of phosphate group with protecting groups. The molecule depends upon
intracellular bioreduction to activate the phenyl nitro group which in turn lead s to
elimination, cyclization and hydrolysis of the protecting groups yielding the free

phosphate. (see Figurel5)
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Figure 15 Mode of activation of DJM -07-034 prodrug of fosmidomycin.



First, Hela cells were grown to >90% confluence in 96 well plates. Cels were
PEUT T EwOOET whPPUT w#UEI OEOzUw/ 1T OUxT pWofdeshdl 1 1 Ul E
#UE] OEOzUw, DbODOEOwWs$s UUI OUPEOwW, I EPUOwWp#, $, AwbEUW
column 2 in which 190uL was added. The compound of interest was added 30 min prior
to the introduction of C. trachomatiswild type. To standardize the process, 1mM stock
solution of individual compounds was prepared (10x concentration). 20 pL of stock
solution was added to column 1 and 10uL of stock solution was added to column 2. A 1:10
dilution using 20 L solution was done from column 1 to 3,5,7,9,11. A 1:10 dilution using
20uL solution was done from column 2 to 4,6,8,10. Column 12 was leaved without any
drug in order to serve as control. After a 30min incubation, 20 uL of C. trachomatid.2 wild -
type was added to each wells which give an IFU of 100. The plates were centrifuged at
3,000G for 30 minutes in order to induce a uniform attachment of chlamydial EB onto the
host cells. The plate was incubated at 37C for 36 hour. The plates werewashed twice with
DPBS and fixed with ice cold methanol for 20 min at room temperature. The plate swere
then washed twice with DPBS and stored at 4°C prior to the in cell western process. Plates
wereblocked with 100uL of 3% w/v of Bovine Serum Albumin (BSA ) / Phosphate Buffered
Saline (PBS) for 30 min at room temperature.Plateswere washed once with PBS prior to

incubation with 50 pL of 1:2000 anttCT043 rabbit antibody PBS solution for 1 hour at room

temperature. The plates were washed 4 times with PBS prior to incubation with 50 pL of
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1:250 goat antirabbit antibody and 1:2000 Hoechst stain. The plates were washed 4 times
with PBS before wrapped in aluminum foil and store at 4 °C until imaging using Axio
Observer confocal microscope. Individual wells images was taken at 10x objective and
analysed for the chlamydial inclusion form. Further finetune of data processing was done

through the Cellomic Array Scan VTI HCS (10X objective).
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Figure 16: A) EC50 dose responsecurve of fosmidomycin and DIJM -07-34 prodrug that
represent the inclusion size in relation to increase dose concentration. B) EC50 dose
response of fosmidomycin and DJM -07-34 prodrug that represent the inclusion count
a single well of 96 well plates at MOI of 1 in relation to increase dose concentration.
The inclusion smaller than the average inclusion size of the control plate was exclude
from the count by programed algorithm of the Cellomic Imager.
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Figure 17: Representative im age obtained at 10x objective by Cellomic Imager of the
treatment of Chlamydia infected cell with fosmidomycin with Chlamydia inclusion
pseudo-colored in red and cell nucleus pseudo -colored in blue.
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Figure 18 Representative image obtained at 10x objective by Cellomic Imager
of the treatment of Chlamydia infected cell with DJM -07-34 prodrug with Chlamydia
inclusion pseudo -colored in red and cell nucleus pseudo -colored in blue.



2.5 Cloning and Expression of C. trachomatis L2 IspC protein

In order to investigate the possibility for further SAR study on IspC protein, the
chlamydial IspC gene was amplified from the C. trachomatiswildtype stock using the
standard protocol of Lucigen Taqg polymerase. The initial denaturation was modified to
be two minute s at 98C to allow for the lysis of bacteria cells and resulted in efficient
amplification of the targeted gene product . The following primer pair was used: Forward:

k -GAGAATACG AGGTTCATATGAAGC + 7z O1 1 Y-CGAACATAGAAAG CTAGCA
CACTC+ z 6 w3 i 1T w/ "1wiil Ol wi UET Ol OUwPEUwWDPOUI UUI EwbOU
a C-terminal 6xHis tag.

The bacterial gene was expressed in Rosetta 2 (DE3) E coli strain. The protein was
purified through Ni -IMAC and was sent to the Meyers group for activity assessment
using established assays®® Through corresponding with the Meyers group, the enzymes
seem to have minimal activity which could be because of inappropriate storage condition
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Figure 19: The 12% SDS-Page gel analysis of fractions collected from the purification
of C. trachomatis IspC via Ni -IDA resin.
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2.6 Chapter Discussion

Upon treatment of C. trachomatiscell with the inhibitors targeting menaquinone
biosynthesis, the inhibit ed Chlamydial inclusion is small compared to untreated inclusion
suggest the early stage of infection is being impacted (see Figure 14). This matches the
early time line during which the menaquinone biosynthesis genes are being transcribed.

While inhibitio ns are observed for both MTAN inhibitor as well as IspC inhibitor,
the concentration at which inhibitory phenotype are observed is still very high relative to
other antibiotic like chloramphenacol and penicillin. One possible explanation for this has
to do with charges that the compounds carry. Positive charge in the case of BUFDADMe -
Imma and negative charge in the case of fosmidomycin related compounds.

The prodrug did lowered the concentration need ed to induce inhibitory
phenotype (see Figurel6).Howev er, the fold change difference remains small relative to
the reported fold change diffrence similar prodrug have on system like malaria .3” The
mode of activation of the Meyers group prodrug require sthe presence of nitroredutase
enzyme that are found in many Gram negative organism.35 Unfortunately, Chlamydia
trachomatisdoes not contain any known homolog of nitroreducta se enzyme based on
sequence similarity analysis. This could help explain why the prodrug only display a
minute lowering of the observed EC so value.

There are other forms of fosmidomycin prodrug that do not require nitroreductase
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for activiation and canpotentially be use to improve permeability of the drug and improve
its introduction into the Chlamydiainclusion.3” At the same time, improvement of
expression, purification and storage condition of recombinant ChlamydialspC will allow
for kinetic characterization of this enzyme and further SAR design .

Other MTAN inhibitor can be use to test for inhibitory activity against C.
trachomatis®*® The existing BuT-DADMe -Imma can also be modified into prodrug or salt

complexes that would masked any positive charges.3
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3. Characterization of Recombinantly Expressed C.
trachomatis Proteins

3.1 Background

The lack of reliable a mutagenesis approach for the characterization of genes
encoded within the diminutive genome of Chlamydiacreates a major hurdle for the
understanding of how each gene contribute s to the biology and infectivity of the bacteria.
One alternative approach to understanding the function of the individual genes is through
recombinant expression and characterization of thosegenesin adifferent organism. 3° This
approach does have certain limitation s in that the folding of the protein in a foreign
environment can be challenging. For example, the recombinantly expressed Chlamydial
proteins are subjected to host cellular function s like chaperonin availability and the
presence ofproteases that might target the recombinant protein sequences. However, if
successful,this approach allows for the isolation of the target protein from the remainder
of the Chlamydial proteome.

There are several host organisms that can be used for recombinant protein
expression and they differ in the feasibility and expense of the experiment. Three major
recombinant hosts that can be utilized: bacterial cells, insect cels and mammalian cells.
With the goal of understanding mutiple protein s, the bacterial recombinant expression
approach was chosenfor its feasibility and fast generation of expression vector. Insect cells

and mammalian cells provide good alternative s that can be undertaken if the original



approach proved too challenging.

3.1.1 Bacterial Expression Systems

Among bacterial expression systems, E. colihas been extensively utilized as the
host for the the purpose of high throughput recombinant expression of foreign genes°
This approach is the lowest costwise and fastest time-wise in the generation of expressible
gene vector. There are different promoters that can be utilized for controlling the
expression level. With both E. coliand C. trachomatisbeing gram negative bacteria, the
biological environment s might be similar enough for successful recombinant expression
of C. trachomatiproteins.

In order for a foreign gene to be transcribed and translated in E. colj it needsto be
preceded by a promoter region that allow s for RNA polymerase attachment initiating
transcription of the down stream genesequence. The mRNAproduced is then recognized
by the ribosome and translated into protein starting at the starting ATG codon. For alarge
guantity of protein to be produced, the genetic sequence also neeslto be replicated and
maintained with high fidelity in the bacteria through subsequence replication of the
bacteria cells.

Circular DNA sequences called plasmids are utilized to achieve the
aforementioned requirement. Within the plasmid, there is an antibiotic resistance gene

sequence that allows the bacteria to resist and replicate in the presence of antibiotic. The
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plasmid also contains an origin of replication region which are genetic region recognized
by the host DNA polymerase that allows for the replication of the whole plasmid through
subsequert replication of the bacterial cells. The origin of replication also helps control
the number of copies of each plasmid per bacterium.

The majority of cloning plasmid s have a promoter region followed by a mutiple
cloning site for the insertion of a desired gene sequence for expression. These cloning sites
are recognized by restriction enzymes that cleave the doublestranded DNA with specific

nucleotide patterns.

3.1.2 Impact of Codon Biased in Recombinant Expression of Protein

The first challenge for recombinant expression within the E. colihost is that E. coli
have an uneven level of tRNA production which lead to certain codons deemed rare or
biased* The genes within C. trachomatiggenome might contain these rare codons and thus
limit the ability for the E. coliribosome to translate and produce the final protein at the
proper level. Itis known that rare codons can cause truncation of recombinantly expressed
protein and that the ribosome will fall away from the translation process due to the
unavailability of matching tRN A.

Traditionally, special strains of E. coliare used for recombinant expression of
genetic material carrying rare codons. These strains are modified to contain extra tRNA

sequences that increase the supply of the tRNA matching the rare codons.The rare codon



problem can also be overcome by point mutating the bases that make up the rare codons
into other common codons of the same amino acid This however proves challenging
when there are multiple rare codons presence in a particular genes. To oveicome this
hurdle, one can utilize synthetic gene sequencs that already bioinformatically codon

optimized. This ensures that the final gene sequence in the expression vectoris fully
adapted to the tRNAs content of the host cells. To overcome this, syntheszed codon-

optimized gene sequences are often used inplace of PCR amplified gene from genome.

3.1.3 Recent Efforts to Examine Proteins within the Menaquinone
Pathway

In 2008,the Schramm group utilized E. colias anexpression host to express and
characterize the CT263 protein one of the menaquinone biosynthesis pathway proteins,
and to demonstrate that the protein carried enzymatic function s that match the
menaquinone biosynthesis step2° This provided an encouragement for further enzymatic
characterization of the remaining proteins within the recently discovered futalosine
pathway , which is still not clearly understood . In addition , the majority of characterized
enzymes involved in menaquinone biosynthesis from other oganisms are characterized
asrecombinantly expressed proteinsin E. colihost. This encourage the notion of using E.

colias recombinant expression hostfor Chlamydial menaquinone biosynth esis proteins
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3.2 Improvements to Cloning and Test Expression of Protein

Acquiring protein -coding genes and inserting them into the appropriate
expression plasmid is a time consuming step required for the production of recombinant
proteins and the complementation experiments. Traditionally, the synthesized genes are
preinserted in cloning plasmids and require molecular cloning to tran sfer the genes onto
expression plasmid. | have developed a new protocol for the acquisition and cloning of
codon optimized chlamydial protein which drastically shortens the turn -around time and
reducesthe overall cost by half (seeFigure 20). The new Gblock ordering option available
through Integrated DNA Technology® (IDT) allowed for fast turnaround time when
ordering customized gene sequence. This Gblock option was developed originally for
Gibson-styled assembly of plasmids. However, | have customized th e Gblock sequence so
that it can be used for the standard restriction digestion and ligation protocol.

In order to further optimize the cloning process, we utilized a wendAgrecAmutant
E. colistrain derived from the expression BL21(DE3) strain. This strain, known as Acella
(EdgeBio®), allows for an immediate expression test without additional isolation of
plasmids and transformation into expression strain of E. coli The Acella strain retains the
P U O x U dox1dhidgadactopyranoside (ITPG) inducible T7 polymerase component of the
BL21(DE3) strain while removing the recAand endAgenes that cause instability in plasmid

replication.
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Figure 20: Comparison between the G -blocks Gibson assembly kit protocol, the newly

developed protocol, and standard cloning protocol for commercially ordered gene.
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3.3 Case Study of Recombinant Expression and Purification of
CT220

While the complete expression plasmid library was generated for the 22 genes
involved in menaquinone biosynthesis in C. trachomatisinitial expression and purification
effort was focused on proteins within the futalosine pathway. Among the futalosine
pathPEaz Uwx UOUI POUOQWUT T wOPOwI 64ad0l Uw" 31 1 YWEOEwW" 3
two enzymes are homologs of UbiX and UbiD proteins respectively. This protein pair are
involved in decarboxylation of aromatic carboxylic acid. In 2015, the Leys group
characterized for the first time that UbiX produced a prenylated flavin cofactor that are
utlized by UbiD for decarboxylation (see Figure 21) . While the Leys group was unable to
demonstrate decarboxylation activity of UbiD protein, they demonstrated that Fdcl
family, a relative of UbiD family, utilized the prenylated flavin cofactor for the

decarboxylation of allylic carboxylic acid.
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Figure 21: Enzymatic reaction of UbiX enzyme which involve the prenylation of FMN
cofactor. 4243 This cofactor is utilized by the Fdcl protein family to carryout
decarboxylation reaction of allylic carboxylic acid. This cofactor is hypothesized to be
used by the UbiD protein family  for decarboxylation of aromatic carboxylic acid.



As shown in Figure 22A, the Leys group through their study of the Fdcl protein
family proposed the decarboxylation mechanism utilizing the prenylated flavin cofactor. 42
In similar fashion as shown in Figure 22B, one can envision the decarboxylation of the 1,2
dihydroxy -6-naphthoic acid advance intermediate of the futalosine pathway in similar
fashion. However, due to the fact that quinone can undergo oxidation and reduction, the
decarboxylation reaction can potentially occur through redox cycling independent of the

prenylated flavin cofactor as shown in Figure 22C.

Figure 22 : Proposed enzymatic steps of the decarboxylation reaction by Fdc1 (A) and
UbiD (B) based publication from the Leys group. 42 44Potentially, the decarboxylation
reaction can also occur through redox transformation of the quinone (C).

5C



While the Leys group was not able to demonstrate any decarboxylation of
aromatic carboxylic acid by the UbiD protein family, they shown that UbiD can bind to
the prenylated flavin cofactor when partially refolded. 44Upon further examination of the
literatures, we found a report by the Liu group in 2007, describing the activity of a
decarboxylase protein in Chlamydophila pneumonidgAs showed in Figure 23, this C.
pneumoniag@rotein CPN0328can carry out decarboxylation of aromatic carboxylic acid as
well as a slower rate of the reverse reaction, carboxylation of phenols. The CPN0328 and
C. trachomatisCT085 protein share high sequence similarity, suggesting that CPN0328 is

the UbiD homolog of C. pneumoniae

o

o Fdetun
OH oH
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Figure 23: The decarboxylation reaction s of UbiD and Fdc1 proteins family. While the
Leys lab confirmed that Fdcl enzyme can act upon allylic carboxylic acid substrate with
the use of prenylated FMN cofactor , they also reported that the co -expression of UbiX
and UbiD did not result in any active enzymatic decarboxylation of aromatic carboxylic
acid.“2However, the Liu group reported that anaerobically expressed UbiD homolog of
C. pneumoniag CPN0328,shows active decarboxylation enzymatic process. 4

However, through the literature, t he UbiX and UbiD proteins are reported to be
involved exclusively for the biosynthesis of ubiquinone. In the traditional Men pathway
for menaquinone biosynthesis, the decarboxylation step was carried out by the MenA

prenyltransferase enzyme. In order to bioinformatically confirm that these two proteins
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encoded in the chlamydial genome are involved in the menaquinone pathway, we utilized
the protein sequence similarity network approach for clustering proteins of similar
function .

The sequence similarity network s were generated through the EFI-EST server4¢
The input gene sequences ofUbiD and UbiX homologs were derived from the organisms
listed in previous literature evaluating the UbiD decarboxylase homologs.4” The
stringency of 5, 25, 50 was used to analyze the similarity map. Datafrom the EFI-EST
server was then exported into and graphed using Cytoscape 3.4.0and plotted utilizing
the organic graph function and the edge weighted spring embedded layout based upon
the alignment score. Figure 24 depicted the sequence similarity network that were
generated based on UbiD and UbiX homologs with clustering of si milar protein class
based on increase search stringency. Similar sequence similarity network was also
constructed to examine the UbiA-MenA protein family. 48

As the network stringency (E value) increase, the proteins that are less similar in
sequence are separated.While there is no clear pattern within UbiX orthologs as
stringency increase, there a clear separation of UbiD orthologs as stringency increase. This
suggest that while the formation of prenylated flavin by UbiX rema ined the same, the
enzymes that carry out decarboxylation reaction are different. Chlamydial UbiD homolog

CTO085and CPNO0328are clustered togetherwith the menaquinone producing bacteria.
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Figure 24: Sequence similarity network between orthologs of UbiX and UbiD. As the network stringency (E value) increase, the
proteins that are less similar in sequ ence are separated There is no clear pattern within UbiX orthologs as stringency increase.
However, there a clear separation of UbiD orthologs as stringency increase. This might suggest that while the formation of
prenylated flavin by UbiX remained the sa me, the enzymes that utilize it as cofactor for decarboxylation reaction are different.



3.3.1 Molecular Cloning of CT220 expression plasmid

The codon optimized genes for CT220were ordered as Gblocks through IDT. The
protein -coding sequence is flanked on both side by Ndel and Xhol digestion sequences
and an additional 20 base pairs to assist in proper digestion. A set of PCR primers coding
for the flanking base pairs were also ordered from IDT.

The Gblocks was resuspended in 80uL of TE buffer for a final concentration of 2.5
ng/uL and PCR amplified using Phusion HF DNA polymerase. The PCR primers can be
reused for different Gblocks, provided that the same 20 flanking base pairs are designed
into the Gblock. The PCR product was purified by the GE PCR & Gel band purification
kit and stored at -20°C until further use. 10 uL of purified PCR product as well as the
plasmid vector w ere then double digested with Ndel and Xhol for 1 hr. The digested
products were analysed by gel electrophoresis in a 1% agarose gel. The corresponding
bands of the vector and insert were excised and gel extracted with the GE PCR & Gel band
purification kit. The vector and insert were ligated in 1:4 ratio using T4 ligase overnight
at 16°C. Theligation product was purified with the Pellet Paint Co -Precipitant procedure
(EMD Millipore) and dried for 2 hr under a stream of air. The precipitated DNA was
resuspended in 4L of DNAse-i Ul I whP EUIT UOwUUE OEl co) bh® scieenddO U O w# ' |

for colony formation. Roughly 4 -5 individual colonies for each construct were propagated

and the plasmid DNA was isolated with a mini -prep kit. Test digestion with Ndel and
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Xhol followed by DNA sequencing through Eton Bioscience yielded positive construction
of the expression plasmids containing the chlamydial proteins of interest. DNA

sequencing confirmed the successful construction of expression plasmids.

3.3.2 Recombinant Protein Expression and Purification protocol:

Acella E. coli strain containing pET30b CT220 plasmid was grown on LB-
Kanamycin plate overnight and resuspended in 5mL of LB media for use in inoculating
1L of LB media with 50ug/mL of kanamycin. The bacteria culture was then grow n at 37C
with 200rpm shaking speed until it reaches OD600 of 0.6. The culture was shifted to 16C
with 200rpm shaking speed for 30 min. The expression of CT220 was induced by the
addition of IPTG to a final concentration of 1mM. After 18 hours after induction, the cells
were harvested and resuspended in lysis buffer containing 50mM Tris pH 7.5, 200mM
NaCl, and 10mM Imidazole. The bacteriawere ly sed with 5 passes through an Emulsiflex
C5. The lysate was clarified with highspeed spin at 40,000 rpm for 45 min at #C, and was
then passed through 10mL Ni-IDA resin bed

Initial FPLC run is as follow s. The @lumn was washed with 100mL of Lysis/wash
buffer containing 50mM Tris pH 7.5, 200mM NacCl, and 10mM Imidazole. Elution buffer
containing 50mM Tris pH 7.5, 200mM NacCl, and 500mM Imidazole was introduced
gradually at 10% for 50 mL, 25% for 50mL and 40% for 50mLAt which point the column

remain bright yellow indicating the protein b ind very tightly to the resin. The protein was
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then eluted with 100% elution buffer. The fraction was collected and analyzed with 12%
SDSPage gel electrophoresis followed by Coomassie stainingas shown in Figure 25 and

26.

Elution

Figure 25 The 15% SDS-Page gel analysis of fractions collected from the purification
of C. trachomatis CT220 via Ni-IDA resin.

Figure 26: The FPLC trace of from the purification of C. trachomatis CT220 via Ni-IDA
resin. Blue trace is the UV absorbance at 280nm indicating protein content of the eluant.
Green trace is the concentration of elution buffer utilized.
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3.3.3 Optimized Protocol for the Purification of CT220 protein

An Acella E. colistrain containing pET30b CT220 plasmid was grown on LB-
Kanamycin plate overnight and resuspended in 5mL of LB media to be used to inoculate
1L of LB media with 50ug/mL of kanamycin. The bacteria culture was then grow n at 37°C
with 200rpm shaking speed until it reached OD600 of 0.6. The culture was shifted to 16C
with 200rpm shaking speed for 30 min. The expression of CT220 was induced by the
addition of IPTG to a final concentration of 1mM. A t 18 hours after induction, the cells
were harvested and resuspended in lysis buffer containing 50mM Tris pH 7.5, 200mM
NaCl, and 10mM Imidazole. The cells were lysed with 5 passes through Emulsiflex C5.
The lysate was clarified with highspeed spin at 40,000 rpm for 45 min at 4°C. The darified
lysate was passed through Ni-IDA resin bed and washed four times with 5 column
volume of 50mM Tris pH 7.5, 200mM NaCl and 50, 100, 200, 300 mM Imidazole
subsequently. The protein remained on resin after the washes andwas briefly eluted with
50mM Tris pH 7.5, 200mM NaCl and 500mM Imida zole. The eluant is highly pure without
any need for further chromatography as indicated by the gel analysis and yellow
coloration shown in Figure 27.

It is essential that EDTA was added to a final concentration of 5mM to the eluted
fraction to remove any tightly bound Nickel that leak ed from column. The protein was

concentrated and diluted 1:10 four time with 50mM Tris pH 7.5, 200mM NaCl, 5mM
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EDTA. The protein is highly stable at room temperature and can be stored both at room
temperature and 4°C at concertration s as high as 30mg/mLfor more than one month.
The protein was analyzed using analytic gel filtration chromatography with
Superdex 200 10/300 GL column by GE Scientific equibrated with 50mM Tris pH 7.5,
200mM NaCl, 5mM EDTA and the flow rate of 0.75mL, resulting in clean FPLC trace

shown in Figure 28.

CT220
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Figure 27: A) The 12% SDS-Page gel analysis of 150ug of purified CT220 protein loaded
into a single lane in order to assess purity. B) An aliquot of CT220 protein at 15mg/mL
indicating the yellow coloration indicative of flavin con  taining enzyme.
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Figure 28 FPLC analysis of the mass of the native multimers of CT220 using size
exclusion chromatography.
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3.3.4 Enzymatic Characterization of CT220

The enzymatic reaction consisted of 4QuL of 15mg/mL purified CT220, 5uL of
50mM dimethyl allylic monophosphate (DMAP), and 5 pL of freshly prepared 20mM
dithionite. It is important that dithionite be add prior to the addition of DMAP . The
complete reduction of bound flavin and disapperance of yellow coloration was only
observed when the substrate DMAP was added after reduction . If DMAP was added prior
to reduction, the bound flavin will not be reduce d evenin 10 fold excess of dithionite.

Air

oxidation
—

Figure 29 Coloration changes during enzymatic reaction of CT220. The
reduction of flavin in 50 pL samples of 15mg/mL of CT220 (sample 2 and 3) with
dithionite result in the loss of yellow coloration compare to the control sample 1.
However, upon oxidation with air, the yellow coloration gradually return. In the
presence of the substrate DMAP, the return to yellow is slower and occurance purple
coloration indicative of radical transfer among flavin was observed in sample 3 in
comparison to the sample 2 which is without DMAP. 43

Upon complete loss of yellow coloration after reduction, as seen in Figure 2,
which indicate the complete reduction of flavin, DMAP was added to the reactio n. The
sample was then allowed to sit overnight exp osed to ambient air. While the negative
control reaction returned to being yellow, the enzymatic reaction with DMAP and
dithionite turned into a maroon coloration suggesting formation of prenylated flavin

product. During the course of the reoxidation by ai r, a purple coloration , as seen in Figure
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29, was observed in the complete reaction mixture matching that reported by the Leys

group . The reaction was quenched with equal volume s of acetonitrile and heated at 95C
for 1 minute. Precipitation was removed with centrifugation for 4 minutes at 12,000x G
at 4°C. The extracted flavin samples were submitted for High resolution LC/MS analysis.

The column condition was Phenomenex Synergi RP 2x75mm 4 particle on an HPLC
Agilent 1200 system and andysed through MS Agilent 6224 Accurate Mass TOF using ESI
source at 328C, dry gas of 11L/min and nebulizer set at 33 psi. The solvent system used
was water, methanol, formic acid at 100:3:0.3 (v/v/v) for solvent A and 3:100:0.3 (v/v/v) for
solvent B. The chromatography protocol consists of an initial 2% of solvent B follow ed by
a gradient toward 72% of solvent B for 8 min and held at 72% for 4 min follow ed by a 5

minute equilibration time back to 2% of solvent B.

3.3.4 Crystallographic Study of CT220

The CT220protein was diluted to a concentration of 15 mg/ml in 50mM Tris pH
7.6, 200mM NacCl, 5mM EDTA and then tested against commercially available screens
(Qiagen) in SBS format sitting drop plates via automation (Douglas Instruments Ltd) with
60 ul reagent reseroirs and drops composed of 0.22 ul protein with 0.28 ul reservoir.
Crystals were observed over a reservoir of 200 mM magnesium acetate tetrahydrate, 20%
PEG-3350 within 24 hours as shown in in Figure 30. Crystals were soaked 15 minutes in

reservoir supplemented with 10% ethylene glycol with or without 20 mM DMAP, then
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flash-frozen in liquid nitrogen.

—

Figure 30: Crystal of CT220 protein retaining the yellow coloration of flavin

Dif fraction data were collected via synchrotron SERCAT ID beamline with an
incident beam wavelength of 1 A. Datasets from single crystals were processed using
HKL -20004 Matthews analysis suggested one Fab molecule in the asymmetric units of
each structure with the full biological unit, a dodecamer, reconstituted by crystallographic
symmetry. 50 The structures were phased by molecular replacement in PHENIX using the
published structure of P. aeruginosdJbiX structure 43 as the search model. The bound
DMAP molecule was added into the model of the DMAP -soaked protein. Rebuilding and
real-space refinements were done in Coot with reciprocal space refinements in PHENIX
and validations in MolProbity Figures were rendered in PyMol (The PyMOL Molecular
Graphics System, Version 1.8 Schrodinger, LLC)+53 Coordinates and structure factors
have been deposited in the Protein Data Bank under accession code$E2C(CT220 without
DMAP) and 6E2D (CT220 with DMAP). Topology maps of CT220 structure and other
known UbiX structures were generated by the Pro-Origami server.43 5455 The refinement

statistic is shown in Table 1.
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3.3.5 Result & Discussion

C. trachomatis protein CT220, a UbiX protein homolog, was successfully
recombinant expressed in E. colicells using the T7 expression system at 18C overnight.
The protein was observed to bind tightly to Nickel NTA resin resulting in a
straightforward one -step purification. Addition of EDTA allowed for the concentration
and dialysis of the eluted fractions to a high concentration of 30mg/mL and a purity
of >95% after one column. The protein appeared to be stable at both room temperatue
and 4°C for over one month.

The CT220protein was tested for activity based on the reaction scheme designed
by the Leys group utilizing dimethyl allylic monophosphate (DMAP) as the substrate. The
prenylation of FMN occur s after the dithionite -reduced FMN was allow ed to slowly air -
oxidized. An interesting observation is that a 10 folded excess of dithionite cannot reduced
the FMN after DMAP has been introduce d to the reaction. This led to an alteration in
experimental protocol in which the DMAP substrate is then added after the complete
reduction of FMN by dithionite. The product was extracted using equal volume of
acetonitrile as described by the Leys group with the differen ce that the protein was
denatured at 95C for 1 minute to allow for the complete r elease of the bound FMN.
Following removal of denatured proteins by centrifuge, the prenylated FMN production

formation was confirmed by high resolution HPLC/MS asshown in Figures 31and 32.

62



DAD1 E, Sig=330,16 Ref=off (D'\FLASH DRVEINEW FOLDER\2016-12-0200002 D)
mill ]
10|
] 8 Cab
5] ]
0
_5,
B =
1 &
_1[]{ ©
5]
20
25
30|
T T T T T T T T
0 2 4 6 B 10 12 1% 16 i
Il

I DAD1 E, Sig=330,16 Ref=off (D:\FLASH DRVEWEW FOLDER\2016-12-0200003.D)

mAl) 2

Figure 31: HPLC trace of the isolated FMN species from CT220. The appearance of a
new peak indicative of the prenylated FMN is observed at 9.5 minutes.
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We determined the structures of C. trachomatisCT220 with and without DMAP to
2.26and 2.20 A resolutions respectively as shown in Figure 33. The biologically relevant
obligate dodecamers were generated in both structures by crystallographic symmetry,
and the active sites were formed in the dodecamers by juxtaposition of three monomers
similar to previously published UbiX orthologs as shown in Figures 33 and 34.43.5455\While
each monomer interacts with its own FMN by hydrogen bonding o f the FMN phosphate
tail, the active sites consists ofadditional residues from two adjacent monomers. During
the crystallography study, t here appears to be aregion of high disorder surrounding the
C-terminal region prior to the Hisx6 tag and partial diso rder in a surface-spanning region
between amino acid residues 40 and 90in all monomers. CT220 displays a similar
structural assembly as previously published structures of UbiX orthologs. 43 5455 No
apparent change of the active site was observed with the binding of DMAP. The binding
pocket allowed for the coordination of the DMAP substrate and the flavin rings. With the
prenylated FMN product formation confirmed by HPLC/MS, it is likely that the protein
carried out the prenylation mechanism in similar fashion to that previously described. 43

The dodecameric structure contains an inner core consist of leucine zippers. These
leucine zippers are formed by the interaction of alpha helix G of adjacent monomers as
indicated in Figure 35. The leucine zippers core combined with the formation of the acive

sites by three adjacent monomers provided high stability to the dodecameric structure.



Table 1: Crystallographic Data Collection and Refinement Statistics for the CT220

Structures.
Structure CT220 apoenzyme CT220-DMAP complex
PDB Accession Code 6E2C 6E2D
Data Collection 2
Space group P212:12; P212:21

Cell constants

90.675, 151.091, 167.590

90.270, 151.224, 167.282

a, hc(h) 90, 90, 90 90, 90, 90
a,b,g (%)

Rsymb 7.7% (71.0%) 6.7%(58.0%)
Rpim® 4.2% (31.0%) 3.6%(29.4%)
Ccy# 81.8% 90.3%
I/sl 21.1 (2.6) 26.2(3.2)
Completeness (%) 98.9% (96.8%) 100%(100%)
Multiplicity 6.9 (6.8) 7.9(7.9)

Resolution (A)

50.002.20 (2.242.20)

50.002.25(2.292.25)

Unique reflections

116816 (5680)

107415(5295)

Refinement

Ruwork / Riree (%0)°

16.24% | 21.60% (22.48% /
31.80%)

15.96%/21.34%
(22.45%/32.30%)

Refl used in refinement

116059 (7922)

107302 (6868)

Refl in test set 1989 (138) 2000 (130)
No. atoms
Protein 16806 16830
Ligand 372 492
Water 527 528

B-factors (A?)
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Protein 51.29 50.48

Ligand 82.52 78.19

Water 47.86 44.16
R.m.s. deviations 0.008 0.009
Bond lengths (A) 0.936 1.078
Bond angles () 98.20% 98.11%
Ramachandran 1.71% 1.80%
Most favored regions (%) 0.09% 0.09%
Additional allowed regions (%)
Disallowed regions (%)

aEach dataset was collected from a single crystal.

bNumbers in parentheses refer to the highest resolution shell.

®Reym = SnkiSi | Inkii - <lnki> | / SnuSilniii, where Inwiis the scaled intensity of the it measurement of reflection
h, k, I and <Ini> is the average intensity for that reflection 56

9Rpim is @ redundancy-independent measure of the quality of intensity measurements. Rpim = Shki (1/(n-1))¥2
Si| I - <lna> |/ Shia Si Inkii, where In and <lni > are as above, anch is the redundancy ¢

eCCY is the Pearson correlation codficient (CC) calculated from a random selection of half the selected,
unmerged experimental data 57-58

fReryst =Sh | Fo- Fe|/ Sna| Fo | X 100. Riee was calculated as for Reyst, but on a test set of the data excluded
from refinement as indicated .5°
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Figure 33: A) Dodecameric structure of CT220 with DMAP; B) The complete active site of CT220 is form by three adjacent
monomers; C) Individual monomer contain FMN and form its own active site.



I 0
Chlamydia Pseudamonas Colwellia Escherichia coli
trachomatis aerigunosia psycherythraea 0157:H7

Figure 34: Comparison of folding topology map from known structure of UbiX
orthologs .43 5455 The overall arrangement of the beta sheets remain consistent and
hi ghlighted in cyan square
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Figure 35: The unique tertiary interaction between the monomers of the UbiX . A) The
unique leucine zipper formed by alpha helix G between two adjacent monomers
colored orange. B) The inner core of the d odecameric structure is made up of leucine
zippers. C) The arrangement of monomers forming active sites and leucine zippers
resulted in a highly stable dodecam eric structure. The coloring and numbering of the
helices are derived from Figure 34.
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Figure 36 depicts the active site of the protein. The majority of the active site
residues were conserved with the exceptions of Y45, 172 and L173. While Y45 and I17are
among residues location which contribute to the hydrophobicity of the active site, L173
was one among eight common residues contributing to the hydrogen bond anchoring of
the DMAP phosphate residue. The conserved S12 residue was in a similar orientation to
one proposed to interact with the flavin ring and trigger the prenylation reaction as shown
in Figure 37. The proposed enzymatic steps of flavin prenylation by UbiX are reduction
of flavin followed by attack of the DMAP substrated by the reduced flavi n kicking off the
phosphate. The subsequent formation of a forth ring at position 5 and 6 of the flavin ring

resulted in the prenylated flavin product.

Figure 36: The amino acid residues participated in the active site of CT220. The
backbone of the amino acids from the three separate monomers were color -coded with
cyan, green and pink.

71



)\A“cf)\\"(c:' ( 1‘3\\ o
g
;@i ﬁ Red_ n NH _»n fLNH . ﬁﬁw

Figure 37: Proposed enzymatic transformation step of UbiX protein family.

While the CT220 protein only has around 38% sequence similarity to the other
published UbiX structure, the protein still retained most of the structural folds . As
indicated in Figure 38, the structural difference in the CT220 monomer was an apparent
deletion of an alpha helix between beta sheets 3 and 4. The region between alpha helix B
and beta sheet 3 was also different in CT220 with the presence of two short alphahelices.

The two apparent changes in structural folds located on the surface of the
dodecamer and not within the active sites suggested potential changes in surface
recognition for any protein -protein interactions . This is in agreement with the potential
regulatory mechanism which prenylated FMN is handed off to decarboxylase to be use as
a cofactor for decarboxylation reaction. Through protein sequence similarity mapping,
UbiX orthologs appear to be highly conserved spanning archae, bacteria and fungi (see
Figure 24). The UbiD decarboxylase found in those organisms differed enough to observe
a clear grouping of homologs between organisms that make ubiquinone versus ones that
make solely menaquinone. This suggests that the differences in surfaceresidues of the

UbiX dodecamer can potentially be due to differences in interacting partner proteins.
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Figure 38 Comparison of dodecameric complex and individual monomer
between Chlamydia trachomatis and Pseudomonas aemginosa UbiX orthologs. 4 The
bound flavin mononucleotide phosphate (FMN) and dimethylallylic monophosphate
(DMAP) are shown. The red arrow indicate region of major differences.
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3.4 Development of Tools for the Optimization of Protein
Expressions

The main aim of this part of the project was to generate a library containing
expressible plasmids of codon optimized genes. The results of the cloning and expression
test are summarized in Supplemental table 1 in Appendix |. The protocol for testing the
expression conditions is the same protocol used for the initial expression test of CT220
described above and provides a base line for further optimization. Factors like
temperature, pH, chemical supplements and length of expression induction can be altered
for the purpose of optimizing expression condition sin order to produce soluble proteins.
Several accessory plasmids have been construed for this purpose as shown in Figure 39.

The use of MBP or GST fusion proteins can improve the solubility of the protein
and further aids in the purification process by provid ing an additional pull -down tag.
However, the fusion tag can also act to solubilize misfolded protein which result sin the
targeted protein crashing out of solution once the solubility tag is cleaved away.
Therefore, assessment of enzyme activity heeds to accompany the expression of MBP or
GST fusion protein and subsequent tag removal .66t

Another avenue for improving in solubility is the utilization of complexes like
chaperonins or Suf operon. Chaperonins assist in protein folding processes during and
after the expression of protein at the point of ribosomal translation. 82 For enzymes that

require Fe-S clusters for function, co-expression with the Suf operon allows for the
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formation of Fe-S clusters with the addition of FeCl4 and L-Cysteine under anaerobic
growth condition s.63

To assist with optimization in the expression of soluble proteins, several plasmids
were made to allow for the expression of MBP fusion tag, co-expression of Chlamydia
trachomatisGroES GroEL, and co-expression of Suf Operon. The MBP fusion tag plasmid
allow s for the insertion of designed Gblocks into it using the same restriction sites and
cloning protocol described previously . The coexpression plasmids are designed with the
pLacl vector backbone containing pl15A origin of replication and chloramphenicol
resistance gene as the antibiotic narker. The p15A origin of replication is different from
the pBR322 origin of replication within the pET plasmids . This allow s for both plasmids
to co-exist in the same bacterium without competing for the same replication apparatus .
The bacteria containing both plasmids can be selected for with kanamycin and

CtGROES

chloramphenicaol.

SufABCDSE
Maltose-binding
protein tag N\
Lct AP : \

N Lacl Lacl
A Multiple

pET28B cloning sites l placl ctGROESEL CtGROEL placl Suf
kan MBP
6xHis Tag .
cat
V cat

e

Figure 39 These plasmids were designed to improve the chance of obtaining soluble
recombinant protein. The pET28b MBP plasmid provide a mean to exp ress N-terminal
MBP tagged fusion protein. The pLacl ctGROESEL plasmid provide a mean for co -
expression of the C. trachomatis GroES and GroEL protein in conjunction with the
targeted Chlamydial protein. The pLacl Suf plasmid provide a mean for co -expression
of the E. coli iron -sulfur cluster forming Suf operon in conjunction with the targeted
Chlamydial protein.



3.4.1 Construction of MBP Fusion Plasmid

Maltose binding protein (MBP) fusion tag have been usedto improve solubility of
recombinant protein s.60 We attempted to design a plasmid containing both MBP and
6xHistidine tag for ease of purification using both MBP -affinity resin and Metal -IMAC
resin. The targeted plasmid is depicted in Figure 39. The molecular cloning was done by
incorporat ing the N-termin al MBP fusion tag and the Factor Xa cleavage site from NEB p
mal c2 plasmid into the pET28b plasmid which then provide the C -terminal 6xhistidine
tag. Additionally, the Factor Xa cleavage site was replaced with a TEV protease cleavage
sequence so that we an use a more available TEV protease to cleave the fusion tag.

The plasmid pMal-C2 containing an internal Ncol site within the MBP gene
sequence hindered insertion into the pET28b plasmid. This Ncol site was mutated using
the Stratagene Quikchange mutageresis kit with the following pair of mutagenesis
x UPDOI UUo6 w 0 w-CeOATPECOGECCACEGATGAAAACGCCC -+ z Ow 11 Y- UUIT o w
GGGCGTTTTCCATCGTGGCGGC AATACG -t 7z 6 w 3 T -treatetd POR product was
transformed into XL1 -Blue electrocompetent E. coliand recovered in 250uL LB Media for
1 hr at 3*C. The recovery culture was plated onto LB agar containing 35 pug/mL ampicillin
and incubated at 37°C overnight. Single colonies were propagated in 5 mL LB containing
35 pg/mL ampicillin overnight at 37 °C. Plasmid DNA from each sample was extracted

using the Zymo plasmid DNA Miniprep kit. The successfully mutated pMal -C2 plasmid
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was confirmed through DNA sequencing and termed pMal -C2 Ncol_removed.

The MBP gene sequence including a Factor Xa recognition sequence was then
EOxOPI Pl Ew I UOOw Ul PUw xOEUOPEwW Eaw /" 1w UUDOT w
CATAGCATATGAAAATCGAAGAAGGT -+ 2 ® Yi UATCOGGATCCTGAAATCCT
recognition sites. The MBP gene sequence was dable digested with Ndel and Col and
ligated into the pET28b plasmid. The successfully cloned plasmid was termed
pET28b MBP_FxA and codes for maltose-binding protein (MBP) followed by Factor Xa
recognition sequence were fused upstream of the target protein. The resulting pET28b
plasmid provides a C-terminal 6xHistidine tag for the fused protein if inserted with Ndel
and Xhol.

The Factor Xa recognition sequence was replaced with a TEV recognition site using
the Stratagene Quikchange mutagenesis kit with the following pair of mutagenesis
primers: k -CAACAACCTCGAAAACCTGTATTTTCAGTCACATATGACCACC - z Ouw
11 YI UUGGTGGKCATATGTGACTGAAAATACAGGTTTTCGAGGTTGTTG -+ 72831 1 w
template used was pET28b MBP_FxA. The successfully mutated plasmid was confirmed

through DNA sequencing and named pET28b_MBP_TEVrec.

3.4.2 Construction of C. trachomatis GroES GroEL Co-expression
Plasmid

Utili zation of GroES and GroEL chaperonin have been shown to improve
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expression level of soluble protein in E. coli®2 Our group have previously developed
GroES and GroEL co-expression plasmid s derived from Streptomyces lividanchaperonin
and has demonstrated that they can improve the solubility of Ramoplanin biosynthesis
proteins.® The transcriptome data of C. trachomatidife cycle suggested that GroES and
GroEL being actively transcribed at 3 h.p.i. and therefore potentially play important role
in the early state of infection. Therefore, we designed aco-expression plasmid containing
C. trachomatisGroES and GroEL.

A modified pLacl vector was obtained from Dr. Jonathon Burg with restriction
sites of Ndel and Xhol in place for ease of insertion of designed Gblock. The gene sequence
of C. trachomati$GroES and GroEL was codon optimized with the IDT codon optimization
tool. Manual changes of any remain CCC codons were done to ensure complete
optimization of codons for use in recombinant expression in E. coli The shorter GroES
gene was placal upstream follo wed by a T7 promoter region follow by the GroEL gene.
The final pSuf plasmid should resemble the structure of a pETDUET plasmid. The
complete gene sequence is then flanked with the Ndel and Xhol restriction site followed
by 20 basepairs of standard Gblock forward and reverse primer. The complete Gblock
was ordered through IDT Gblock synthesis service. The Gblocks was resuspended in 80
pL of TE buffer for a final concentration of 2.5 ng/puL and PCR amplified as described in

the published protocol by IDT using Phusion HF DNA polymerase. The PCR primers can
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be reused for different Geneblocks, provided that the same 20 flanking base pairs are
designed into the Geneblock. The PCR product was purified by the GE PCR & Gel band
purification kit an d stored at -20°C until further use. A volume of 10 puL of purified PCR
product as well as the plasmid vector was then double digested with Ndel and Xhol for 1
hr. The digested products are andysed by gel electrophoresis in a 1% agarose gel. The
corresponding bands of the vector and insert were excised and gel extracted with the GE
PCR & Gel band purification kit. The vector and insert were ligated in 1:4 ratio using T4
ligase overnight at 16°C. The ligation product was purified with the Pellet Paint Co -
Precipitant procedure (EMD Millipore) and dried for 2 hr under a stream of air. The
precipitated DNA was resuspended in 4 pL of DNAse-i Ul 1 wpEUIT UOwWUOUEOUI OUOI
E. coli and screened for colony formation. Roughly 4-5 individual colonies for each
construct were propagated and the plasmid DNA was isolated with a mini -prep kit. Test
digestion with Ndel and Xhol followed by DNA sequencing through Eton Bioscience
yielded positive construction of the expression plasmids containing the chlamydial

proteins of interest. DNA sequencing confirmed the successful construction of expression

plasmids

3.4.3 Construction of Suf Operon Co-expression Plasmid

Sufoperon has been shown to improve the expression level of soluble and active

Fe-S cluster containing proteins. Recently, the Begley group demonstrated that Suf



Operon co-expression is required to obtain active radical SAM enzymes involv ed in the
biosynthesis of menaquinone via the futalosine pathway. ¢ ¢5We therefore designeda co-
expression plasmid encoded with the Suf operon to assist us in improving the solubility
of the Chlamydial radical SAM enzyme involved in menaquinone bios ynthesis.

A modified pLacl vector was obtained from Dr. Jonathon Burg with restriction site
of Ndel and Xhol in place for ease of insertion of designed Gblock. The native sequence
of E. coliSuf Operon is free of the Ndel and Xhol restriction sites and th erefore suitable
for the ampili fication and insertion into the pLacl co-expression plasmid. The operon was
PCR amplified from E. coli genome using the following primers pair: Forward: k
ATATAATACCATATGGACATGCATTCAGG -t ;7ZReversek -dTATATAACTCGAGTT
AGCTAAGTGCAG -t zThe PCR product was analyzed through 0.8% agarose gel
electrophoresis and the corresponding band was excised and gel extracted.The PCR
product was purified by the GE PCR & Gel band purification kit and stored at -20°C until
further use. A volume of 10 pL of purified PCR product as well as the pLacl plasmid
vector was then double digested with Ndel and Xhol for 1 hr. The digested products are
analysed by gel electrophoresis in a 1% agarose gel. The corresponding bands of the vector
and insert were excised and gel extracted with the GE PCR & Gel band purification Kkit.
The vector and insert were ligated in 1:4 ratio using T4 ligase overnight at 16°C. The

ligation product was purified with the Pellet Paint Co -Precipitant procedure (EMD
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Millipor €) and dried for 2 hr under a stream of air. The precipitated DNA was

resuspended in 4L of DNAse-i Ul T whP EUIT UOwUUE OEl co) Bh® scieen®dd U O w# ' |
for colony formation. Roughly 4 -5 individual colonies for each construct were propagated

and the plasmid DNA was isolated with a mini -prep kit. Test digestion s with Ndel and

Xhol followed by DNA sequencing through Eton Bioscience yielded positive construction

of the expression plasmids containing the chlamydial proteins of interest. DNA

sequencing confirmed the successful construction of expression plasmids

3.5 Other Result of the Mgn Pathway - Radical SAM Enzymes
MgnE and MgnC

The MgnE and MgnC are radical SAM enzymes and the recombinant expression
of expression of both in E. coliwere reported to be soluble with the co-expression with Suf
Operon.53 8 These two enzymes involved in the step before and after the MTAN enzyme
CT263 as shown in Figure 40. We were able to obtain soluble proteins of CT426 and CT767

through the co-expressionwith the Sufoperon.

COH COH OH
1. 7)-on
0~ “CO,H /

o OH
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by R=NH; OH P

Figure 40: The enzymatic reactions carried out by the radical SAM enzymes CT426 and
CT767
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3.5.1 Expression of CT767

Electrocompetent Acella E. coli strain was co-transformed with pET30b CT767
plasmid and the pSuf plasmid. The transformant was grown on a LB-Kanamycin plate
overnight and resuspended in 5mL of LB media to be used to inoculate 1L of LB media
with 50pg/mL of kanamycin. The bacteria culture was then grow n at 37C with 200rpm
shaking speed until it reached OD600 of 0.6.Then, 500mg of FeCl4 and 500mg of L
cysteine solid was added to the culture and the culture was shifted to 16°C with 50rpm
shaking speed for 30 min. The expression of CB26was induced by the addition of IPTG
to a final concentration of 1mM. At 18 hours after induction, the cells were harvested and
resuspended in lysis buffer containing 50mM Tris pH 7.5, 200mM NacC |, 50mM BME. The
cells were lysed with 5 passes through Emulsiflex C5. The lysate was clarified with
highspeed spin at 40,000 rpm for 45 min at £C. The darified lysate was passed through
1mL preloaded column of Ni-Pentaresin and washed four times with 10 column volume
of 50mM Tris pH 7.5, 200mM NaCl. The protein was eluted with a 50mL gradient of 50mM
Tris pH 7.5, 200mM NaCl and 250mM Imidazole. The eluted fractions are highly pure
without any need for further chromatography as shown by the gel analysisin Figure 41.

The eluted fraction containing the protein was slightly brown .
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Figure 41: The 15% SDS-Page gel analysis of fractions collected from the purification
of C. trachomatis CT767 anaerobically co-expressed with the Suf operon via Ni -Penta
resin

3.5.2 Expression of CT426

Electrocompetent Acella E. coli strain was co-transformed with pET30b CT767
plasmid and the pSuf plasmid. The transformant was grown on a LB-Kanamycin plate
overnight and resuspended in 5mL of LB media to be used to inoculate 1L of LB media
with 50ug/mL of kanamycin. The bacteria culture was then grow n at 372C with 200rpm
shaking speed until it reached an OD600 of 0.6.Then, 500mg of FeCl4 and 500mg of L
cysteine solid were added to culture. The culture was shifted to 16°C with 50rpm shaking
speed for 30 min. The expression of CT767was induced by the addition of IPTG to a final
concentration of 1mM. At 18 hours after induction, the cells were harvested and
resuspended in lysis buffer containing 50mM Tris pH 7.5, 200mM NacCl, 50mM BME. The

cells were lysed with 5 passes through an Emulsiflex C5. The lysate was clarified with
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highspeed spin at 40,000 rpm for 45 min at £C. In order to avoid air oxidation of the iron
sulfur cluster. The protocol was optimized for benchtop elution with asyringe pump. The
clarified lysate was passed through 1mL preloaded column of Ni-Pentaresin and washed
four times with 20mL of 50mM Tris pH 7.5, 200mM NacCl. The protein was eluted with
10mL of 50mM Tris pH 7.5, 200mM NaCl and 250mM Imidazole. The eluted protein was
brown indicative of iron containing prot ein. The eluted fractions are highly pure without
any need for further chromatography as shown by the gel analysis in Figure 42. An
aliquot of this protein was submitted for MS analysis with the Proteomic s& Metabolomic s
core facility at Duke.
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Figure 42: The 15% SDS-Page gel analysis of fractions collected from the purification
of C. trachomatis CT426 protein anaerobically co -expressed with the Suf operon via
Ni -Penta resin

3.6 Chapter Discussion

The Gblock approach provides a convenient means of generating codon-
optimized expression plasmid for the recombinant protein expression in E. coli The

designed gene can be utilized toward multiple expression plasmid configuration s for
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expression with different fusio n tags and promoters. This expression library allows for
the screening of expression conditions and selection of hits for large scale expression.

A key example of this approach is our successin producing soluble CT220 protein
followed by enzymatic characterization and structur e determination. However, for other
proteins that are more difficult to express, such as membrane proteins or oxygensensitive
proteins, further optimization with fusion ta gs as well as expression and purification
conditions is needed.

An example where the optimization of conditions needed is the co-expression of
Sufoperon and anaerobic growth for the production of radical SAM enzymes CT426 and
CT767. However, these two erzymes also serve as examples of the difficulty in
maintaining and assessing activity due to oxygen sensitivity of the Fe -S clusters. Future
work will involv e acollaboration with the Yokoyama group at Duke who have expertise
in the characterization of radical SAM enzymes.

These two radical SAM enzymes are the enzymatic steps before and after the
MTAN enzyme CT263. We have tested the nhibitor of the MTAN enzyme in Chapter 2.
With the expression protocol for CT263 established by the Schrammgroup, the chemical
synthesis of substrates and product s of the three enzymes CT426, CT263 and CT76%will

serve as molecular probes for activity of a series of threesequential enzymatic reactions.



4. Evaluation of Menaquinone Biosynthesis Protein
Orthologs in E. coli Mutant

4.1 Background

4.1.1 Phenotype of Isoprenoid Quinone Mutants

In E. coli isoprenoid quinones play an important role as electron carrier s at the
membrane interface. The bacteria ca make both ubiquinone and menaquinone, even
though they preferentially make ubiquinone under aerobic condition s and menaquinone
under anaerobic condition. These isoprenoid quinone s assist in the buildup of the charge
gradient by the electron transport chain complexes that is essential for the oxidative
phosphorylation process. The isoprenoid quinones also contribute electrons toward the
periplasmic folding of secreted protein via disulfide bond isomerase system DsbA and
DsbB.1¢ This periplasmic folding of secreted protein is important in many of the bacteria
biological function slik e quorum sensing and swarming.

Mutation sin the biosynthesis of isoprenoid quinones have been shown to impede
the biological growth of many bacteria with observable phenotype.  The mutation in
ubiquinone biosynthesis prevents Complex Il, the succinate dehydrogenase, from
functioning properly. The bacteria lacking ubiquinone cannot grow in media with
succinate as the sole carbon sourcé’ The bacteria also become sensitive toward DTT and
fail to swarm on the surface of soft agar.6¢% The mutants that lack the capability of

menaquinone biosynthesis cannot grow in anaerobic condition s& w 3 UHIAUEIO EmehA
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double mutant cannot grow without either of the isoprenoid quinone s being provided for
in the media.’

These chagacteristics can be utilized to determine whether a specific gene
participate s in the biosynthesis of isoprenoid quinone. They can also be utilized to assess
the capability of foreign genes in rescuing the growth deficiency by enabling the mutant
bacteria to make isoprenoid quinone. The growth deficiency can also be overcome by
chemically supplying the bacteria with the chemical product of the missing enzyme or by

providing the final quinone species in the growth media.

4.1.2 E. coli KEIO Mutant library

In 2006, the Mori group constructed a large library of 3818 mutant strains of E. coli
that have the targeted genes replaced with the Kanamycin resistance gene? They utilized
the U red recombineering protocol in order to carry out the mutagenesis process. The
library contains mutants of non -essential genes within the E. coligenome.

Within the library, there are several mutants of proteins belong ing to the
biosynthesis Of w UEPZUDOODT w EOE w CQubi® I@tahD nPebdtis Sbath3 1 1 w |
ubiquinone and menaquinone biosynthesis. There are five other mutants related to
UEDPZUDPOODI w E DHi0D bk T ubiG@UWKHUEIO E ubiX. There are six other
mutants related to menaquinone E B O U a O (niehAD @é&hBOoumiénC ménDO ménEand

1 menE

87



This mutant library is derived from a background strain contain ing two unique
mutation so vafabparaBX wE GhabDsthap) which prevent the metabolism of arabinose and
rhamnose. These mutations were designed so that expression plasmid inducible by
arabinose or rhamnose can be utilized to assess the complementation activity of
individual gene . The ASKA library of complementation plasmid for individual genes was

later developed.™

4.2 Complementation experiment

The primary goal of this part of the project is to establish a method for
phenotypically characteriz ing the function of chlamydial protein s outside of Chlamydia.
By taking advantage of the growth deficiency in E. coli mutants, we can determine
whether Chlamydiaprotein s arecapable of alleviating the growth defect. The primary gene
of interest for this case study is the protein UbiE. The UbIE protein is known to participate
in the SAM -dependent C-methylation reaction of both ubiquinone and menaquinone. It
is found in both the Men and Mgn pathway f or menaquinone biosynthesis. Therefore, it
is likely that the C. trachomatidJbiE protein CT428can rescue the growth defect inE. coli

1 ubiE mutant as depicted in Figure 43.

Figure 43: Plasmid carry ing expressible UbiE homologs can be transform ed in to aubiE
E. coli mutant to help restore phenotyphically observable growth def ect of the mutant.
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4.2.1 Generation of Electro-competent E. coli Mutants

KEIO E coli mutants are single gene deletion strains containing a Kanamycin
cassette inserted in place of the deleted genes. Thd ubiEO wisbA KEIO mutants and
wildtype KEIO strains were obtained from Dr. Keuhn group at Duke, propagated, and
confirmed using PCR. The strains were tested for growth on a M9 minimal salt agar plate
containing 0.45% succinate.An electrocompetent version of these E coli was prepared
using the following method. The strain was propagated in 30mL of LB supplemented with
Kanamycin to an OD600 between 0.3 and 0.5. The bacteria wre pelleted through
centrifugation at 5,000x g for 10 min and washed twice with 40mL of 10% glycerol sterile
water at 4°C. The pellet was finally resuspended with 400uL of 10% glycerol solution,

divided into aliquots of 40 uL, flash frozen with liquid nitrogen and stored at -80°C.

4.2.2 Design of Complementation Plasmid

The KEIO mutant library is built upon an E. coliparental strain which carr ies the
genetic knockout of the AraBAD gene sequence in order to facilitate the induction of the
U red gene modification system regulated by the pBAD expression system.”® The pBAD
expression system can besubsequently utilize d in genetic complementation plasmid for
the KEIO mutant. In addition, the AraBAD knockout prevent s the bacteria from using
arabinose as a carbon source since the enzyme AraD is no longer availableThe pGLO

plasmid was selected as the template for generation ofthe pBAD based complementation



plasmid. The GFP genein the pGLO plasmid is inducible through pBAD promote r and is
flanked by the Ndel and EcoRI restriction sites. Two modification s are needed for the
generation of complementation plasmid: removal of unwanted Ndel site between AraC
and AmpR gene, and insertion of Xhol -stopcodon-EcoRi to accommodate Gblock flarked
by Ndel and Xhol. The generation of the complementation plasmid was achieved in a
single three fragments ligation reaction.

The original pGLO plasmid was double digested with Ndel and EcoRI -HF. The
used as template for PCR reaction in order to replace the unwanted Ndel restriction site
with Ncol. The Gblock for CT428was PCRamplified POWOUE]T UwUOOwb OUUOEUET u
an Xhol-TAGTAG -EcoRi segment. The three PCR products vere double digested with the
flanking restriction enzymes. The three gel extracted digestion products w ere added into
the ligation mixture at a 1:1:1 ratio with the total ligation reaction volume of 25 uL. The
ligation product was paint pelleted and transformed into an electrocompetent XL1Blue
strain. Colonies were identified on a LB+Ampicillin plate and confirmed through
sequencing. This template of pGLO plasmid was used for subsequent cloning of CT428

and other UbiE homologs from related bacteria species.
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Table 2: List of primer s used for the construction of pBAD based plasmid

Name 21 gUI OBl wok 2
AraC+pBAD Fwd CTTTGCTAGCCATATGTATATCTCCTTC

AraC+pBAD Rev GATGCCCCATGGTCTCGAGAGTATACACTCCGCTATCG

AmpR+Ori Fwd CCGCACCCATGGGTAAGGAGAAAATACCG
AmpR+O0ri Rev CAAATAATGAATTCGAGCTCGGTACC
CT428 Fwd CACTCGAAGCAGGAGAC

CT428 Rev+EcoORI CATATATACTGAGAATTCCTACTAAQTOGAGCAGAATCCAAATCG

pGLO plasmid (linearized):

5 '@del---- AraC___ - pBAD---Ndel GFP EcoRI----------- Ori------| _--Ndel'3 (0]

PCR scheme:

Template Expected Product
5 Qdel-- AraC -—-pBAD--Ndel-3 0A 5 Qcol-- AraC —--pBAD--Nde-3 O
5 Guer— . o ccori-3 A 5 Ao o ccori-3 O
5 Qudel CT428 xno-3 0 A 5 -Gudel CT428 Xhol-TAGTAG-Ecorl -3 O

Expected final ligation product (linearized):

5 -Qcol--- AraC ---pBAD---Ndel CT428 XhoI—TAGTAG—EcoRI———Ori———_——NcoI'3 0]

Figure 44: Schematic of the generation of pBAD based complementation plasmid based
on the commercially available pGLO plasmid.

91



4.2.3 Growth Rescue Assay via Genetic Complementation Using the
Constructed Complementation Plasmids

The electrocompetent cells of ubiE, dsbA mutants and wildtype KEIO strains were
transformed with 100ng of the complementation complement plasmid containing the E.
coli ubiE gene as well as empty pGLO vector to serve asa control. The culture was
recovered after 2 hoursin 300uL O w2 . " wOl EPEwWwUUx x Ol O OUNLEwbp P UT u
aliquot of recovered culture was spread onto LB agar plate supplemented with
Kanamycin and Ampicillin . A single colony was picked for the inoculation of 5mL of LB
media containing selection antibiotic s as well asfor colony PCR amplification in order to
check for any contamination from non -mutant E coli strain. The overnight bacterial
cultures were diluted and normalized to OD600 of 0.2 and serial diluted using a 10 fold
dilutions. A 10uL volume of each dilution was drop ped onto LB agar containing 10mM

of DTT and allow ed to grow until visible colon ies were detected as shown in Figure 45.

KEIO ADsbA AUbIE AUbIE
Wild-type +pGLO +pGLO +E. coli UbiE
Dilution
1
1:10
1:100

Figure 45 The complementation plasmid carrying UbiE from  E. coli can restore the
DTT resistance phenotype to aubiE mutant. The KEIO wildtype strain serve d as a
positive control and the odsbA strain serve as a negative control
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4.2.4 Complementation of UbiE Homologs and Evaluation of Growth

The ubiE electrocompetent bacteria were transformed with 100ng of the
complementation plasmid s as well aswith empty pGLO vector to serve asa control. The
culture was recovered after 2 hours in 300uL of SOC media supplemented P D UT wy &k 4, w
IPTG. A 10QuL aliquot of recovered culture was spread onto aLB agar plate supplemented
with Kanamycin and Ampicillin, and M9 succinate agar plate supplemented with
Kanamycin and Ampicillin. The ampicillin  antibiotic selection was to ensure that the
transformed E. coli would also express the chlamydial protein of interest. The LB agar
plates were incubated for 18 hours and the M9 agar plates were incubated for 48 hours
prior to analysis. The colony found on the M9 Succinate agar plates was used in both
inoculation of 5mL of LB media overnight at 37C with selection antibiotics as well as
colony PCR amplifications in order to check for any contamination from non -mutant E.
colistrain. Based on previous observationsfrom DTT sensitivity assay shown in Figure 45,
the overnight culture was diluted and normalized to OD600 of 0.02 and 10 pL of the
diluted culture was placed onto M9 Succinate agar plate supplement with Kanamycin and
Ampicillin . The plates were incubated for at least 12 hours at 37C until colon ies were
identifiable. Three 2cm by 2cm squares were sectioned on the agar plates The number of

colonies inside each squarewas counted and the results are displayed in Figure 46.
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Figure 46: The complementation plasmid carrying UbiE homologs can restore
the growth deficiency of aubiE mutant when grow n on M9 minimal media with
succinate as the sole carbon source. The KEIO wildtype strain served as a positive
control and the ubiE strain transformed with the pGLO plasmid served as a negative
control.

4.2.5 Motility Assay of UbiE Homologs Complementation

The T ubiE mutant containing UbiE homologs , along with the wildtype KIEO
control carrying vector , were tested for swarming capability on the surface of soft agar.
Soft LB agar was prepared with 0.6% agar as previously published in the literature. ¢ 1L
of overnight culture of the bacteria transformants were placed onto soft agar surface and
allow ed to grow overnight at 37 °C. Colonies were examined for any swarming activity

and the results can be seen inFigure 47.
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Figure 47: Examination of restoration of swarming motility of @ubiE mutant by genetic
complementation using UbiE homolog . Center circular drop is where the main colony
located. The blurry radiating swarming zone beyond the colony indicates restoration.



4.3 Attempt for the Generation of E. coli abiX & «aubiD Double
Mutant

4.3.1 Background

Within the KEIO mutant library, there are only few genes related to isoprenoid
quinone biosynthesis that w ere successfully knocked out and maintained. The absence of
these genes often produceda drastic decrease in growth rate. One of the mutants of
interest is the UbiX mutant, which has an observable smaller colony growth even on rich
media. As reported in Chapter 3, UbiX is a prenyltransferase responsible for the formation
of a unique FMN derived cofactor for the decarboxylation reaction carried out by the UbiD
enzyme. #3

Prior to the characterization of the prenyltransferase function of UbiX by the Leys
group in 2015, the enzymes UbiX and UbiD were hypothesized to able to carry out the
same decarboxylation reaction.”2 A mutation to knock out either UbiX or UbiD resulted in
the build -up of the carboxylate precursor of the enzymatic reaction.”

The only reported viable UbiD mutant of E. coliwas not part of the KEIO mutant
library .72 Within both the UbiX and UbiD mutants, there was still measurable amount of
ubiquinone being generated. This leads to two possible conclusions. Firstly, UbiD can
potentially take other cofactors like FMN to carry out the decarboxylation reaction.
Secondly, there are other enzymes that can potentially take overthe function of UbiD.

Since there is no rerted double mutant of UbiX and UbiD, generation of such a mutant
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would be of great help in characterizing the function and essentiality of UbiX and UbiD

within the biosynthesis of isoprenoid quinone.

With the help of the Lynch group, we were able to utilize a quick derivative
x UOUOE OO w BGHasaedrecombineeriny i E. colias summarized in Figure 48. While
UT 1T Ul wbhbUwWEwhrwlli E wO U U-leds m@dtidh Enhat cad beliiliZé Foundulfiplew U E E U
gene mutation via Tet-sacB insertion and removal, we choose to utilize the Zeocin
Resistant insertion method targeting the UbiD site in combination with the existing E. coli
UbiX mutant as summarized in Figures 49 and 507475 The Zeocin resistant gene is

relatively small compare to conventional selectable marker like genes for Ampicillin

resistant and Kanamycin resistant and the gene sequence is depicted inFigures 51.
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Figure 48 Summary of the M Red recombineer processes. The Gam, Exo and Beta
protein are encoded in the pSIM5 plasmid. Gam protein inhibit the activity of SbcCD
and RecBCD complexes. Exo protein degrades the double stranded input DNA
template carrying flanking homology region produc ing a piece single stranded DNA.
The Beta protein coats the single stranded DNA and induc esthe mutagenesis.
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Figure 49: Summary of the general transformation, mutagenesis and antibiotic selection
of U1 1Radtrecombineer method.

Figure 50: Structure of the antibiotic Zeocin



The g O1 U E Ohbaked tedotfibineering protocol involved the transfor mation of
Ul EOOEDOEUI wEI UDBYI Ewli UCGGauFygiire 49 Sucdedsfil bacteridl O x I ET 1 ¢
transformant s containing thl w M upla$ritd were then made in competent cells allowing
for the transformation of the insertion gene sequence constructed through PCR containing
a 50 bp region upstream and downstream that match the upstream and downstream of
the targeted gene within the genome. A brief heat shock period allowed for the expression
Ol wUT T wrwili EwUI EOOE b GEupon uhé idtdcucetl sertibh Gdheu P OU O
sequence. The successfully formed mutants are then selected through the selectable

marker in the insertion sequence.

4.3.2 Methods
Generation of the Electrocompetent qubiX M utant

A UbiX mutant was obtained from the KEIO library maintained by the Kuhn
group at Duke University. A Single colony was propagated in 5mL of LB media containing
50ug/mL of Kanamycin overnight at 37 °C. A volume of 1mL of the overnight cu lture was
then propagated in 50mL of LB for 8 hour sat 200rpm and 3?C. A volume of 10mL of this
culture was used to inoculated 1L of LB in a 2L baffled flask at 200rpm and 37°C. At OD 600
of 0.4, the bacteria were pelleted in an autoclaved centrifugal container at 5000G and 4#C

for 10 minutes. The supernatant was discarded, and the bacteria was resuspended in
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200mL of autoclaved MilliQ water and centrifuged at 5000G and 4°C for 10minutes. The
supernatant was discarded, and the bacteria was resuspended in 200mL of autoclaved
10% Glycerol and centrifuged at 5000G and 4C for 10minutes. The supernatant was
discarded, and the bacteria was resuspended again in 200mL of autoclaved 10% Glycerol
and centrifuged at 5000G and 4°C for 10 minutes. Finally, most of the supernatant was

discarded leaving roughly 1mL of 10% glycerol in which the bacteria were resuspended.
The bacteria suspension was then aliquoted into 5QuL aliquot in an autoclaved 1.5mL

Eppendorf tube and flash frozen in liquid nitrogen. These are electrocompetent versions

of E. coliUbiX mutant.

Generation of the Zeocin Insertion Gene Sequence

Due to the small size of the Zeocin resistant gene, the entire insertion cassette
including the flanking 50bp sequence can be bioinformatically designed and constructed
as a Gblock without any PCR processing. The sequence othe Zeocin Resistant insert

targeting the UbiD gene in E. coligenome is depicted in Figure 51.

CGCTAATTTAACAAATTTACAGCATCGCAAAGATGAACGCCGTATAATGGGCGCAGATTAAGAGGCTA
CAATGGCTAAGCTGACAAGCGCAGTACCAGTTTTGACAGCTCGTGATGTTGCAGGAGCCGTGGAGTTTTGGACAG
ACCGCCTTGGATTCAGCCGCGATTTTGTGGAAGATGACTTCGCTGGC GTAGTCCGTGACGACGTTACCTTGTTCAT
TTCAGCAGTCCAGGACCAGGTCGTACCTGACAACACCCTGGCATGGGTTTGGGTCCGCGGGTTGGACGAGCTGTA
TGCCGAGTGGTCGGAAGTTGTTAGCACTAATTTCCGTGACGCCTCTGGACCTGCCATGACAGAGATTGGCGAGCA
GCCTTGGGGCCGTGAATTCGCTTTACGCGATCCTGCGGGAAACTGCGTACACTTTGTAGCCGAGGAACAGGACTG
ATGATGCGCGTTTGTTTTGCCCTATTTATCGATCCGACAGAGAAAGCGCATGACAACCTTAAGCTGTAAAGTGA

Figure 51: Sequence of Zeocin cassette targeting the ubiD gene. The upstream
and downstream 70 bp homology sequence is highlight in green and cyan respectively.
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Transformation of the Electrocompetent qubiX M utant with pSIM5 plasmid

Ul Tl wrwll Ewx OEUOD EThebpSIM® plasriid (@hfoiakpidnicob resistant)
EOOUEDPODPOT wUI I wrwll EwWE x x EUE Udidupu BHs plas®iB Was D O1 Ewi |
introduced through electroporation into the electrocompetent UbiX mutant. A control of

pGLO plasmid (Ampicillin resistant) was also electroporated into the mutant. A volume

of 1mL of SOC media was added to the electroporated bacteria aliquot and the recovery

culture was incubated at 30°C for 1 hour instead of at the normal 37°C. This is because he

pSIM5 plasmid contain s the RepA101 temperature-sensitive origin of replication which

induced the loss of plasmid if incubated at 37°C. The 25QL of recovery culture was

spread onto LB agar plates containing 50ug/mL of Kanamycin and either 5 0ug/mL of
Chloramphenicol or 100pug/mL of Ampicillin. The ampicillin containing plates also

contain 1% of arabinose to induce the expression of GFP.The plates were incubated at

30°C overnight.

4.3.3 Results & Discussion

Glowing colon ies was observed on the plate containing the pGLO controlle d
transformation. No bacteria growth was observed in the rest of the plates suggesting that
the transformation of pSIM5 into the UbiX mutant was not successful. This meant that the

generation of electrocompetent version of UbiX mutant was successful since the
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transformation of pGLO plasmid into the UbiX mutant was successful yielding the green
glowing colon ies. It also suggests that the recovery period of 1 hour at 30C did not
severely impact the transformation efficiency of the bacterium.
The difficulty w ith the transformation of pSIM5 could be due to the large size of
the plasmid in comparison to the pGLO control. The differences in antibiotic selection
could also cause difficulty in transformation of the plasmid. The pLacl empty plasmid
was subsequenty UUE OUT OUOT EwbOUOwWUIT | wi VED BdmEdony] Ui OUWE

This might suggest the antibiotic chloramphenicol used for selection of the pSIM5 plasmid

induced extra stress on the bacteria lead to poor transformation efficiency.

4.4 Chapter Discussion

This pBAD complementation system allow ed for the analysis of proteins
regardless of whether the protein is soluble when expressed The phenotypic
complementation of growth deficiency served as an indicator of enzymatic activity of the
introduced homologs. The C. trachomatisUbIiE protein CT428 have been shown to
complement the webiE KEIO mutantz idability to utilize succinate as a carbon source. The
CT428 protein along with several UbiE homologs from other organisms was also shown
to restore the swarming motility in the ohiE KEIO mutant. This suggests that the
necessary redox disulfide-bond folding carr ied out by DsbA and DsbB utilizing the

electron source from ubiquinone is restored.
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In the future, t o further validate the pBAD complementation approach, cell lysate
of complemented mutant can be usedfor in vitro enzymatic activity assay as reported.®’
Furthermore, the membrane quinone pools can be extract and the specific isoprenoid
guinones can be quanified.

While the KEIO mutant library targeted several genes within the ubiquinone and
menaquinone biosynthesis in E. coli not all the related genes were able to be knocled-out.
For example, there are no qubiD mutant available within the library. 7© Whil e there are
reported qubiD mutant generated in similar fashion, no phenotypic growth deficiency
was reported other than the lowering of membrane ubiquinone. 7 Similar decrease in
ubiquinone pool was observed with qubiX mutant.”® With the discovery on the
relationship of UbiX and UbiD by the Leys group 4243, it is im portant to generate a double
mutant of qubiX and qubiD. However, the slow growth rate and smaller colony observed
in qubiX KEIO mutant potentially contribute toward difficulty in generation of the double

mutants using " red method.
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5. Chlamydia trachomatis Mutagenesis Study

5.1 Background

Chlamydia trachomatishas been known to be recalcitrant toward genetic
manipulation. In recent decades, tools have been developed to overcome such difficulty.?®
The initial development that breach ed the hurdle of genetically manipulation of Chlamydia
was the transformation of foreign DNA material into the Chlamydia EBs through
electroporation, dendrimers and calcium chloride. 2 This was followed by the
development of plasmid s derived from the native cryptic plasmid carri ed by Chlamydia??

The Chlamydiacryptic plasmid contains several genes that assist in virulence and
other genesfor maintaining the plasmids. Although there is a plasmid-less Chlamydia
strain derived by through the treatment with novomycin, the pla smid has beenfound to
be essential in the regulation of glycerol and lipid droplet uptake in the Chlamydial life
cycle.”” The derived plasmids are made by ligation of linearized E. coliplasmids together
with linearized Chlamydiaplasmid. These plasmids can then be modified to carry foreign
DNA material into the Chlamydiabacterium.

Successful introduction of fluorescent markers like GFP and mCherry was
demonstrated through the transformation of Chlamydial EB with plasmids. These protein
markers were induced using a promoter derived from Nesseira gonorrhe€dIn addition ,

antibiotic markers were also utilized successfully to ensure the maintenance of the
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plasmid over subsequence replications of the bacteria. The development of selectable
plasmid transformation into Chlamydia trachomatisopened the gateway for genetic

manipulation of Chlamydia.

5.1.1 Forward and Reverse Genetic Approaches

Spearheaded by the Valdivia group at Duke, the effort to generate, isolate and
characterize mutants of Chlamydia trachomatisvas carried out through chemical and
radiation induced mutagene sis of the ChlamydiaRBs. This approach generatesa mutation
pool that can be analyze through either forward genetic or reverse genetic methods.23 76

In the reverse gendic method, the mutant Chlamydial EBs pool are propagated
and PCR analyzed for a specific mutation. The pools correlated to positive hits are then
propagated again and colony-isolated through plague assay in order to identify the colony
containing the specific mutation. This process depends less on the phenotypic outcome of
the mutation than the specific mutation itself.

The more effective forward genetic approach propagates and identifies specific
mutant colon ies with unique phenotypic features. The underlying hypothesis is that the
mutations that specific mutant contains are responsible for the phenotype observed. The
observed mutant is isolated, and its genome is profiled. Multiple mutants with similar
phenotypes can be isolated andanalyzed for common mutations.

Chlamydia trachomatiss capable of horizontal gene transfer with the RecBCD
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complex and related recombinase apparatus present within the genome. This allows for
hybridization between the isolated mutants and wild type C. trachomatisin order to
alleviate and eliminate background mutations. In addition, this method can be used to
generate an isogenic wid type carrying all other background mutations while maintain
the original targeted unmutated genomic sequence.

There are several limitations of forward and reverse genetic approaches. The lack
of a selectable marker mearsthat the isolation of mutants is especially difficult since cross
contamination of healthier EBs can result in loss of the targeted mutants due to over-
competition. The amount of background mutations often dictates the efficiency for back -
cross with wild -type EBs. The amount of resources required for genomic profiling to
screen for mutants, as well as complete profiling of background mutations , increase the
difficulty of this technique. There is no targeted approach toward a single gene even with
the reverse genetic approach. One must dend on the viability of the mutants as well as
the randomness of mutation occurrence.

Based on the raw data obtained from the Valdivia group, there are no recorded
nonsense mutations for the 22 proteins involved in the biosynthesis of menaquinone.
Among t he point mutations reported for the 22 proteins, the nonsynonymous mutations,
in which the encoded amino acid is changed, did not yield a noticeable phenotype. The

remaining mutations are synonymous mutation that did not alter the encoded amino



acids. Thisaspect of the data deesnot definitive ly support the essentiality of menaquinone

biosynthesis.

5.1.2 Targetron Mutagenesis of C. trachomatis Genes

The general mechanism of the type Il intron is the utilization of retrotransposition
where the intron encoded protein recognizes a specific insertion site based upon the
designed intron lariat RNA sequence.?4 In normal eukaryotic transcription, pre -mRNAs
are proces®d in the nucleus for the removal of exon sequences and splicing together of
intron sequences. In contrast to type | intron, the type Il introns are defined as self -
catalyzing ribozymes that do not require GTP for splicing and instead depend upon the
formation of uni que lariat secondary and tertiary structure. Type Il introns are also found
in prokaryotic systems and therefore w ere employed in targeted bacterial mutagenesis.

The Targetron plasmid contains encoded RNA maturase, endonuclease and
reverse transcriptasewhich assist in the formation of the RNA -protein complexes (RNP).
The main step of Targetron mutagenesis approach involves the recognition of the targeted
gene sequence by RNP follow by the final step involving the reverse transcriptase
inserting a corresponding cDNA sequence derived from the RNA lariat.

The Fisher group had modified the RNA lariat sequence so that it contained a
selectable antibiotic marker which upon insertion into the Chlamydiagenome allow for

antibiotic screening of successful mutants as depicted in Figure 52. The initial publication
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demonstrated successful disruption via insertional mutagenesis of the IncA gene in
Chlamydiagenome utilizing either the beta-lactamase (bla) or chloramphenicol resistant
(cat) gene as selectable markerThe Valdivia group hasrecently optimized the Targetron
method to include the aadA genewithin the RNA intron lariat, conferring spectinomycin
and streptomycin resistances to successful mutants.

The limitation of the Targetron method is the dependency of computation derived
insertion sites that can only be validated through experimentation. There is the possibility
of finding no insertion sites within the targeted genes, or for the locations to not be optimal
for mutagenesis (i.e. toward the very end of a protein). There is also a limitation in the
length of the input sequence where the computational program cannot analyze the whole

genome. Thisleads to the possibility of multiple intron insertions throughout a genome.
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Figure 52 Summary of the underlying mechanism of Targetron mutagenesis
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5.1.3 Fluorescence-Reported Allelic Exchange Mutagenesis Approach
In 2015, theFields group developed a plasmid-based mutagenesis methodfor the
Chlamydial genome that is similar to the M red recombinase system mentioned in Chapter
425 They modified the Chlamydiacryptic plasmid so that it contained PCR derived regions
of Chlamydiagenomic DNA sequence upstream and downstream of the target genes with
a selectable marker located in between the two regions. This method presents to the
EEEUI UPUOQwWUT UOUTT wUOT 1T wxOEUOPEWEW?OUUEUT E2wVYIl U
complete encoding sequenceis replaced with the selectable marker as depicted in Figure
53. The plasmids are maintained indefinitely by the bacteria until a horizontal gene
transfer event occurs where the mutated genomic sequence on the plasmid replaces the

actual sequence onthe genome. This horizontal gene transfer event also destroys the

plasmid resulting in only the successful mutant carrying the selectable marker.
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Figure 53 Summary of the underlying mechanism of FRAEM mutagenesis method
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The Fields group also engineered two fail-safe mechanisns into the FRAEM
plasmid. Firstly, they added a GFP sequence together with the antibiotic sequence to be
insert into the targeted gene location. They also added an mCherry sequence to the
backbone outside of the mutated genomic regions. The red fluorescence from mCherry
indicates that the FRAEM plasmid still exists within the bacteria. Secondly, they placed
the native pg6 gene of the Chlamydial plasmid responsible for plasmid maintenance
under a tetracycline promoter. This gene can only be turned on in the presence of a
tetracycline inducer. Without tetracycline, the plasmid will no longer be maintained by
the bacteria andis lost after a couple passages.

This FRAEM method is very specific to individual genes due to the unigueness of
the upstream and downstream genomic sequence. The variable of the insertion sequence
means that the inserted genetic cassettecan be replace with other antibiotic or fluorescent
reporter or even other genes, thus allow ing for versatility in the mutagenesis of Chlamydia

trachomatis

5.2 Targetron Approach Against CT219 and CT428

In collaboration with Dr. Barbara Sixth from the Valdivia group, we used the
Targetron method to attempt to knock out the two Chlamydial protein CT219 and CT428
whose function is depicted in Figure 54. These are thelast two proteins involved in the

biosynthesis of Chlamydia trachomatisAs shown in Figure 55, we supplemented the
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growth media with menaquinone and desmethylmenaquinone either in oxidized or
reduced forms in order to chemically complement any mutant gene rated. We analyzed
the genomic sequence of CT219 and CT428 using the proprietary analysis program
provided by Sigma Aldrich and constructed, using previously published protocol, four

plasmids targeting intron site B,C,D, G and H as indicated in Figure 56.24

OH

OH oH )
UbiA R'= polyisoprenyl PRI v i
OO OO polyisoprenyl ___ R'= polyisoprenyl
R R
OH OH

OH

Figure 54: The proposed enzymatic reaction of CT219 (UbiA -homolog) and CT428
(UbiE -homolog)
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Figure 55: Summary of the generation of CT219 and CT428 mutant with Targetron
method accompany by chemical complementation
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Figure 56. The genomic sequence of CTLO471 (homolog of CT219) and CTL0687
(homolog of CT428) in C. trachomatis L2/434/Bu strain. The proposed pr omoter region
is highlighted in red and the encoded gene sequence is highlighted in green. The
bioinformatically ¢ alculated potential intron insert site is highlight  ed in grey.

CT219 €ETLO471

inronB \AEID
'

CT428 = CTLO687

11t



5.2.1 Chemical Complementation of C. trachomatis Mutants

Our experimental goal here is to introduce the Targetron plasmids into C.
trachomatiswild -type EBs in the presence of menaquinone in order to supplement any
guinone deficiency that the mutant might have as shown in Figure 55. The quinone form
used for this experiment are menaquinone-1 and desmethylmenaquinone-1.
Menaquinone-1 is commercially available. Desmethylmenaquinone-1 was synthesized
chemically. Since it is not clear whether the oxidized and reduced form of menaquinone
play an important role in the compl ementation experiment, we also carried out the

experiment with both .

Synthesis of DMK -1

O 0]
o CH,CI
)+ o< (L)
Y\/ o] —_— N
(¢} 0]

~22%

Figure 57: Synthesis scheme of desmethylmenaquinone -1

The synthesis of DMK1 was performed following a procedure described
previously in the literature and depicted in Figure 57.7° In a glass scintillation vial, 2
equivalent of 1,4-napthoquinone w ere dissolved in chloroform to a final concentration of
500mM. Then, 1 equivalent of 3-Methyl -2-butenylboronic acid pinacol ester was added
drop wi se. The reaction was stired at room temperature for 24 hours. The reaction
mixture was loaded directly onto asilica column for flash chromatography without work

up. The product was eluted by gradient up to 30:1 pentane:diethyl ether as a yellow band.
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This band separatal from a second yellow band which was identified as the starting
material. The common yield was 22.7% which is lower than the literature reported yield.
LC/MS: 227 m/z (M+1) and 98.5% pure. IHNMR (CDCk 400MHz): »y wWad Y+ NWd huhuwgpO O
ABAYNABAKwW®OOwW! ' AOwt At wpUOBY (4§ b3 Ha, 28)OLT’ A O wk

(s,3H), 1.67 (s, 3H)NMR spectrum is shown in Figure 58.
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NMR spectra of the purified desmethylmenaquinone

Figure 58
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Reduction of Oxidize d Quinone to the Corresponding Quinol

The native substrate of the methyltransferase is purportedly the reduced version
of the quinone. Hence, it is necessary to design areliable reduction reaction to generate
the reduced quinone version. Oxidized DMK1 is not readily soluble in water but is soluble
in ethanol and DMSO. A 1:100 dilution in water of dissolved oxidized DMK1 is cloudy
suggesting insolubility. The oxidized ver sion is unstable in both Ethanol and DMSO and
turns brown after a few hours. The degradation was confirmed with LC/MS. The
degradation is sped up in basic condition and especially in the presence of hydroxide.
Direct reduction of dissolved DMK1 with solid or aqueous sodium borohydride
generated a purple coloration after which turn brown. No expected reduce d quinone was
observed when analyzed with LC/MS. This could due to the generat ed hydroxide from
the borohydride or the over -reduction of the carbonyl altering the structure of the quinone
molecule. A reliable reduction scheme was obtained through communication with
Charles Scott from Thomas Jefferson University and his colleague Takahiro Yano?

Acidified DMSO was prepared by adding concentrated HCI to a final
concentration of 50mM. This solution was used to dissolve oxidized DMK1 to a
concentration of 50mM. To this solution, grains of sodium borohydride w ere added and
gently mix ed. Bubbles of hydrogen gas were observed as sign of reduction occurring. The

solution, which was original ly clear yellow, slowly became colorless. Upon complete



disappearance of the yellow coloration, an increment of 1uL of concentration HCI was
added to quench any excess borohydride. Complete quenching was signalled when no
more bubbling was observed. This reaction was tested with deuterated DMSO. The

reduction of quinone was manifested as an observable downfield shift of the NMR peaks.

Oxidized desmethylmenaquinone-1:
1HNMR (DMSO 400MHz): ¥ wA 8 NANWE Y KwpOOwl ' AOwA 8 WKk NA S WWwpO ¢
k61 Nkl kwepOOw) 426+ WOwh' AOQwt 61 | wpEOw) wél wi 8 hut w'

2.5 ppm for DMSO and 3.33 ppm for H20. NMR spectrum is shown in Figure 59.

Reduced desmethylmenaquinol-1:

1HNMR (CDCI3 400MHz): ¥ wWd Y A wepEOw) A wWd Kw' 4 Owh7.40mA 6 NA wo
| * AOwt 8t KwepUOwh' AOwk 8!l kNkd! NwepUOw) 4 W8 Ww' & Owh' K
Solvent peak at 2.5 ppm for DMSO and 4.6 ppm for H2 gas. The broad singlet at 5 ppm

might be due to acidification and reduction processes. NMR spectrum is shown in Figure

60.
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NMR spectra of the oxidized desmethylmenaquinone -1 in D20

Figure 59
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Figure 60: NMR spectra of the reduced desmethylmenaquinol
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5.2.2 Transformation of Chlamydia trachomatis L2 with the Targetron
Plasmid

The following protocol are day -to-day description of the required steps for the
transformation of Chlamydial EB, selection for successful mutants and isolation of asingle
mutant.

On the day before the transformation, Vero cells were seeded in 6-well plates at
10,000 cells/wellsso that they would reach confluency on day of transformation (one 6-
well plate per plasmid required + 1 mock plate)

On the day of transformation, spent media was aspirated and the well w ere
washed once with 1mL of DPBS (Gibco).A volume of 2mL of fresh DMEM (Gibco) was
added to each well containing 10 uM DMK1 or MK1 . In each plate, 3 wells contain the
oxidized form of the quinone, and 3 wells contain the reduced form. The transformation
mix was prepared asdescribed in Table 2 The transformation samples were vortexed and
spun briefly . The samples were then ncubated at RT for 30 min

To begin the infection, the entire transformation mix was added to the Vero cells
seeded in 6 well plates (3% + w4 Q FThe pladeOnvis centrifuge d at 1500 xg for 30 min at
25°C to induce an uniform attachment of chlamydial EBs to the cell surface. The plates

were then incubated at 37°Cand 5% CO..
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Table 3: C. trachomatis EBs Targetron transformation mix preparation

Mock McC1¢ Intron B McC2¢ Intron C
Plasmid (~10 pg)* none 88uL McC1 115uL McC2
Bacteria (1x18IFUs) | 10puL 10uL 10uL
5 X CaGbuffer 40 L 40 uL 40 uL
Sterile MQ 150pL 62 uL 35uL
Totalvolume 200puL 200puL 200puL

McC3¢ Intron D

McCA4¢ Intron G

McC5¢ Intron H

Plasmid (~10 pg)* | 97 uL McC3 122pL McC4 70 L McC5
Bacteria (1x10IFUs) | 10puL 10puL 10puL

5 X CaGbuffer 40 L 40 uL 40 uL
Sterile MQ 53uL 28 1L 80uL

Total Volume 200pL 200pL 200pL

5x CaGlbuffer: 250 mM CaCl2 in 50 mM Tris/HCI pH 7.4

On the following day, at 12 hours post infection, the wells were washed once with
1mL of DPBS (Gibco) and fresh media was added together with the selection antibiotic
chloramphenicol. The fresh medium should contain either reduced or oxidized quinone
compound as designated on Day 1 and0.5 pg/ml chloramphenicol . In six new 12-well
plates, Vero cells were seeded so that they reach confluency when passaging the
transformed C. trachomatis

On the next day, the unique PO seed from each treatment condition and intron
targets were collected at about 40-48 h.p.i. using the following protocol. The spent media
was removed, and the cell was washed very quickly with ImL of sterile distilled water

and aspirated off. Fresh sterile distilled water was added at 20QuL /well . The plates were
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then incubated for 20 min at room temperature . Then 5QuL of 5x SPG buffer was added
to yield final concentration of 1x SPG. The crude EB stock was collected byscraping and
transfer into sterile 1.5 ml Eppendorf tube. The crude EB stock was then sonicated on ice
three timesfor 30 secondsat 20% power using the Fisher Scientific model 60. The bacteria
EBs thenwere collected by centrifugation at 25000 x g for 10 minutes at £C. A volume of
50puL of 1x SPG was added to the bacteria sample and sonicated again on ice one time for
30secondsat 20% power using the Fisher Scientific model 60.

In order to passag the transformed C. trachomatisthe spent media in 12-well
plates with confluent Vero cells was changed and the plates were washed once with 1mL
of DBPS per well. Then, 2mL of DMEM media containing 0.5 pg/ml chloramphenicol +
designated quinone compounds was added to each well. Six of the wells of the individual
120-well plate were infected with varying volume of a unique PO seed. The plates were
centrifuge at 1500 x g for 30 min atroom temperature in order to produce a uniform
infection. The plates were then incubated at 37°C, 5% CQ. The passaging of the cells was
done three more times until observable inclusion was identified, indicative of successful

mutants carrying the resistant genes.

5.2.3 Results & Discussion

No inclusions were observed after 4 passagesof each unique treatment condition

for the five intron targets. This negative result is inconclusive becausethe nature of the
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computationally designed plasmid and RNA lariat. Assuming the plasmids were
constructed correctly, the absence of mutated C. trachomatisnclusion can be because ofa
lethal effect induced by the mutation. However, upon repeating the experiment twice, the

Targetron approach was halted in light of the availability of the FRAEM method.

5.3 FRAEM Mutagenesis of C. trachomatis Menaquinone
Biosynthesis Genes

The Fields group reported that the rate-limiting -step for this method is the
molecular cloning construction of the plasmids. 2581 The reported protocol for generation
of FRAEM plasmid is a 9 steps process involvingthree long insertion/deletion PCR steps
and 3 bacterial transformation steps as shown in Figure 61. Each of the insertion/deletion
PCR steps amplify the entirety of a plasmid consisting of over 10,000 base pairs. The
prolonged PCR processes can potentially introduce unwanted mutations to the homology
region.

In addition, with each PCR step accompanied by the cloning process of
transforming into E. coliand isolate properly constructed plasmid, th e overall cloning
schemeshown in Figure 61 is impractical toward high through put approach where one
can target multiple genes at once. The insertion/deletion PCR also make it difficult to reuse
the construct intermediate for inserting other genes in the place of the GFP+blacassette.

The FRAEM approach relied upon the ability of Chlamydia trachomati&Bs to

recognize the homology gene sequences upstream and downstream of the targeed genes

12¢



Targeted gene

| BN I
L I I

=

Upstream Downstream
Homolog sequence Homology Sequence

]
Targeted gene

”

Homology targeting
region

Bla + GFP

1
GFP + Bla

| -
b 3 3.

—

Y

pSUMC-target

Ups!ream

weasumoqg
Upsfre am

I" Y

Figure 61: Summary of the original insertion/deletion PCR  protocol for cloning of the FRAEM plasmid. 1) Sequence containing
3000bp upstream and downstream of targeted gene are PCR from C. trachomatis genome. 2) The genomic gene fragment is
inserted into pUC19 pl asmid using insertion/deletion PCR. The resulting plasmid is transformed into E. coli and successful
clone are selected for. 3) The GFP+bla cassette are inserted into the previously generated pUC19 plasmid, replacing the targeted
gene sequence using insertional/deletion PCR. The resulting plasmid is transformed in to E. coli and successful clone are
selected for. 4) The homology targeting region are PCR from the plasmid generated in step 3. 5) The homology targeting region
are inserted into pSUMC plasmid re placing the encoded bla gene sequence using insertional/deletion PCR. The resulting
plasmid is transformed in to  E. coli and successful clone are selected for.



and undergo allelic exchange. It is essential to optimize the cloning methods to both

minimize the needs for long PCR cycles and limit the number of E. colitransformations.

5.3.1 Improving to Cloning of the FRAEM Plasmid

The cloning process of the FRAEM plasmid can beimproved by assembling the
pUC plasmid containing the homology regions flanking the antibiotic -fluorescent
reporter cassette using Gibson assembly style®2 With the antibiotic resistance gene
included in the cassette, the plasmid only needs an origin of replication in order for E. coli
to maintain it. Thus, the Gibson style assembly processfor initial homology targeting
region involv es the PCR of the approximately 3000 bp upstream and downstream
homology regions, an antibiotic -fluorescent reporter cassette with overlapping ends and
an origin of replication sequence with overlapping ends, as depicted in Figure 62. With
these pieces, one can assemble a circular plasmid with Gibsorstyle assembly.

The next challenge is to quickly hybridize the pUC plasmid constructed into the
pSUMC plasmid backbone. While analy zing the pSUMC plasmid for unique restriction
sites, a DNA sequence within the bla gene responsible for antibiotic resistance was
identified and modified to contain a blunt end restriction site without changing the
encoded amino acids or the reading frame of the antibiotic resistance gene. Thisallows
for the blunt end ligation of pPSUMC plasmid and the pUC plasmid.

The origin of replication of the pUC plasmid was optimized to include two Pmel
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blunt end restriction sites on the ends so that the homology targeting region. Thus, the
homology targeting region can be cleaved away from the plasmid using a single treatment
of Pmel creating a blunt-ended linear DNA suitable for blunt -end ligation into the
modified pSUMC plasmid. The original FRAEM protocol for selection o f colonies
displaying both green and red signals from GFP and mCherry can still be employed to

identify successful cloning of the final FRAEM plasmids.

5.3.2 FRAEM Mutagenesis of CT370

In order demonstrate the validity of the improved cloning protocol, we choose
CT370 which is an enzyme involved in the early step of chorismate biosynthesis with the
enzymatic activity depicted in Figure 63. With shikimate, chorismate and menaquinone
commercially available, these compounds can be used to chemically complemert the
mutants and increase the chances for allelic exchange to occur using the FRAEM methods.
The resulting mutants will have the CT370 gene replaced with a Bla+GFP gene cassette as

shown in Figure 64.

HO CO,H CO,H CO,H
P 3-dehydroquinate 3-dehydroshikimate
hydratase dehydrogenase
>
07 " oH CT370 O™ ™~ "OH CT370 HO™ ~ "OH
OH OH OH
3-dehydroquinate 3-dehydroshikimate D-shikimate

Figure 63 The proposed enzymatic reactions of CT370

The EBs transformation for FRAEM mutagenesis of CT370 was carried out

similarly to the published transformation protocol by the Fields group.8 The
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pSUMC@CT370 plasmid along with the pUC@CT370 plasmid and the modified pSUMC
empty vector were transformed into C. trachomatid.2/434/Bu wild type.

3-dehydroquinate hydratase 3-dehydroshikimate dehydrogenase
Wildtype  —{7] [ 1 L

Bla GFP

Expected Mutant —— ) | >

Figure 64: The sequence of CT370 encoded within wildtype genome and the expected
mutated sequence after FRAEM mutagenesis.

5.3.2aMadification of the pSUMC  Plasmid

A modified bla gene that included external Pmel and internal Sfol cut-sites was
ordered as Gblock with standard Gblock flanking primers , and the Gblock was amplified
aspreviously described in Chapter 3. This Gblock was designed to replace thebla gene in
the pSUMC plasmid using the unique restriction site Sall and Pvul.

The pSUMC vector and the modified Bla Gblock was double digested with Sall
and Pvul-HF. The digested DNA samples were analyzed in 0.8% Agarose gelusing gel
electrophoresis. The poper digested pieces were excised, and gel extracted using the
Qiaquick Gel extraction kit (Qiagen). The gel extracted vector and insert was ligated
together using Quick ligase (NEB) with 3:7 vector to insert ratio. The ligation mixture was
incubated for 10 min at room temp erature and 2uL of mixture was transformed into

chemically competent DH5A . The bacteria were then recovered for 1 hour at 37°C in 1mL
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of SOC media A volume of 30QuL of the recovery culture was plated onto LB agar plate
containing 100ug/mL of ampicillin. The plate was incubated for two days at 37 °C due to
the large size of the plasmid. A successful clone should retain the indicative mCherry
signal. Single colonies were propagated and miniprepped. The plasmids were then test
digested with Sfol and Sacl. A successfully cloned plasmid will have a new digested band

due to the introduction of Sfol site as shown in Figure 65.

pSUMc
Lddr Mod Orig

-

1500
1000

500

Figure 65. Gel electrophoresis analysis of original and modified pSUMC plasmid
double digested with Sacl and Sfol restriction enzymes. The double digested modified
pSUMC plasmid display a unique band at 1000 bp corresponded to the success ful
introduction of the Sfol site.

5.3.2bGibson -style Construction of pUC@CT370 Plasmid

Genomic DNA from Chlamydia trachomatik2/343 wildtype strains were obtained
from the Valdivia group. Bioinformatic analysis was used to determine the approximately
3000 bp homology regions upstream and downstream of the targeted CT370 gene. Primers
were ordered to allow for PCR amplification of the regions using the Herculase 11 DNA

polymerase (see Supplemental Table 2 and 3 in Appendix 1). The BlaGFP cassette
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obtained from the Fields group was amplified with primers in order to introduce 25 bp of
overlapping sequences that would allow for Gibson -style assembly together with the
upstream and downstream homology regions. Likewise, the origin of replication for a
pUC19 empty plasmid was amplified with primers that allow for the introduction of the

two Pmel restrictions sites at both ends followed by the 25bp overlapping sequences. The
PCR products were analyzed using gel electrophoresis on 0.8% agarose gel and the band
that matched the expected length was excised and gel extracted using the Qiaquick Gel
Extraction Kit (Qiagen).

A NEB DNA Assembly HF kit was used for the assembly due to its increased
sensitivity to overlapping ends as well as to lessen the required length for overlapping
sequences. The gel extracted PCR amplified DNA fragments were quantified using a
Nano Novue Micro volume Spectrophotometer (Biochrom). The fragments were
assembled using the protocol provided with the kit and the assembled DNA was
transform ed into the chemically competent NEB 5-alpha cell provided with the Kit. The
transformant was recovered in 1mL of SOC media for 1 hour at 37°C. 25QuL of recovery
culture was plated on to Ampicillin containing LB agar plate. The plate was incubated
overnight at 37°C.

Several single-colonies displaying the GFP reporter were propagated in 5mL of LB

media overnight. 50% Glycerol stock was prepared for each colony and stored at -80°C.
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The remaining culture was used for plasmid isolation using a Zyppy Miniprep K it (Zymo
Research). Then, 1QL of isolated plasmids test digested with Pmel for 1 hour at 37°C and
analyzed using gel electrophoresis on 0.8% agarose gel. The appearance of band around
1000 bp correspond to the origin of replication indicated successful cloning of the puUC
allelic plasmid as shown in Figure 66. Further confirmation was done with DNA
sequencing through services provided by Eton Bioscience with primers used for

amplification of the upstream and downstream homology regions.

Ladder Colony
1 2 3 4
B v— - -

|

1500
1000

500

Figure 66. Gel electrophoresis analysis of a ssembled pUC@CT370 plasmids
restriction digested with the Pmel restriction enzyme. The successfully assembled
pUC@CT370 produced a unique band at approximately 1500 bp corresponded to the
cleaved origin of replication.

5.2.3cBlunt -end Construction of pPSUM C@CT370

The modified pSUMC plasmid was treated with the Sfol blunt -end restriction
enzyme and the pUC@CT370 plasmid was treated with the Pmel blunt-end restriction
enzyme. After 1 hour of digestion at 37°C, the digested DNA was analyzed using gel

electrophoresis in 0.6% agarose gel due to the size of the pSUMC plasmid. The correct
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bands were excised,and gel extracted using the Qiaquick Gel Extraction Kit (Qiagen). The

gel extracted DNA samples were blunt-end ligated together using Quick Ligase (NEB)
with 10 minutes of enzymatic treatment instead of 5 minutes asdirected by the protocol.

The ligated DNA was transformed into chemically competent NEB 5 -alpha cells. The
transformants were recovered in 1mL of SOC media for 1 hour at 37°C. A 250uL volume

of recovery culture was plated onto Ampic illin plate and incubated at 37°C for 2 days.
Several colonies displaying both red and green fluorescent were observed among
predominantly red fluorescent -only colonies. The coloniesthat display ed both fluorescent
reporters were propagated. The plasmids from these colonies were isolated after 50%
glycerol stock was prepared and stored at -80°C.

Through bioinformatic analysis, Scal restriction enzyme can be used to select for
successful construction of pPSUMC@CT370. In addition, the drastic increase in total length
of the plasmids is also an indicator of successful construction of the final FRAEM
plasmids. Due to the blunt end ligation, the orientation of the homology targeting region
in relation to the pSUMC plasmid can be both forward or reverse. However, this does not
impact the orientation of the upstream and downstream region in relation to the Bla -GFP

cassette.
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Figure 67: Gel electrophoresis analysis of pPSUMc@CT370 pl asmids restriction digested
with the Scal restriction enzyme. The successfully cloned pSUMc@CT370 plasmid have
both higher molecular weight band as well as produced a unique band corresponded
to new restriction sites introduced by the inserted homology tar  geting region

5.2.3d Infection, Transformation and Passaging Protocol

The following protocol are day -to-day description of the required steps for the
transformation of Chlamydial EB, selection for successful mutants and isolation of single
mutant. The overall scheme of the experiment is depicted in Figure 68.

On the day before the transformation of Chlamydial EBs, Vero cells were seeded
onto three 6-well culture plates at 10,000 cells/well. Unmethylated version of empty
modified pSUMC plasmid, the puC@CT370 plasmid and the pSUMC@CT370 plasmid
were obtained through propagation in the dcm -/dam- E. coli strain. Midiprep of each

plasmid was normalized to 1 pg/pL.

On the day of the transformation of Chlamydial EBs with FRAEM plasmid, t hree
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C. trachomatid_2 wildtype crude EB stocks containing approximately 4 x 10¢ IFU/each
were centrifuged at 20,000 x g for 30minutes at room temperature. The supernatant was
discarded and the EBs was resuspended in 5QiL of CaCl2 buffer containing 10mM Tris
pH 7.4 and 50mM CaClz. A 2uL volume of 1ug/uL of unmethylated plasmids was added
to the transformation mixture . The three plasmids used in this study are the empty
modified pSUMC vector, the pUC@CT370 plasmid and the pSUMC@CT370 plasmid. The
transformation samples were incubated for 30 minutes with gentle mixing every 10
minutes.

Confluent Vero cells were washed once with PBS (Gibco) and 2mL of fresh media
was added to eachwell . Individual plasmid has its own 6-well plate. In each plate, 4 wells
were infected using 10uL of the transformation mix and 2 wells w ere transformed with
5uL of the transformation mix. A uniform infection was induced through centrif ugation

at 3000 x g for 30min.



C. trachomatis
Wildtype EBs

Sgo

CaCl transformation l

pSUMC-target

Penicillin G l
Anhydrotetracycline

Figure 68 Summary of the generation of C. trachomatis mutant with FRAEM method
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The plate was incubated at 37°C in an atmosphere of 5% CQ. At 7 h.p.i., spent
media was aspirated off and individual wells w ere washed with 1mL of DPBS. A 2mL
volume of fresh media was added to each well containing 1 pg/ml cycloheximide, 0.6
pg/ml penicillin G sodium salt, and 50 ng/ml anhydrotetracycline. In addition, six new
12-well plates were seeded with Vero cells in preparation for the passaging of transformed
C. trachomati€Bs.

At 40 h.p.i, each of the wells was analyzed for inclusion bodies under a light
microscope and the wells with multiplicity of infection (MOI) between 0.5 and lare
marked for harv esting. At 46 h.p.i. the spent media in the marked well was aspirated off
and the wells were washed twice with DPBS. An 800uL volume of ultrapure water was
added and the plate was incubated at room temperature for 30 min. A 20QuL volume of
5x SPG buffer was then added to induce osmotic lysis of cells. The crude EB samples were
collected by scraping and immediately used for infection of the confluent Vero cell in 12 -
well plates. Two 12-well plates were dedicated to each of the plasmids; each plate
corresponding to the well from the 6 -well plate collected. With each 12- well plate, cells
were infected in duplicate using 200uL, 10QuL, 5QuL, 25uL, 12.51L, 6.54L of crude EB per
well. A uniform infection was induced through centrifugation at 3000 x g for 30min at
room temperature. This passage is labeled as P1 samples.

At 36 h.p.i following the first passage of EBs, the plates carrying the P1 samples



was analyzed using an Axio Observer inverted fluorescent microscope. The fluorescent

signal of mCherry and GFP was analyzed.

5.2.3eResult & Discussion

No visible inclusion was observed with the pSUMC@CT370 plasmids. However,
as shown in Figure 69,inclusion was observed with the plates corresponding to the empty
modified pSUMC vector as well as the pUC@CT370 plasmid. Thisresult suggests that the
modification of pSUMC plasmid backbone did not alter the ability for C. trachomatigo
maintain the plasmid. However, the large size increase in size of the pPSUM@CT370 might
cause difficulty in either transformation of the plasmid into the EBs or the maintenance of
the plasmid by transformed RBs. The pSUMC@CT370 plasmid also caliesthe same origin
of replication as the native C. tractomatis plasmid and might lead to rejection of the
introduced plasmid by EBs already carry the native plasmid. This can be overcome in the
future by the use of a plasmid-lessC. trachomatistrain.

An interesting finding is the GFP fluorescent signal detected in P1 of C. trachomatis
transformed with pUC@CT370 plasmid. The smaller pUC@CT370 carry the homology
targeting region similar to the final pSUMC plasmid. However, since thepSUMC plasmid
containing the same origin of replication as the Chlamydia native plasmid, this might
induce a rejection of the introduced pSUMC plasmid by C. trachomatis The smaller

pUC@CT370 plasmidalso lacks the other Chlamydial genes encoded in the Chlamydial
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cryptic plasmid that would help with maintenance of plasmid in  C. trachanatis passages.
This is an advantage sincethe pSUMC plasmid is designed to removed itself from the
transformants in the absence of anhydrotetracycline. Thus, the puC@CT370 plasmid lack
the Chlamydial plasmid origin and replication and therefore should not to be maintain by
the bacteria when passaged. The result suggest that C. trachomatismight be able to
maintain the pUC plasmid in order to retain the blagenethat incurred resistance toward
beta-lactam antibiotic. In the unlik ely case, the pUC@CT370 pnade s a sufficient template
for allelic exchange and mutants are being generated retaining both the GFP reporter and
the bla gene within the genome. Further passaging and experimentation are needed to

determine where the GFP reporter and the blagene are located.
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Vero infected with P1 passaged of EB transformed with modified pSUMC empty vector

Vero infected with P1 passaged of EB transformed with pSUMC@CT370

Figure 69 Representative image of P1 passage of C. trachomatis transformant
obtained under 10x ma gnification objective on an Axio Observer Fluorescent
Microscope. Chlamydial inclusion displayed mCherry protein fluorsecent signal was
pesudo colored in red overlayed o n a gray cell background obtain under visible light.
Chlamydial inclusion displayed GFP protein fluorsecent signal was pesudo colored

in green overlayed on a gray cell background obtain under visible light.
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5.5 Chapter Discussion

The Targetron approach relies heavily on the computation al prediction of the
intron insertion site and design of the matching RNA lariat. This proved difficult to
control experimentally and the negative result in generation of mutants cannot be
resolved easily as it is difficult to distinguish between the lethality of mutations or the
failure of RNA lariat in recognizing the targeted gene sequence. The limitation in
antibiotic selection genes dictated by the RNA lariat sequence created a hurdle for
expanding the Targetron plasmid application.

The FRAEM mutagenesis technique provided controlled targeting of individual
gene onC. trachomatiggenome in a similar fashion to the 4 red recombineering approach
in E. coli The FRAEM mutant has the targeted gene sequence completely replaced with
the antibiotic and fluorescent reporter cassette. This allows for further expansion in
application s, for example by replacing the inserted cassette with other genetic material
like gene homologs from oth er organisms for example.

The main limitation to the FRAEM method is the extended effort needed toward
molecular cloning of the individual FRAEM plasmid s. This limitation was overcome with
the use of Gibsonstyle assembly to ease the effort toward construdion of the pUC
plasmid carrying the homology targeting sequence. Further improvement to the

molecular cloning of the FRAEM plasmid allows for blunt -end ligation of this pSUMC
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plasmid backbone and the homology targeting sequence. Overall, the improvements
shorten the time neededto generate the FRAEM plasmid for individual targeted genes. In
addition, the upstream and downstream region are only PCR amplified once instead of
four round of PCR amplifications. The reduction in PCR amplification steps led to higher
fidelity toward the original genomic sequence and in turn increased the likelihood for
allelic exchanges. The upstream and downstream region are PCRamplified separately
and therefore can be utilized to be upstream and downstream of other genetic fragments
other than the GFP-Bla cassette.

For use in future experiment s, DNA fragments needed for the construction of the
initial Gibson -style assembled pUC plasmid for targeting the genes of the Mgn pathway
in C. trachomatisvere PCR amplified. Supplemental Tables 2 and 3 in Appendix 1 contain
the primers used to amplify the necessary fragment for targeting the genes of the Mgn
pathway in C. trachomatis

Further improve ments to the FRAEM method can be made by utilizing brighter
GFP and mCherry derivative s like superfolder GFP. The version of GFP currently
encoded in the FRAEM plasmids is eGFPwhich is less bright compared to superfolder
GFP. With no definite control in the expression level of the fluorescent reporter gene in C.
trachomatis the fluorescent reporter signal can be difficult to detect if it is not bright

enough. In order to detect mCherry and eGFP as observed inFigure 69, a long exposure
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time is needed which can lead to photo bleaching. It took 1 second of exposure time to
detect the eGFP signal and 4 seconds of exposure time to detect the mCherry signal, in
comparison to 50 milliseconds of exposure time to detect cell nucleus stained with
Heochst stain. In Appendix 7, we designed a redox sensitive GFP derived from
superfolder GFP which inherits the improved stability but also is capable of altering the
excitation spectrum correlating to the redox states.

In Appendix 6, with the help of Dr. Peter Silinski, we have established HPLC/MS
protocol for analysis of extracted quinone pool from infected cells. The HPLC
chromatography protocol hasalsobeenoptimized into a 2 -minute run during which both
menaquinone and ubiquinone standard s separate distinctively. The ubiquinone level in
C. trachomas cell samples will serve as the internal standard for comparison between
samples. For future experimentation, the increase in MOI will in turn increase the
menagquinone presence. This however does not exclude the possibility of degradation of
menagquinone during extraction and analyzing steps. It also does not exclude possibility
of additional modification toward the traditional menaquinone structure by  C. trachomatis
which canlead to changes in expected fragmentation.

Overall, because of the relationship between isoprenoid quinone and the
periplasmic folding of secreted effector protein s, the function of known secreted effectors

like Chlamydiaprotease-like activity factor (CPAF) can potentially be impacted. We have
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developed a protocol for proteomic analys is of mammalian endocervical epithelial cell
infected with a CPAF deficient strain of C. trachomatisas well as an isogenic wildtype
strain (See Appendix 8). Similar proteomic analysis approach can be used to determine
whether C. trachomatignutants with d eficient menaquinone biosynthesis will also have

limited PAF activity.
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6. Conclusion and Future Direction

6.1 Conclusion of Dissertation Research

Chlamydia trachomatigs an important pathogen and a major health concern. The
obligated intracellular life cycle of the bacteria made it difficult to examine through
mutagenesis the genome encodedgenes. Less than half of the diminutive genome of C.
trachomatids characterizable through bioinformatic analysis. In this work, we developed
a toolkit for the validation and characterization of individual Chlam ydial genes that
involved in the biosynthesis of menaquinone .

In the first aim, we confirmed the essentiality of menaquinone b iosynthesis using
small molecular probes. We demonstrated that C. trachomatisvas inhibited during the
early period of the infection by inhibitors targeting the MEP pathway and the futalosine
pathway. The inhibition was characterized by smaller size of indusion bodies formation.
However, the initial tested inhibitors contain ed formal charges that can contribute to poor
membrane permeability. We utilized prodrug of the MEP pathway inhibitor that have the
charges masked in order to increase membrane permeablity and demonstrated that
prodrug usage lowered the effective concentration ECso. There is still a need to modify
and optimize the tested inhibitors in order to improve their efficacy and selectivity against

C. trachomatis
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In the second aim, we were able to utilize recombinant expression of protein in E.
colito produce and isolate several proteins involved in menaquinone biosynthesis of C.
trachomatis We fully characterize both the function ally and structur ally the CT220 protein
which is a flavin prenyl transferase This recombinant expression approach will allow us
to evaluate the function and structur al folding of the various bioinformatically
unrecognizable proteins within the Chlamydial genome.

In the third aim, we developed an approach for the genetic complementation of
menaquinone biosynthesis gene homologs in E. colimutant. We demonstrated through
the genetic complementation the function of the Chlamydial UbiE homolog CT428 along
with several other UbiE homologs from other organisms . The Chlamydial UbIiE was able
soft agar surface. This method needs further validation through the extraction and
guantification of quinone pool from the complemented E. colito fully validify the
enzymatic function of the introduced UbiE homologs .

In the last aim, we utilize d two recently reported techniques for mutagenize C.
trachomatis With the first technique, Targetron, we did not able to obtain any C.
trachomatis mutants. While this result can be because of the essentiality of the
menaquinone biosynthesis, we cannot definitively rule out the possibility of flaw in the

computational prediction of the intron in sertion sites. Thesecond technique, FRAEM, is a
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more control approach where we realized on the native allelic exchange mechanism that
C. trachomatishave. It allow ed us to specifically target the individual Chlamydial genes

and replaced the complete protein encoding gene sequence with an antibiotic resistance
and fluorescent reporter genes cassette We have optimized the rate-limiting step of the

FRAEM technique, molecular cloning, to allow us to obtain the FRAEM plasmid at a
quicker timeframe. The optimiz ed protocol also streamlined and facilit ate the generation
of multiple FRAEM plasmid s at one time. The optimized approach also allows us to reuse
the upstream and downstream homology region in order to insert new gene cassette into

the genome without the n eeds for prolong insertion/deletion PCR of large plasmids.

6.2 Future Direction

In the future, we will further optimize the inhibitor targeting menaquinone

biosynthesis in C. trachomatisand design prodrug s that allow targeted delivery of the

inhibitor sinto the C. trachomati®acteriumx EUUD OT wUT T wi OUUWET 00z UwlIi O

We will utilize genetic complementation approach in genetic modifiable organism
like H. pylori that contain exclusively the Mgn futalosine pathway in order to validate the
function of the other Chlamydialgenes involved in menaquinone biosynthesis. We will
utilize the extraction and quantification of quinone pool to evaluate the quinone

biosynthesis activity in the genetically complemented bacterial mutants.
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We will continue the mutagenesis effort of Chlamydial menaquinone quinone
biosynthesis gene using FRAEM technique. The optimization of the molecular cloning of
FRAEM plasmid allows for fast generation of multiple FRAEM plasmids at the same
times. It allows us to generate of the FRAEM plasmids targeting the 22 proteins involved
in the biosynthesis of menaquinone in Chlamydia. We will attempt to mutagenize all 22
proteins with chemical complementation by su pplementing the growth medium with
menaquinone-7. In addition, we will continue to optimize the isolation and extraction
technique to analyze and quantify the quinone pool of infected cells. This allow will
provide a read-out for the mutagenesis study and confirmed the menaquinone deficiency
of any C. trachomatismutants generated either through this technique or through the
forward genetic effort of the Valdivia lab.

In the end, we have validated the essentiality of menaquinone in C. trachomatis
infection and continue to develop the necessary tookto characterize the Chlamydial genes
involved in the biosynthesis of menaquinone. The overall approach of this dissertation
work is transferable to other pathways within Chlamydia trachomatias well as the ORFs
that are bioinformatically unrecognizable. We hope to add to the ongoing efforts of the
field of Chlamydial research to combat this pathogen and its ongoing lead as the number

one reported sexual transmitted disease in the United States.
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Supplemental Table 1:Result of Cloning and expression screening for protein related to menaquinone biosynthesis

Gene Accession # Organism Cloned| Vector Fusion Expressed| Soluble | Activity |Crystallized Comment
CT427 084434 C. trachomatis Yes | pET30b Gterm His6 N N TBD TBD
CT767 084772 C. trachomatis Yes | pET30b Gterm His6 N TBD TBD TBD
+ pSuF | Coexpress wittSufoperon Y Y TBD TBD
CT263 084265 C. trachomatis Yes | pET30b Gterm His6 Y Y Y PDB: 4QAl Vern Schramm paper
CT426 084433 C. trachomatis Yes pET30b Gterm His6 TBD TBD TBD TBD
+ pSuf | Coexpress wittSufoperon Y Y TBD TBD
CT262 084264 C. trachomatis Yes pET30b Gterm His6 TBD TBD TBD TBD
CTO085 084087 C. trachomatis Yes pET30b Gterm His6 N N TBD TBD
Yes pET28b | N-term MBP + @erm His6 N TBD TBD TBD
Yes | pETDUE] Coexpress with CT220 N TBD TBD TBD
Q978L0 C. pneumoniaUbiD| Yes | pET30b Gterm His6 N TBD TBD TBD
CT220 084222 C. trachomatis Yes | pET30b Gterm His6 Y Y Y Y
WP_011173927.1] T.thermophilus Ubi)] Yes | pET30b Gterm His6 Y Y No activity TBD No Flavin Bound
CT219 084221 C. trachomatis Yes | pET30b Gterm His6 N N TBD TBD
CT428 084435 C. trachomatis Yes | pET30b Gterm His6 N N TBD TBD
Yes | pET28b | N-term MBP + @erm His6 Y Y No activity TBD Assayedvith DMK1
CT382 084386 C. trachomatis Yes pET30b Gterm His6 TBD TBD TBD TBD
CT369 084374 C. trachomatis Yes pET30b Gterm His6 TBD TBD TBD TBD
CT370 084375 C. trachomatis Yes pET30b Gterm His6 N N TBD TBD
CT367 084372 C. trachomatis Yes pET30b Gterm His6 N N TBD TBD
pET28b | N-term MBP + @rm His6 N N TBD TBD
CT366 084371 C. trachomatis Yes pET30b Gterm His6 TBD TBD TBD TBD
CT368 084373 C. trachomatis Yes | pET30b Gterm His6 N N TBD TBD
CT331 084335 C. trachomatis Yes | pET30b Gterm His6 TBD TBD TBD TBD
CT071 084074 C. trachomatis Yes | pET30b Gterm His6 Y Y Weak TBD Assayedy Meyers Grouy
CT462 084468 C. trachomatis Yes | pET30b Gterm His6 TBD TBD TBD TBD
CT804 084810 C. trachomatis Yes pET30b Gterm His6 TBD TBD TBD TBD
CT434 084441 C. trachomatis Yes pET30b Gterm His6 TBD TBD TBD TBD
CTO057 084060 C. trachomatis Yes pET30b Gterm His6 TBD TBD TBD TBD
CT859 084867 C. trachomatis Yes pET30b Gterm His6 TBD TBD TBD TBD



https://www.ncbi.nlm.nih.gov/protein/499487287?report=genbank&log$=prottop&blast_rank=1&RID=CDYAZ2FS016

Supplemental Table 2: List of Primer used for the PCR of homology region for
FRAEM mutagenesis targeting Mgn enzymes from C. trachomatis L2/434/Bu genome

Homology

Region Forward Primer Reverse Primer
CT370 Dowrl CCGGGCGGATCG ACATTTTTTTTCTATGCTG
CT370Up | GCGTTGGGAGCAAAGGACAAAGAAL AGAATTCTTCCTCCAGGACTTTTGTAAGA
CT085 Dowr] TGGCATAGCTATTTCCCATAATAAC( AGAAAATAATGGAGAAGGGATG
CT085 Up | TAGCTTAAAGCATGAAGGAC GTCGTAGTCCGCTTATTCG
CT219 Downl TGAAGCGCTACGTGGTGG TTCTGTACCTTTACGC
CT219Up | TTTCATAATATGACTTGGTATCC AAACCCTTCGAATATTATG
CT220 Downl TAATGGGAGGTTCTCTTTTCG TTTTCCCAATGATTAGG
CT220 Up | AAACTTGTTGGAATGTGTG AAGATTCCTCTTAGTAAAAATAGTCC
CT262 Dowr] TAAGCTCCTTCTTATTTTTGCTGATC| TTAGAAAGGCTCTACGCTTAGC
CT262 Up | ATTCAGGGAAAGCTTCTTGTATACG| TTCAATTGCTGATAGGCCTCAATG
CT263 Dowr] TAACACATCCCTTCC TTTTGATCAATCTTCCCTAC
CT263 Up | AAAGAGCTGAAGCGTTCG TACGACAAGCCGTCCATAATG
CT426 Downl TAAACATTGGTTGTGTACG TGCTTTGGACTTGAAGATG
CT426 Up | TTTGGCGAAATTGCAGATG AGTAGTTATCAGTTTGTGAG
CT427 Downl TGATAAAATCAATGGTATTCTATC | AGACTCTATGCCTGAAGG
CT427 Up | ATTTCTACCTGGCGTTTC GGGATACGACCATGTTG
CT428 Dowr] TAAAACTACCAAACC AAGAGGTGGATTGGTTC
CT428 Up | TTCTACATGGAGAATCTG AATAGTCTCTAAACTGTTC
CT767 Dowr] TGAGGATTTACCCACAAAG AAACGAGCCCATTTCTTACATC
CT767 Up | ATTAGGTCCCATTAACC AAAACCGTTGACGATAATGCATTG
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Supplemental Table 3: List of Primer used for the PCR of GFP-Bla cassette and origin
of replication with overlapping sequence for Gibson -style assembly

Gene | Homology Primer role
CT370| Downstream ATGAATTAGATCTTCGATCCGCGTGIAAACGGGGAGTC EcoORI Fwd
Upstream TTTCTTTGTCCTTTGCTCCCAA@ITTAAACGGGTCTTC( EcoORI Rev
Upstream ACAAAAGTCCTGGAGGAAGAATGGAAATGTGCGCGGAA GFP-Bla Fwd
Downstream ACGAAGAAGCAGCATAGAAAAAAAARTATCTTGTATAGTTCATCCAT| GFP-Bla Rev
CT085| Downstream agacatcccttctccattattttct GTTTAAACGGGGAGTC EcoORI Fwd
Upstream ggcatgtccttcatgctitaagcta GTTTAAACGGGTCTTC( EcoORI Rev
Upstream tatattcgaataagcggactacgac GGAAATGTGCGCGGAA| GFP-Bla Fwd
Downstream gttattatgggaaatagctatgcca TTACTTGTATAGTTCATCCAT| GFP-Bla Rev
CT219| Downstream catagaagaagagaggcggcgtaaaggtacagaa GTTTAAACGGGGAGTC EcoORI Fwd
Upstream cgggataccaagtcatattatgaaa GTTTAAACGGGTCTTC( EcoORI Rev
Upstream taatcccataatattcgaagggttt GGAAATGTGCGCGGAA| GFP-Bla Fwd
Downstream gaaatacccaccacgtagcgcttca TTACTTGTATAGTTCATCCAT GFP-Bla Rev
CT220| Downstream taaatacccctaatcattgggaaaa GTTTAAACGGGGAGTC EcoORI Fwd
Upstream acagaacacacattccaacaagttt GTTTAAACGGGTCTTC( EcoORI Rev
Upstream gactatttttactaagaggaatctt GGAAATGTGCGCGGAA| GFP-Bla Fwd
Downstream tcaacgaaaagagaacctcccatta TTACTTGTATAGTTCATCCAT GFP-Bla Rev
CT262| Downstream ttagctaagcgtagagcctttctaa GTTTAAACGGGGAGTC EcoORI Fwd
Upstream cgtatacaagaagctttccctgaat GTTTAAACGGGTCTTC( EcoORI Rev
Upstream ccattgaggcctatcagcaattgaa GGAAATGTGCGCGGAA| GFP-Bla Fwd
Downstream atcagcaaaaataagaaggagctta TTACTTGTATAGTTCATCCAT| GFP-Bla Rev
CT263| Downstream ctattttgtgtgtagggaagattgatcaaaa GTTTAAACGGGGAGTC EcoORI Fwd
Upstream ttagatacgaacgcttcagctcttt GTTTAAACGGGTCTTC( EcoORI Rev
Upstream tctacattatggacggcttgtcgta GGAAATGTGCGCGGAA| GFP-Bla Fwd
Downstream gatggtccgtggaagggatgtgtta TTACTTGTATAGTTCATCCAT| GFP-Bla Rev
CT426| Downstream tagaaacatcttcaagtccaaagca GTTTAAACGGGGAGTC EcoORI Fwd
Upstream cgtattcatctgcaatttcgccaaa GTTTAAACGGGTCTTC( EcoORI Rev
Upstream caaaactcacaaactgataactact GGAAATGTGCGCGGAA| GFP-Bla Fwd
Downstream acgtagcgtacacaaccaatgttta TTACTTGTATAGTTCATCCAT| GFP-Bla Rev
CT427| Downstream catttccccttcaggcatagagtct GTTTAAACGGGGAGTC EcoORI Fwd
Upstream aatattcgaaacgccaggtagaaat GTTTAAACGGGTCTTC( EcoORI Rev
Upstream tcataatacaacatggtcgtatccc GGAAATGTGCGCGGAA| GFP-Bla Fwd
Downstream tgatagaataccattgattttatca TTACTTGTATAGTTCATCCAT| GFP-Bla Rev
CT428| Downstream tttagctagaaccaatccacctctt GTTTAAACGGGGAGTC EcoORI Fwd
Upstream acacgttcagattctccatgtagaa GTTTAAACGGGTCTTC( EcoORI Rev
Upstream gggttagaacagtttagagactatt GGAAATGTGCGCGGAA| GFP-Bla Fwd
Downstream ttgcttttaaggtttggtagtttta TTACTTGTATAGTTCATCCAT| GFP-Bla Rev
CT767| Downstream aaagatgtaagaaatgggctcgttt GTTTAAACGGGGAGTC EcoORI Fwd
Upstream ggattatgggttaatgggacctaat GTTTAAACGGGTCTTC( EcoORI Rev
Upstream gcaatgcattatcgtcaacggtttt GGAAATGTGCGCGGAA GFP-Bla Fwd
Downstream tattttctttgtgggtaaatcctca TTACTTGTATAGTTCATCCAT| GFP-Bla Rev
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Appendix 2: Sequences for Gblock for Quinone Biosynthesis and Related Proteins

Gblock CT057
DNA Sequence:

CACTCGAAGCAGGAGABHARGCTACACCTTGCATCCAAAATGCGTTCCGCCGTAAGACTCTTCCGGTGCGCATTGG
GGATTTATTTGTCGGTAGTGAGCATTCCATTAAAATTCAGTCTATGACCACAACAGCCACGACCGATGTTGATGGTAC
CGTCAGATCTGTGCGCTTCAGGAGTGGGGTTGCGATATCGTTCGTGTAACAGTTCAAGGTCTGEETGAGGTACATG
GAGCATATCAAAGATCGCCTTATCCAGCAAAATATTTCAATCCCGCTGGTCGCTGATATCCACTTTTTTCCTCAAGCA
CCACGTTGTGGATTGCGTGGACAAGGTCCGCATCAATCCTGGAAATTACGTTGACAAACGCAACATGTTTACCGGG,
CTATAGCGACGAACAATACGCGCATTCTCTTGAACATTTAATGAACAAGTTTAGCCCTCTTGTTGAGAAATGTAAGCG
GGAAAGGGATGCGCATCGGTGTTAACCATGGCTCTCTGAGTGAACGTGTAACCCAACGCTATGGGAACACAATCGA
TATGGTTTACAGTGCCCTTGAGTACGCCGAGGTATGTGTCGCTATGGACTATCATGATGTTATTTTTTCCATGAAGTC
AATCCAAAGGTTATGGTGGCAGCTTACCGTAGTCTTGCGTATGAACTTGATCAGCGTGAATGGTCGTACCCGCTTCA
GGGGTTACTGAAGCTGBGECACAGCTGGCATCGTCAAGAGCGCGGTGGGGATTGGTACCTTACTGAGTGAAGGCC
GGGGGACACTATCCGTTGTAGCTTGACGGGTAGTCCAATCAACGAAATTCCGATTTGCATCGATCTGCTGAAGCAA/
GGAGTTGTCAGAGCGTTGGGGGGAAGCCGATAACCCATTTGCAATTCACTCTTCAAAACAGCTGGGCACCCGCAAC
AAATACTCCACCTTGGGGGAACGTGTAQGGATTAATCTGACTGACGTACAGCTGTTAACTGCCGAACCTATCGA
ATTACTTCAATGCTTGGGGATTGACACGACAACGGGAAAGATTGATCCAACTACGCCGGAAGGTGTAGTTGTGCCG,
CTATGCGCTCAAGCCCTATTGTATCCGAAATTGAGAAGCACTTGCTGGTATTCAATAAAGAGGATGTACCGATCCTG
TATGAACGAAGAAGAATGGCTGTCGGAGGAGACTCTTTCAGTTTAETTGAAGTCACGGACATCCACACAGC
CCGTCGCTTTTTCAGCCTTCGTCAGCATAGCACACAACCTGTCTGCTTATCCTTTTCTCTTGACCCTCACCTTAGTAA
AGGCGATTATCGACCTGTCGGCGCGCTTGGGCGCACTGCTTTTGGACGGGTTGGGTAGCTGTGTTCTGCTGGATTT
ATATTAAATTATCGCGTACTCTTGGCTTCCTGATTTTGCAGTCAGCGANBAUEGTAGAATATGTTAGTTGC
CCTGGCTGCGGACGTACATTGTTTGACCTGCTTGCGGTTTCCCAGCGTATCCGCGAGCGTACGCAGCATTTACCTG
CTGAAAATTGCGGTAATGGGCTGTATTGTTAATGGCCCAGGTGAAATGGCTGACGCCGATTTTGGGTACGTGGGGA
GCCGGGTATGATCGACCTTTACGTCAAGCACAAGTGCGTGAAATCATGCATTCCTATGSABABTEGEEAG
ACAGTTACTGAAGGAACATGGAGTGTGGAAAGA BIBEBBREONCCAACTCCACCAAG

Restriction siteNde KT8

Translation Amino Acid Sequence

MATPCIQNAFRRKTLPVRIGDLFVGSEHSIKIQSMTTTATTDVDGTVRQICALQEWGCDIVRVTVQGLREVHACEHIKDRL
ISIPLVADIHFFPQAAIHVVDCVDKVRINPGNYVDKRNMFTGKIYSDEQYAHSLEHLMNKFSPLVEKCKRLGKAMRIGVNH(
ERVTQRYGNTIEGMVYSALEYAEVCVAMDYHDVIFSMKSSNPKVMVAAYRSLAYELDQREWSYPLHLGVTEAGSGTAGI
VGGTLLSEGLGDTIRCSLTGSPINEIPICIDLLKQTTELSERWGEADNPFAIHSSKQLGTRNTLNTPPWGNVYGLLINLTDVC
EPIELLQCLGIDTTTGKIDPTTPEGVVVPKAMRSSPIVSEIEKHLLVFNKEDVPILNPMNEEEWLSEETLSAPFVYFEVTDIH’
SLRQHSTQPVCLSFSLDPHLSKNEAIIDLSARLGALLLDGLGSCVLLDFVDIKLSRTLGFLILQSANIHFRTYEYVSCPGCG

VSQRIRERTQHLPGGLKIAVMGCIVNGPGEMADADFGYVGSKPGMIDLYVKHKCVKSCIPIENAEEELVQLLKEHGVWKE

Full Lengtkg pl 5.68

FW: 66634.71



Gblock CT071

DNA Sequence:

CACTCGAAGCAGGAGAGHARAAGCACCTTGCGCTTATTGGATCAACTGGCTCGATTGGGCGTCAGGTGCTGC
AAGTCGTGCGCAGCATTCCAGACACGTTCATTATCGAAACACTGGCCGCCTACGGACGCAATCAGGAGGCAT
TCACAAATTCGTGAGTTTAACCCACGTGTTGTTGCTGTCCGCGAAGAGACGACTTATAAGGAACTGCGTAAGT
TCCACATATTGAAATCTTATTGGGTGAAGAGGGCCTTGTATIEEAGGUFAGTGTGACGATGACCATCG
TGGCGTCCAGTGGTATCGATGCTCTTCCAGCGGTGATTGCCGCTATTCGCCAGAAGAAGACTATCGCACTGG
AAAGAGTCCCTTGTGGCCGCCGGTGAGTTAGTCACTACTCTGGCACGTGAAAACGGAGTCCAGATCCTGCCT
TAGCGAGCATAACGCACTTTTTCAATGTTTGGAAGGGCGTGACTCCTCCACGATCAAGAAGTTATTACTTACTC
AGGTGGACCATTACGTAATAAATCCAAAGAGGAATTACAAAAGGTTAGCTTGCAGGAGGTTTTGCGTCACCCG
TGGAATATGGGGCCAAAGATCACCGTGGATTCTTCCACCCTTGTCAATAAGGGACTGGAGATTATCGAGGCC
GTTGTTCGGCTTGGAGGCGGTCGAAATTGAGGCGGTGATTCATCCTCAGAGTTTAGTCCATGGTATGGTTGAC
GCGATGGTACCATCCTGTBTGARCCCTCCGAGTATGTTGTTTCCTATCCAACACGTCCTGACCTTTCCAGAAC
GCTCTCCGGCCATTGGTCCTGGATTTGACTTTTTATCGAATCGCACTTTGGAGTTTTTTCCTATTGACGAGGAT
TCCGAGTGTTCATCTTGCCAAGCGTGTGTTATTAGAGAAAGGATCCATGGGGTGCTTCTTTAACGGCGCTAAC
CGCTGGTTCATCGTTTTCTTGCCGGGGAAATTTCCTEGGRGCAGAAACTGCAGGCTCTTGTGGACCAA
CACCGTGTTCAGAGCTGTCTTTCTCTTGAAGAAATCCTGAGCGTTGATGCCGAGGCTCGTGCCCGTGCACAA(
BB\ CCACCAACTCCACCAAG

Restriction siteNde X1

Translation Amino Acid Sequence

MKHLALIGSTGSIGRQVLQVVRSIPDTFIIETLAAYGRNQEALISQIREANFREV/RKREPHIEILLGEEGLVSV
ATEPSVTMTIVASSGIDALPAVIAAIRQKKTIALANKESLVAAGELVTTLARENGVQILPIDSEHNALFQCLEGRDSSTI
TASGGPLRNKSKEELQKVSLQEVLRHPVWNMGPKITVDSSTLVNKGLEIEAFWLFGLEAVEIEAVIHPQSLVHGMV
GTILSVMNPPSMLFPIQHVLTFPERSPAIGPGFDFLSNRTLEFFPIDEDRFESMHEBKRVGMREALVHRF
LAGEISWHQIVPKLQALVDQHRVQSCLSLEEILSVDAEARARAQEC

Full Lengthg pl 5.72

FW: 41762.35

15¢



Gblock CT085

DNA Sequence:

CACTCGAAGCAGGAGAGHART TTTCCTTACGTAGTCTGGTGGACTACCTTCGTTCGCAACATGAGCTGATCGATATT
CACGTTCCTGTGGATCCTCACCTGGAAATCGCAGAGATCCATCGCCGCGTGGTGGAGCGTGAGGGTCCGGCTCTG
CATCAGGTAAAGGGATCCCCTTTCCCAGTATTGACCAACTTGTTTGGCACCCGCCGCCGCGTGGACCTGCTTTTTCC
TTTCATCGGACCTGTTCGAGCAAATTAT TCRGETWGCCCACCTTCATTTAGTTCGTTATGGAAGCACCGCAGCTTA
TTCAAGCGTGGGATTAGTGCGTTGGGTATGCGTAAACGCCACCTTCGTCCTAGCCCGTTCCTGTACCAAGATGCTC!
TAAGCCAGCTTCCGATGTTAACCAGCTGGCCTGAGGATGGAGGACCGTTTCTTACATTACCTTTGGTCTATACTCAG
TGAGAACGGAGTACCAAACCTTGGAATGTATCGTAT GBWEXRAGAAACTCTGGGACTTCACTTCCAAATTCA
AAAGGGAGGGGGCGCACATTTTTTTGAGGCAGAGCAGAAAAAGCAAAATCTTCCGGTCACGGTTTTCCTTTCCGGC
TTTCCTTATCCTGTCCGCCATTGCGCCGCTGCCGGAAAATGTACCAGAACTTTTGTTTTGCTCATTCCTTCAAAACAA
TGAGCTTCGTAGAGAAACATCCTCAAAGCGGACATCCTTTGTTGTGTGATTITTGABTGGCGAAGCTGTGG
CTGGTGAGCGTCGTCCAGAAGGGCCGTTCGGTGATCACTTCGGATATTACAGCTTGACTCACGACTTCCCGATTTT]
GCAATTGCTTATACCATAAAAAAGACGCAATTTATCCAGCCACAGTCGTTGGTAAGCCGTTCCAGGAGGACTTTTTC!
GTAATAAGTTGCAAGAACTTCTGAGCCCACTGTTTCCGCTTATCATGCCTGGAG T AGYRGAIETGAABT
CGGGCTTTCACGCCCTGGCTGCTGCCATTGTAAAAGAGCGTTATTGGAAAGAAGCTTTGCGCTCCGCATTACGTATC
GGGAAGGACAGCTTAGTCTTACTAAGTTCCTTTGGATTACCGACCAGTCGGTTGACCTGGAAAATTTTCCGTCCTTG
GTGCGTTCTTGAGCGCATGAATTTTGACCGTGATTTGCTGATTTTATCCGAAACTGCAAATGATAGI TTAGACTATAC
AGCGGTTTTAATAAAGGGTCCAAGGGTATTTTCTTAGGAGTGGGTGCTCCTATTCGTAGCTTACCTCGCCGTTATCG
CAAGTCTGCCTGGTATCTCACAAATTGGTGTGTTCTGTCGCGGTTGCCTTGTTTTAGAGACTTCCTTGCAGCAATTG!
CCCAGCGTTATTAAAAGAGCCTCATTTAGCGGACTGGCCGCTGGTTATCCTGGTCGAGGACCTTTCGTCAGCACTTT
ACTAAGGAG TATCTGGCGTACCTTTACACGTTCTTCGCCTGCCACTGACCTTCACATCCCTGTCTCGCAAATCACTA
CAAAGTCTCCTATACACCGCCTATGATTCTTAATGCTTTGATGAAACCACCTTACCCAAAGGAGGTCGAGGCAGATG
GACCCAAAACTTAGTTTCTTCTCGTTGGCACTCABBBERCTAGE CAACTCCACCAAG

Restriction siteNdey FTe

Trarslation Amino Acid Sequence

MFSLRSLVDYLRSQHELIDIHVPVDPHLEIAEIHRRVVEREGPALLFHQVKGSPFPVLTNLFGTRRRVDLLFPDLSSDLFEQ
PPSFSSLWKHRSLFKRGISALGMRKRHLRPSPFLYQDAPNLSQLPMLTSWPEDGGPFLTLPLVYTQSPENGVPNLGMYF
DKETLGLHFQIQKGGGAHFFEAEQKKQNLPVTVFLSGNPFLILSAIAPLPENVPELLFCSFLONKKLEREKHPQSGHPLLC(
TGEAVAGERRPEGPFGDHFGYYSLTHDFPIFKCNCLYHKKDAIYPATVVGKPFQEDFFLGNKLQELLSPLFPLIMPGVQDI
AGFHALAAAIVKERYWKEALRSALRILGEGQLSLTKFLWITDQSVDLENFPSLLECVLERMNFDRDLLILSETANDTLDYTG
GSKGIFLGVGAPIRSLPRRYRGPSLPGISQIGVFCRGCLVLETSLQQLDIPALLKEPHLADWERIWRIEDRSSALSSTK
PATDLHIPVSQITNHKVSYTPPMILNALMKPPYPKEVEADEATQNLVSSRWHSYFP

Full Lengtkg pl 6.58

FW: 65354.40



Gblock Chlamydophila pneumadsa UbiD homolog CPN0328

DNA Sequence:

CACTCGAAGCAGGAGAGHART CGTTCCTGCGCCGCCATATTTCATTATTTCGTAGCCAAAAGCARGTGATCGATG
TTCGCGCCTGTATCTCCTAATCTTGAACTTGCGGAAATTCATCGTCGTGTAATTGAGGATCAGGGGCCTGCACTTTT
ATAATGTTATTGGTAGTAGTTTCCCGGTTTTGACGAATTTATTTGGGACTAAACATCGCGTAGACCAACTGTTTTCCC,
GCCTGACAACCTGATTGCCCGTGTGGCGCATCTTATCTCTAGTACACCTAAACTTTCCTCCCTTTGGAAGTCACGTG
TAAAGCGATCTCATCATTAGGGTTAAAGAAGGCGCGCTTCCGCCGTTTTCCTTTTGTCTCGATGAGTTCCGTTAATTT
TCACCTTCCGCTGCTTACCTCGTGGCCTGAAGATGGTGGCGCATTTTTGACTCTTCCTCTGGTATATACTGAATCTC!
TAACGACGCCAAACCTGGGCATGTACCGTGTTCAGCGCTTCAATCAAAATACAATGGGTTTGCATTTCCAGATCCAG
GTGGAGGCATGCATATGAGGCGGAGCAAAAAAAACAAAACCTTCCCGTTAGTGTGTTTCTGTCGGGCAACCCGTTT
TGACATTAAGCGCTATCGCACCGTTGCCAGAGAATGTAAGCGAGTTGTTATTCGCTACGTTCCTGCAAGGCGCGAA
TTTATAAAAAGACTAATGATCACCCACACCCTCTTCTGTACGATGCTGAATTTATTCTTGTGGGAGAATCCCCTGCAG
GCGCCGCCCGGAAGGGCCATTCGEIGATEGCTATTATAGCCTTCAACACGACTTCCCTGAATTTCATTGTCATAAA
ATTTACCATCGTAAAGATGCTATCTATCCAGCCACCGTCGTAGGAAAACCATACCAGGAAGATTTTTATATCGGAAAT
TGCAAGAGTACTTAAGTCCTTTATTCCCACTGGTAATGCCAGGCGTCCGCCGTTTGAAATCCTACGGGGAGTCGGG!
TGCGTTAACTGCTGCCGTCGTCAAAGAGCG T DEARXGIT TGACTACCGCCTTGCGTATCCTGGGTGAGGGGC
AATTGTCTCTGACTAAGTTCTTAATGGTTACGGATCAGGAAGTGCCTCTGGACCGCTTTTCCGTCGTCTTAGAAACA!
AGAACGCTTACAGCCGGATCGTGATTTAATTATCTTTTCCGAGACAGCAAACGACACACTTGATTATACTGGTCCGTC
AACAAGGGTTCCAAGGGGATTTTTATGGGCATTGGCAAGGCRATRUICBAGGCTACCAAGGCGGAAAAAT
TCACGGCGTACAGGATATTGCACCGTTTTGCCGTGGCTGCCTTGTCCTTGAGACATCACTTGAAGATCGTTGTATTA
TTGTTACACCATCCTGACTTAAAATCCTGGCCGCTTATCATTTTGGCTGATAACCTTCGTGAAACTATCCAGTCAGAA
ATTTCTTGTGGCGTACTTTCACACGCTGCGCTCCTGCAAATGACTTGCACGCALTGCBATABECCGTCCG
AACTACAATTTCCCGTTTGTTATCGATGCCTTAATGAAGCCATCGTACCCAAAGGAAGTGGAGGTGGATCCTTCAAC
CAAAAAGTTAGCGAACGTTGGCACGCTTATTTCCCGAACAAAGAG ABBINTBABTBACTCCACCAAG

Restriction siteNdey FTe

Translation Amino Acid Sequence

MFLRRHISLFRSQKQLIDVFAPVSPNLELAEIHRRVIEDQGPALLFHNVIGSSFPVLTNLFGTKHRVDQLFSQAPDNLIARV/
TPKLSSLWKSRDLLKRISSLGLKKARFRRFPFVSMSSVNLDHLPLLTSWPEDGGAFLTLPLVYTESPTLTTPNLGMYRVQI
MGLHFQIQKGGGMHLYEAEQKKQNLPVSVFLSGNPFLTLSAIAPLPENVSELLFATFLQGAKLLYKKMGIDHPHPLLYDAEF
SPAGKRRPEGPFGDHFGYYSLQHDFPEFHCHKIYHRKDAIYPATVVGKPYQEDFYIGNKLQEYLSPLFPLVMPGVRRLKSE
HALTAAVVKERYWRESLTTALRILGEGQLSLTKFLMVTDQEVPLDRFSVVLETILERLQPDRDLIIFSETANDTLDYTGPSL!
GIFMGIGKAIRDLPHGYQGGKIHGVQDIAPFCRGCLVLETSLEDRCIKSLLHHPDLKSWPLIINMWBNERETH)SEKDFL
PANDLHALHSHFATHRPNYNFPFVIDALMKPSYPKEVEVDPSTKQKVSERWHAYFPNKETFYI

Full Lengtkg pl 8.89

FW: 66419.50
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Gblock CT219

DNA Sequence:

CACTCGAAGCAGGAGAGHARAGTAAAATTGTTCTGATCCAGCAACTGATCAAATGCAAATACGCGCTCTTTGC
GGCGCTGTTTCTGGCATCTTCTACGCTGTTCTGCTTTAGCCTCCCGTGCACTCCATTTAGCTTATTCTCTCTCG
ATCAAGACTATTTCGCTTGGAGGAAGCGCATTTTTTATTGCACGTGCGCTGGGTATGATCGTTAATCAAGTTGT
CTGCGCGATCGATAAGCGTAACCCCCGTACTCAGTCGOGBGTGRRET TTTAAGTATTAAGCATAGCAT
GTTACTCTTGACGCTGTGCTTAATCCTGTTCCTGAGTACGTGCTGGCTGTTTAACCCGCTGTGTTTTTCGTTAG
TTATCTACCTTAATCATGATTATCTACCCGTACACCAAACGCTTTACGTTCCTGTGCCACTGGATTCTGGGCCT
ATTATCTTGCTATTCTGATGAACTTTTTCGCAATCATTGAGACCCCGTCGTTTAGOLGBITCCTGCAT
GGGCATCAGTTTTGGTATGATCATTGCCGCCAATGACATCATCTATGCACTGCAGGACGTAGAATTTGACCAG
AAGGATTGTTCTCAATCCCTGCTCGCTTCGGGACTAAACAGGCGATTACCATCGCTAGCGCCAATCTGATCGC
GCCATCGCGTACTTGCTGATTGGCTACTTCGTGCCAAATAAAACCATCTTTTACTTATGCAGCCTGGTACCTTT
GCATTCTCCOBIAATCAAACATTACAGCCTGATCGACCCACGTGCTAAGAGTACCCTCCAACAAAACTTCTTTCT
GCAATCTGTCTCTGGGAATCGCATTTTTCGCCAACATGATTGGCCTGTTTCTGT TGIBFGCBATCCTG
CAACTCCACCAAG

Restriction siteNdey Sl

Translation Amino Acid Sequence

MSKIVLIQQLIKCKYALFAALFLASSTLFCFSLPCTPFSLFSLGSIKTISLGGSAFFIARALGMIVNQVVDCAIDKRNPRT
PTELLSIKHSMLLLTLCLILFLSTCWLFENPLCFSLAVLSTLIMIIYPYTKRFTFLCHWILGLVYYLAILMNFFAIIETPSFSL
LLGISFGMIIAANDIIYALQDVEFDQKEGLFSIPARFGTKQAITIASANLIASAIAYLLIGYFVPNRTIRMYCSLVPLTGIL
SLIDPRAKSTLQONFFLGNLSLGIAFFANMIGLFLLRGIL

Full Lengthg, pl 6.58

FW: 65354.40

161



Gblock CT220

DNA Sequence:

CACTCGAAGCAGGAGAGHARAAACGCTATGTTGTCGGTATCAGCGGTGCTAGCGGTATCGTGTTGGCGGTAA
CATTAGTGTCAGAGCTGGCCCGTTTAGGTCATCATATTGACGTTATCATBTBABSAACTGTATATTA
TGAGTTGGACACGAAGTCCTTTTTGAGCACTATTCCGCAGAACTTTCATAATCAAATCGTGTTACACCACATCT
ATTGAAAGCTCAGTGAGCTCCGGGTCTAACACAATTGACGCAACCATTATTGTTCCGTGCAGTGTCGCCACAG
AGCAATCTCCTGTGGCTTGGCAGACAATCTTTTGCGTCGCGTTGCGGATGTGGCGCTGAAGGAGAAGCGCCC
TTTGGTTCCTCGTGAGGCCCCGTTGTCAGCGATCCATCTGGAAAACCTTCTGAAATTAGCACAAAATGGCGCC
ATTTTGCCTCCAATGCCGATCTGGTACTTCAAACCTCAAACCGCCGAAGACATCGCGAATGATATTGTAGGTA/
CTTGCTATCTTACAATTAGATAGCCCATTGATCAAGCGTTGGGARBBISCRAMGIAACTCCACCAAG

Restriction siteNdey J1Y

Translation Amino Acid Sequence
MKRYVVGISGASGIVLAVTLVSELARLGHHIDVIISPSAQKTLYYELDTKSFLSTIPQNFHNQIVLHHISSIESSVSSGS
NTIDATIIVPCSVATVAAISCGLADNLLRRVADVALKEKRPLILVPREAPLSAIHLENLLKLAQNGAVILPPMPIWYFKP

QTAEDIANDIVGKILAILQLDSPLIKRWENPR

Full Lengtlg pl 7.83

FW: 20883.44

162



Gblock CT262

DNA Sequence:

CACTCGAAGCAGGAGAGHARACTTTCAGTGCCGCGTTCAGCCCTTGTCCGAATGRCIWTTAGTTCA
TTTTTGGAGAAACATAAGGGGTTTCCTTCGTTACGTCAAATCATGATTGCCGACATCTCCTCCTTGAACTACTA
CTGGAAACTCGCTTCCCACTTATCAAGATCTCTGCGTCGCTTTACCCTCAGATCGCGGACAGCTATGATGTGC
GTGGGGACGACGTTAGGCTATAAAATCGGACCTCTGATTTTGAGCCGCCAGCTTGACTCGCCTCTTAAATCCT
CACACCTGGEBGACAACTACCGCGCACGCTCTGTGCCGCTTGTTCTATCCTCGTGCAGAATTGGTTCCAATGAL
ATCACGAGATTATTCCAGCAATCCTTTCAAATCGCGTAGACGGGGGGGCGGTGATTCACGAGGAACGCTTTT(
CCTAAAGATTTGTGCATCGTAGAGGACCTGGGCCAATTATGGGAGAAAACGTGGCACCTTCCTCTGCCTCTG!
CATTGTGATTTCTAAGAAGGTGTCAGATGSIBETIG TTAAACCATGCATTGCAGGAGTCCCTGAAAAAAT
CCTTGACGGATTCGGCACTGGCGATTCAGAAGGCGTCCGAGTACTCTCGTGATAAAAATCCGACCACTATCC
TTTATTGATACTTATGTAACCGAGGAGACCTTCAACCTTTCTTCGATTGGACGTCAGGCGTTTAGCACCTTGTG
GCTTGCCGTAAT/HllE.CCACCAACTCCACCAAG

Restriction siteNdey Sl

Translation Amino Acid Sequence

MTFSAAFSPCPNDIFLFRSFLEKHKGFPSLRQIMIADISSLNYYALETRFPLIKISASLYPQIADSYDVLNVGTTLGYKI(
QLDSPLKSLATPGETTTAHALCRLFYPRAELVPMKYHEIIPAILSNRVDGGAVIHEERFSFPKDLCIVEDLGQLWEKT
PLGCIVISKKVSDDDSYLLNHALQESLKKSLTDSALAIQKASEYSRDKNPTTIQHFIDTYVTEETFNLSSIGRQAFSTL)
NV

Full Lengtkg pl 6.38
FW: 28809.13

165



Gblock CT331

DNA Sequence:

CACTCGAAGCAGGAGACHAMACATACTCCCTTCTTCCGCACATTCATTCACCGCAAGACCTGCATGCATTGTCCCTT!
ACAAACTGCCTGTCTTATGCGATGAGATTCGTAACAAGATCATCGAATCCCTTAGCTTAACGGGAGGCCATCTTGCA
ATTTGGGAGGAGTAGAGTTGACGGTGGCATTACATTACGTCTTCAGCTCTCCTGATGATCAATTCATCTTTGACGTTC
TCAGAGCTATGTTCATAAATTATTAACAGEGRAGEBAAGCATTCAGTAATATCCGTCACGATAACGGGTTGTCAGG
TTTCACCACTCCGCAGGAAAGCAACCACGACATCTTTTTTAGCGGCCATGCTGGTAACGCTCTGTCGCTGGCACTTC
GCAAAGGGGTCGTCCAATTCCAGTTCACATATCTTGCCGATTTTAGGAGACGCAGCATTCTCTTGTGGCTTAACGTT
GCCTTGAACAATATTCCAGCAGATTTAAGCAAATTTATGARTGRTARTCAAATGTCCATCAGCGAAAACGTGG
GCAATATCCCACAAGGTATCTCTCACTGGATGTACCCGCAGAAGATCAGTAAATTGTCCCAGAAAATCCATAGCTGG
AGAACCTGCCTAGTTTCTTACACAAAAAGAAGACTTTGAGTCACAAGGTTGATATCGCATTGAAGTCCCTGAGTCAC(
TTTCGAACAATTTGGCCTTCACTATGTCGGTCCGATCGACGGGCATARTEBI PMYAABCACTTCAGATGAT
TAAGGATCAGCCTCAACCTATTTTGTTTCACGTGTGTACAGTAAAAGGCAACGGTTTGGCTGAGGCGGAGCGCGAC
TCGCTACCACGGAGTAAAGGCTCATTTCCAAAATACATCACTGAAAAAAACGTCTGGTAACGTTGAGCTGCAGACGC
TTCGTTTCCACAACACGCGGGTAACATTCTTTGCCGCTTGGGGAAGAAATACCCGCAGTTATAERIGTGA
GAGTTTGGGTAGCTGCCTGGAGGACTTCCGCAAGCAGTTCCCGGACCGCTTTACCGACGTAGGCATCGCCGAGGG
CCGTCACATTTAGTGCAGGTATTGCACGTAGTGGGACCCCGGTATGCTGTTCCATTTACTCTACCTTCTTACACCGC
GGACAATGTGTTCCACGATGTCTGCATGCAAGAGCTTCCTGTTATTTTTGCAATTGATCGTGCTGGATTAGCCTTTC/
GGACGTTCACACCATGGAATCTACGATTTGGGATTTTTGTGCTCCATGCCGAACATGGTAATTTGTCAACCTCGCAAC
TGGTATTAGAGCGTCTGTTTTTTTCGTCACTTTTATGGAAGTCACCTTGCGCGATTCGCTATCCTAATATTCCGGCCA
AAAGCTAGTAACTCATTTTTTCCGTTCAGCCCGATTTTGCCTGGAGAAGCGGAGATCCTGTGCCAAGGTGACGATTT
CTTATTGCTTGGCCACATGTGTAACACTGCTCTTACAGTCAAGGAACATCTTCTTGACTATGGCATCTCGACCACTGT
AGACCCTATCTTCATCAAACCTCTTGACCGTAAGCTTTTACAATCATTGCTGACACACCACTCAAAAGTTATCATTCTC
AGCATTCTATTCACGGGGGTCTTGGGTCCGAATTTTTGCTGTTCTTGAATCAGCATAACATTAAGGCGGATGTGTTG
AGGGGTGCCGGATATGTTCCATCATGGCAACCCTGAGACAATCCTTAATTTGATTGGTTTGACTAGTGACCATATCAC
CAACGCATCCTGTCCCACTTTAAATTCTCTACACCAATTCCGATTGAGCG-ZKCWTCCACCA

AG

Restriction siteNdey 51y

Translation Amino Acid Sequence

MTYSLLPHIHSPQDLHALSLDKLPVLCDEIRNKIESISHNITE®HL TVALHYVFSSPDDQFIFDVGHQSYVHKLLTGRN
TEAFSNIRHDNGLSGFTTPQESNHDIFFSGHAGNALSLALGLAKGSSNSSSHILPILGDAAFSCGLTLEALNNIPADLSKFIN
QMSISENVGNIPQGISHWMYPQKISKLSQKIHSWIQNLPSFLHKKKTLSHKVDIALKSLSHPLFEQFGLHYVGPIDGHNVKK
ALQOMIKDQPQPILFHVCTVKGNGLAEAERDPIRYBEVRKIKTSGNVELQTPISFPQHAGNILCRLGKKYPQLQVVTPA
MSLGSCLEDFRKQFPDRFTDVGIAEGHAVTFSAGIARSGTPVCCSIYSTFLHRAMDNVFHDVCMQELPVIFAIDRAGLAFF
HHGIYDLGFLCSMPNMVICQPRNALVLERLFFSSLLWKSPCAIRYPNIPANEKASNSFFPFSPILPGEAEILCQGDDLLLIAL
NTALTVKEHLLDYGISTTVVDPIFIKPLDRKLISEMIITBHHSIHGGLGSEFLLFLNQHNIKADVLSLGVPDMFIPHGNPETI
LNLIGLTSDHITQRILSHFKFSTPIPIERFFKA

Full Lengtrg pl 6.77

FW: 70725.51

164



Gblock CT366

DNA Sequence:

CACTCGAAGCAGGAGAGHARGTAAGCTCAAACCAGGACTTGCTGATCTCGCCATCAATTCCGTACGGCGAAA
TCGCGGTACCGCCGTCCAAATCGCATTCATTACGCGCGATCCTTTTCGCATCTTTGAGTAAGGGCACATCCAT
AAAACTGCCTTTTTTCTCCAGACTCTCAAGCCATGCTTACCGCCTGTGAGAAAATGGGAGCTCACGTACGTCG
GTGATTCGTTGCATATTCAAGGGAATCCAGACCCTCAT@NCKTRLTT TCACATGGGTAACTCAGGAA
TCGCATTACGTTTCTTGACCGCTTTATCGACTCTGAGTCCGACGCCTACTTTGATCACGGGTTCTCACACTCTT
CCGCCCAATCGCGCCGTTACTTAGTTCATTGAAGCAGTTAGGTGCGCATATCCGTCAAAAAACGTCCTCCTCT
GTTTACCATCCACGGGCCATTGAGTCCTGGTCATGTGACGATCTCTGGACAGGATGGTRAGASCGCTTC
CGATTACTGCAGCCTTGGCCCCTTACCCGTTGTCTTTCTCTATTGAGAATTTGAAGGAGCGCCCGTGGTTCGA
CTCTTGATTGGTTACACTCGCTGAATATTTCCTTCTTACGTGATCAAGATTCTCTGACATTTCCAGGAGGGCAA
GGAGTCCTTCTCATATTCCGTCCCGGGTGATTATTCTTCCGCCGCATTTTTGGCATCCTTTGGGTTATTGAGTT
TCCAAGCCGATTTTGCGTAACCTGTCGTCCCAGGACTCCCAAGGGGACAAGCTGCTTTTTTCATTATTGAAAC
CTTGGCGCTCACATTCTGATTGGAAAGCACCATATTGAAATGCACCCTTCGAGTTTTAGTGGGGGGGAAATTG
GGACCCTTTTATTGATGCCCTGCCTATCTTGGCCGTCCTTTGTTGTTTTGCTAAGAATCCATCGCGCCTTTATA
TTGGGAGCCAAGGACAAGGAGTCAAATKEBTAGTCGCGCATGAGTTACAGAAGATGGGTGGAAGTGTA
CACCCGACCCGTGATGGTCTGTATATTGAGCCAAGCCGTCTTCACGGGGCAGTGGTGGATTCACATAACGAT
CATCGCAATGGCCCTGGCGGTAGCGGGCGTCCACGCATCAAGTGGGCAGACTCTTTTGTGTAACACGCAATC
ACAAATCATTCCCATATTTCGTCATCGCAGCCCAGACATTGCATGCCAATGAAGGTGATTACCCACT
GCGTTCGTCGTTTTGHBEMACCACCAACTCCACCAAG

Restriction siteNde Y

Translation Amino Acid Sequence

MVSSNQDLLISPSIPYGEIAVPPSKSHSLRAILFASLSKGTSIIENCLFSPDSQAMLTACEKMGAHVRRIGDSLHIQGN
HCHPRYFHMGNSGIALRFLTALSTLSPTPTLITGSHTLKRRPIAPLLSSLKQLGAHIRQKTSSSIPFTIHGPLSPGHVTI
QYASALAITAALAPYPLSFSIENLKERPWFDLTLDWLHSLNISFLRDQDSLTFPGGQSLESFSYSVPGDYSSAAFLAC
SSKPILRNLSSQDSQGDKLLFSLLKQLGAHILIGKHHIEMHPSSFSGGEIDMDPFIDALPILAVLCCFAKNPSRLYNAL
KESNRIEAIAHELQKMGGSVHPTRDGLYIEPSRLHGAVVDSHNDHRIAMALAVAGVHASSGQTLLCNTQCINKSFP
AQTLHANVRHYQADFPLRSSFCR

Full Lengtkg pl 8.37

FW: 47786.59

16¢



Gblock CT367

DNASequence:

CACTCGAAGCAGGAGAGHERCCGACTTTTGACACAACTAAGCAGATCTTTCTTTGCGGCCTGCCTTCGGTAGG
AAAGACTTCATTTGGTCAACACTTAAGCCAATTTCTGTCGCTGCCGTTTTTTGATACCGATCACCTGCTGTCCG
TTTCATGGTGACTCCCCGAAAACCATCTACCAGCGTTATGGAGAGGAAGGTTTCTGCCGCGAGGAGTTTTTGC
GACCAGTGTBAGTCATTCCGTCTATTGTCGCGCTGGGCGGGTGTACCCCGATCATTGAACCGTCATACGCCC,
TTCTTGGGCGTAACTCCGCACTGCTTGTGCTTTTAGAACTTCCAATCGCCACGCTGTGCCAGCGTCTGCAACA
GTATTCCTGAGCGTCTTGCACACGCCCCATCCCTGGAGGACACGCTGTCGCAACGCCTTGACAAGTTGCGCT
ACGAGCAACGCCTTCTCACTTCGTGCCGRAMEAGGCAGTTATGCGCGATTGCCAGTCATTCTGCTTGCGC
TTCCTTTCCACCAAGGAGTCGTCATBIBBSECACCAACTCCACCAAG

Restriction siteNdey JG1Y

Translation Amino Acid Sequence

MPTFDTTKQIFLCGLPSVGKTSFGQHLSQFLSLPFFDTDHLLSDRFHGDSPKTIYQRYGEEGFCREEFLALTSVPVII
GCTPIIEEPSYASRNSALLVLLELPIATLCOQRLQHRSIPERLAHAPSLEDTLSQRLDKLRSLTSNAFSLRAETSSEAVMF
SFCLRFLSTKESSYA

Full Lengtlg pl 6.29

FW: 20512.59

16¢



Gblock CT368

DNA Sequence:

CACTCGAAGCAGGAGAECHKARCATAACCAATATGGTTCAATCTTTTCCATCACTACATGGGGGGAAAGCCACG
GTCCGGCTATTGGAGTTGTAATTGATGGATGCCCAGCCGGATTATCGTTGAGTCCTGAAGACTTCTTGCCTGC
GCTCGTCGCCGTCCTGGCCAATTACATACCTCGCCGCGCCAGGAACCGGATTTGGTTACGATCCTGTCAGGA
TCAAAATAAGACGACGGGGACCCCTATTTCGCTTTTGATCGRABRGAGGECTTCGTCTTATGAGCAAC
TTCAGCACTGTTACCGCCCTGGGCACGCCCAATTTGCTTACGAAGGAAAATACGGGTTTGCCGACAACCGCG
GGCCGTGCGAGCGCTCGTGAAACGGCCTCACGTGTGGCAGCGGGAGTAATTGCAAAGAAGATCTTGCTTAGK
GCATTGAGACTCTGGCGTTTTTATCAGGGTTCGGAACTTTGGAGTCGAAAAACTACCCGAABCTTTCTGACAG
ATCCAACAGGTCCACACAAGCCCTTTCTACACTCTTCTGCCTCAGGAGGAAATTCAAAACTTGCTTCTTTTAAA
GACGACTCGTTTGGTGGGGTAGTCTCATTCATTACTTCGCCGTTGCCGATTGGATTGGGAGAACCAGTATTCG
GCTTCCTGCTCTTTTGGCAGCCGCAATGATGAGCATTCCAGCAGCTAAGGGGTTCGAAATCGGGGCAGGATT
CGTCCCAAATGACGGGCAGNGCTGGACGCATTCATCGCAGATGAGTCGGGTGTGTCTCTGCAAAGTAACCGT
TGTGGTGGCGCATTAGGAGGTATCTCAATCGGTCAGCCACTTGAAGGGCGTGTCGCCTTTAAACCGACATCG
TAAAAAACCGTGCAGCTCGGTCTTGAAAGATGGTACATTGATTGCGTACCGCACTCCGAACCAAGGTCGTCAC
CGTGCGTTGCAATCCGCGCTGTCGCTGTTGTGGAGGCCATSCTGIRETCGATCTTTTACTTCAGCACC
GCTGCACACAABIBIEACCACCAACTCCACCAAG

Restriction siteNdey JG1Y

Translation Amino Acid Sequence

MHNQYGSIFSITTWGESHGPAIGVVIDGCPAGLSLSPEDFLPAMARRRPGQLHTSPRQEPDLVTILSGVYQNKTTG
LIENKDVSSSSYEQLQHCYRPGHAQFAYEGKYGFADREGCSERASXGVIAKKILLSQRIETLAFLSGFGTLESK
NYPKLSDSLIQQVHTSPFYTLLPQEEIQNLLLLNPDDSFGGVVSFITSPLPIGLGEPVFGKLPALLAAAMMSIPAAKGF
GFSSSQMTGSAYLDAFIADESGVSLQSNRCGGALGGISIGQPLEGRVAFKPTSSIKKPCSSVLKDGTLIAYRTPNQC
VAIRAVAVVEAMLDLTLVDLLLQHRCTQL

Full Lengtlg pl 7.05

FW 36045.06



Gblock CT369

DNA Sequence:

CACTCGAAGCAGGAGACHABATCGAGCTTGTCACTGATAGTCCGCACCCGATCCACTTAGTAGATAGTTTGCA
GAACCCGAAATTATTTGCTTCTCTGAGTACCGACTTCCCTTTAATCTTTATCACCAACACAAAGCTTAACGCGT
CTTCCGCCGTTGTTAGATCTTGCACGTAGCCTTGGTTTTAGCGTAGAGACTTTAACGATTCCTGAAGGGGAAG
GAAAACAGGTGATACATTCTTGAGTCTTCACCAACAACTTABBEGRECCGCGTCAAGCGACACTGATTG
GGGTCGGAGGGGGAGTTATCTTGGATATTGCTGGTTTTGTGGCTGCAACACATTGCCGTGGAATGCCGTTTA
ATTCCGACCACTCTGGTAGCGATGATTGATGCGTCTATTGGTGGTAAAAATGGCATCAATCTGAATCATATCAA
TCGTATTGGATCGTTCTATCTTCCGAAAGCCGTTTGGATCTGTCCGCGCAAGTTGAGTEHGAGTGECCTCAGCA
TCATCACGGAATTGCTGAATGTATTAAACACGCCTACATCGCTGACTCAGCGATCCTTCCGTTACTTCAGGACC
TGCCCTTAAGAAGGAAGATAAACTTTCCTTACTGATCAAAAAAAATTGTTTGTGTAAAGCGAGCGTAGTGCAAC
ACGTCCGTGACTATGCGAAGCGTCAGATCCTTAACTTCGGACACACTCTTGGGCATGCGCTGGAAATGTTGTT
GGAAAGATCCCACACAREEIGCTATCTCCGTCGGCATGGTGCTGGAAACCAAATTGTCGCTGTCCCTGGGTGTG(
TCGTTCACCAGCGATCCTGCACAGCTTGATTCAAGACTTATTACGCTACCAGCTGCCGGTCAGCTTAAAAGAC
TATGCGCGCGCAAATTCCTCCTCACAATTGTGATCAGATCTTATCGGCATTGACGTATGATAAGAAAAAACAAA
CCCCTTTACCGCCTTTTGTAATGATCGAAGAGATTCEGGCTTCTGITTGATGGTCGTTTTTGTCAGACTATCTC
GAAACATATTTTAACCAAAGTATTAGAGGAGGAGTTTTATGCCAT‘L\GCAECAACTCCAC CAAG

Restriction siteNde ZTs

Translation Amino Acid Sequence

MIELVTDSPHPIHLVDSLQNPKLFASLSTDFPLIFITNTKLNALILPPLLDLARSLGFSVETLTIPEGEETKTGDTFLSLH
LNVPRQATLIGVGGGVILDIAGFVAATHCRGMPFIAIPTTLVAMIDASIGGKNGINLNHIKNRIGSFYLPKAVWICPRKL
PQQELHHGIAECIKHAYIADSAILPLLOQDPNALKKEDKLSLLIKKNCLCKASVVQQDVRDYAKRQILNFGHTLGHALEI
GKIPIBCAISVGMVLETKLSLSLGVARSPAILHSLIQDLLRYQLPVSLKDLYMRAQIPPHNCDQILSALTYDKKKQNTPL
VMIEEIGLAASFDGRFCQTISKHILTKVLEEEFYAMHNNLDLTLVDLLLQHRCTQL

Full Lengthkg pl 7.67

FW: 41153.30

16¢



Gblock CT370

DNA Sequence:

CACTCGAAGCAGGAGAGHERCTGTGCACCACTATTAGTGGGETCT TGAGGCTAAAAAGCAGATCTT
ACGCTCATTAAAAGAATGTCATTGTTTTGAAATGCGCGTTGACTTACTTAGCGTCAGTTGTTTAGAATTGAAAA/
GATGGAGTTAGCTCCTATCTCCATTTTAGCCTGGAAGAAGCCTGAGAGTTGTAGTCAAGCGGACTGGATCGAC
ATGCAAAGCCTTGCTGAGCTTAATCCTAATTATCTGGATCTGGAAAAAGACTTTCCTGAAGARGACATGATTCG
CGCCAATTACACCCTCAGATCAAAATTATCCGTTCATTACACACTTCCGAGCACACTGATATTATCCAACTGTA!
ACATGCGTTCATCAGCGGCGGATTACTATAAATTCGCCGTCAGTAGCTCTTCGACCACGGACCTGTTGGACAT
ATCAAAAACGCTCCTTACCTGAGAATACAACGGTCGTTTGTTTAGGCGGCATGGGACGTCCGTCCCGTATTCT
CGATTTTGCAGAACATATCTACGCACGCTCGACGGGGTCTAGTCCGGTCGCACCGGGGCAGTTTTCTCTGAL
CACCATTATTTCTACAATTTCGCCTCGCTTTCAGCCCAAAGTCCTATTTGCGCTCTTATCGGCGACACCAGTCG
TCGGACACCTTACCCACAACCCATTTTTCTCTCAGCTTGGTGTCGCTTGTCCGTATATTAAGCTGCCATTAACA
AGAACTGCCGAAATTCTTTAGTACAATCCGTAUTTAAGGGTGTTAGTGTTACCAGTCCTCTGAAAACAGC
CGTCTTACCGTTTTTAGACAAACAGGCACCGAGCGTAAAAGCATCGGGATCCTGCAATACGTTGGTGATCCGT
GGGAGATTGAAGGACACGACACGGATGGGGAAGGCCTTTTTTCTGTCTTAATGCAGCATCAGATTCCACTTAA
CAACGCGTCGCTATCATCGGTGCAGGTGGTGCGGCTCAGTCCATTGCAACRIG AEDGSGEBATT
GTTAATTTTTAACCGTACCAAAGCCCACGCAGAGGATTTAGCGTCTCGCTGTCAGGCAAAGGCCTTTTCGCTT
AGCTTCCTCTTCATCGTGTCAGTCTTATCATTAATTGCTTACCTCCTTCTTGCACTATCCCAAAGGCTGTAGCAC
GTGGTCGATATCAATACCATCCCGAAACACTCAACATTCACCCAATATGCACGTTCTCAAGGCTCTTCGATCAT
GGCCATRATGTTCACCCAGCAGGCCCTTTTGCAATTTCGCTTATGGTTCCCAACGCTGTCCTTCAAGCATTTA
AAAACGTTCATCCGCCGTGCAGCCGTGCTGGCATCATTATTTT BiBMBGCACCGACTCCACCAAG

Restriction siteNdey ZTe

Translation Amino Acid Sequence

MLCTTISGPSFLEAKKQILRSLKECHCFEMRVDLUSMIGAHBKIMAWKKPESCSQADWIDKMQSLAELNPNYL
DLEKDFPEEDMIRIRQLHPQIKIIRSLHTSEHTDIIQLYAHMRSSAADYYKFAVSSSSTTDLLDICHQKRSLPENTTVV(
MGRPSRILSPILQNPFTYARSTGSSPVAPGQFSLKHHYFYNFASLSAQSPICALIGDTSRSIGHLTHNPFFSQLGVAC
LTPQELPKFFSTIRTQPFLGVSVTSPLKTAVLPFLDKQAPSXRASEHIBHDTDGEGLFSVLMQHQIPLNNQ
RVAIIGAGGAAQSIATRLSRANCELLIFNRTKAHAEDLASRCQAKAFSLEELPLHRVSLIINCLPPSCTIPKAVAPCVVI
KHSTFTQYARSQGSSIIYGHEMFTQQALLQFRLWFPTLSFKHLEKTFIRRAAVLASLFSIAP

Full Lengtlg pl 8.82

FW: 53097.54



Gblock CT382

DNA Sequence:

CACTCGAAGCAGGAGAGHARGGGAAGAAACGCGTACCATTGCCTCATGTATTCAACAGTAACCGCTCGCCGG
TTATCCGCCTGTCCGAGACTGTTAGCATCGGTGGCGGTACGCCGATCATCATTGCCGGTCCATGCACCTTAG!
CAGGAACACGCCATCACATTAGGCCTGCAAGTTAAGTCTGCTGGTGCTCACATCTTTCGCGGATCAATCCGC/
GCGTACAAATCCTCACTCCAGBIAGGCCTCCAGATCACGTCGTTTGGCATTCACGCGCCAAGGCTGTACATGC
TCTTCTTACTGAGACTGAGGTCTTGGATGTCCGCGACGTTGAGATCACAGCAGAACATGTGGATCTTTTACGC
GAGCTCGTAATATGCAAAATTTCGTTCTTTTAGATGAGGTAGGGCAGTCCCATCGCCCTGTCATCCTTAAACG(
CGTCAGCCACCATTTCAGAATGGCTTAGTGCTGCTGAEPEIAGEITTCTTGTCCGGGTGTAATTTTAT
GCGAACGCGGGATTCGCACGTTTGAAACGACTACCCGTTACACACTTGACTTAAACACCGTTGCCTGGATCA/
GAGACTAGCTTGCCGGTTATCGTAGATCCGTCACACGCCAGTGGTCGTCGTGATTTAGTACTTCCACTTGCTC
GCAATTGCTCTTGGCGCTGATGGGTTAATGATTGAAGTGCATGAGCACCCAGAGTTGEUGITATGTGACG
ACATATCTTACCTTGTGAATTAGAAGAGTTAGGGTTATGGGTCCAAGAGGTTGGGTCCCTGGAAACGGGTGCT
TTCGTHBYBA CCACCAACTCCACCAAG

Restriction siteNdey Sl

Translation Amino Acid Sequence
MGKKRVPLPHVFNSNRSPVIRLSETVSIGGGTPIIAGPCTLESQEHAITLGLQVKSAGAHIFRGSIRKPRTNPHSFQC

PPDHVVWHSRAKAVHGLLTETEVLDVRDVEITAEHVDLLRVGARNMQNFVLLDEVGQSHRPVILKRNPSATISEWL
EYLLQHASCPGVILCERGIRTFETTTRYTLDLNTVAWIKKETSLPVIVDPSHASGRRDLVLPLARAAIALGADGLMIEV

HPELALCDGSQMIELEELGLWVQEVGSLETGAVFV

Full Lengthg, pl 6.26

FW: 30461.01

17C



Gblock CT426

DNA Sequence:

CACTCGAAGCAGGAGALCHABNCGACCTTGCCTGCACGCATTTTGCCGAAATCCGCGTGCCTGAAGACCCTTTT
CGATGACTATCTGTCGGGAGCTCGCCTTAGCGAAGAGCAAGCCCTTCAGTTGCTTTTGGTAGACGCAGAGGA
CAAGCACTGTGGAGTTTTGCGGACCTTATTCGCGCCAACCGTGTGGGTGATACTGTATTTTATAGTAGTACGC
CCTTTACCCTACAAATTTCTGTCAATTCAATTGTACCTTTAGITGBAGUCGGGCAACCCTACTGGTTGG
TTCTTTACCCCGGATCAACTGGTACAATCAATCAAGGAAAACCCTAGTCCGATTACGGAAACCCATATCGTAG(
TTGTTATCCTTCCTGCAACTTAGCATATTATGAGGAGTTGTTTAGCAAGATTAAGCAGAACTTCCCAGACTTGC.
TAAAGCCCTTAGTGCAATTGAATACGACTATTTATCTAAATTGGATAATCTTCCGGTGAAGGBEBGTTATGCA
TCGTATTGCCGGCTTAGACTCCATCCCGGGCGGAGGAGCAGAAATTCTTGTGGATGAAGTTCGTGAAACACT(
CGTGGTCGCCTTTCTAGCCAGGGTTTCTTGGAAATTCACGAGACTGCACATTCACTGGGCATTCCTTCCAACG
ATGTTGTGTTATCATCGTGAAACGCCGGCCGACATTATGACCCACATGTCCAAGCTGCGTGCCTTACAAGACA
AAGTGGCTTTAAAAATATIO TGCTGAAGTTCGCAAGCGAAAACAACGCACTGGGCAAACGTCTGCACAAAATGA
CCTCACGTCACAGTATTCCTCCAGCCACCATTATTGCAGTAGCACGTCTTTTCTTGGACAACATCCCAAATATC
CTTGTGGAATTATTTAGGCTTGGATGTTGCACTTCATCTTTTGTCTTGTGGTGCTAACGATTTATCATCTACCCA
GGAGAAAAGGTATTTCGTATGGCATCATCTCAGBANGEIUMNAGGATATCGAAGGTATGTCTCACCTTATTAT
CCAACACGGGCGCATTCCTTGCTTAGTCAACTCT/-HDGMCAACTCCACCAAG

Restriction siteNde ZTs

Translation Amino Acid Sequence

MTTLPARILPKSACLKTLFDDYLSGARLSEEQALQLLLVDAEDQQALWSFADLIRANRVGDTVFYSSTLYLYPTNFC
FCSFYRGNPTGWFFTPDQLVQSIKENPSPITETHIVAGCYPSCNLAYYEELFSKIKQNFPDLHIKALSAIEYDYLSKLI
VKEVMQRLRIAGLDSIPGGGAEILVDEVRETLSRGRLSSQGFLEIHETAHSLGIPSNATMLCYHRETPADIMTHMSKI
QDKTSGFKNFILLKFASENNALGKRLHKMTSRHSIPPATIIAVARLFLDNIPNIKALWNYLGLDVALHLLSCGANDLSS
GEKVFRMASSQEPIREGMSHLIIQHGRIPCLVNSKTV

Full Lengthg pl 6.63

FW: 41289.52

171



Gblock CT427

DNA Sequence:

CACTCGAAGCAGGAGAGHART TATCGCAGTTTCAGGATCGCTTAAACATTGGGTGCGTTCGCTATGTTAATGC
GTTGCCTTTCTCAAGTGGACTGAGTCAAGCCCCTGGTGTTAGTCTTCTGATGGACACACCTACGAATTTGGTC
ATTGTTATCCCGCGAGATTGATTATGCACTTACCAGCGTCGCCGCGACATTCAGCTCGCCTCTTCATCGCGTT
ATTTGGTATCGCAGCTTATAAGAAAATTCTTAGTGTCARIBTRIATUEAATTTTTTGCAAAAGAAGCCCCA
CATATCGCCGCCACCAAGGAGAGTCTGAGTAGTATTCTGCTGCTGCGCGTGTTATGCGAAAATTTATGGAACA
TTTCCCTTCGGTAACCTTATTAAGCAGTGATAGCATCCTTACACAAGCTGAGCACTATGACGCTTTGCTGCTGA
CGACACCGCTCTGCGCCATCCGATCATTCCGGGTTTTCACACCTACGACTTGGCABCHALATGG TACGA
AAAGCCATTCGTATTTGCGGGAATTTTGTCGCTGAGTTCGACAATCAGCTTCCAATTACAACAGGAGTTTTCTA
CCTTAATTATTTTCAGAACCACAAGGAAGATATTACGAGCAAAGCAGCAGCATTATTGAAATTGCCGGAAAGTC
TGCAGGAGTATTACACGCTTTGTCGTTATGAGTTGTCAGAAGAAGACTTCGCAGGACTTGAGCAATTTCGCGA
TACGATCGCCTTCAACAAGCCAAGTACCCGAACCATGTGCGCTTCTCATG HBBAGCATEAACT

CCACCAAG

Restriction siteNdey Sl

Translation Amino Acid Sequence
MLSQFQDRLNIGCVRYVNALPFSSGLSQAPGVSLLMDTPTNLVPKLLSREIDYALTSVAATFSSPLHRVSSFGIAAYI

SVNLHATSQFFAKEAPHIAATKESLSSILLLRVLCENLWNIPFPSVTLLSSDSILTQAEHYDALLLIGDTALRHPIIPGFF
ASWYDLTAKPFVFAGILSLSSTISFQLQQEFSSALNYFQNHKEDITSKAAALLKLPESLMQEYYTLCRYELSEEDFAC
DYYDRPQQAKYPNHVRFSCAYL

Full Lengtkg pl 5.88

FW: 30622.03

172



Gblock CT428

DNA Sequence:

CACTCGAAGCAGGAGAGHARACCGATTTCCACAACAAACCAAACATCCAAATTATGTTCGATTCCCTGGCTCC
TACTTACGACAAAATTAATGGAATCCTGTCCTTAGGCCTGCATATTGCTTGGAATAATGCGCTTGTTTCACTCC
CGAAACTAXCACCTGTTAGATCTGTGTGCCGGTACGGGACGCGTCGCGCTGTCTTATGTGCAGAATTATCCAC
CAAGTGCTACATTAGTGGACTTCTCCACCAAGATGCTTGAAAATGTACAAAAACGCCATCCTTCAGCACCGTTC
ACATCACGAGCGATGTCACCCACCTGCCGTTACCAGATAACACGTTTCGTCTGGCATCGATGGCCTACGGGC
AATTTATCCTACCCGCTGGAAGCGCTGEREBALGCGTCCTGCAGCCGGGCGGTCATCTGGGGATTCTGGA
ACTGACCCGGCCGGCCACCTATAACCCGGTGTATCTGCTTCATAAACTCTACCTGAACTTAGTCGTTCCTAGT!
GCGCTTCTATTCGGGCAATTCGTATGCTTATAGTTACTTGAAAGAGAGCATTCGTGATTTGCCTCGCGATGCAC
GGAGGCAATTTTCCATGCGGCCCACCTGCGTCCGATCCGTAAGCGCAGABIUGACGATTTGGA
TTCTGGAAABIBEBINCCACCAACTCCACCAAG

Restriction siteNdey JG1Y
Translation Amino Acid Sequence

MTDFHNKPNIQIMFDSLAPTYDKINGILSLGLHIAWNNALVSLLGETNHLLDLCAGTGRVALSYVQNYPRASATLVDF

KMLENVQKRHPSAPFSYITSDVTHLPLPDNTFRLASMAYGLRNLSYPLEALREVYRVLQPGGHLGILELTRPATYNF
KLYLNLVVPSVGRFYSGNSYAYSYLKESIRDLPRDAALEAIFHAAHLRPIRKRKLLFGTATIWILEK

Full Lengthg pl 9.36

FW 25842.90

17¢



Gblock CT434

DNA Sequence:

CACTCGAAGCAGGAGAGHARACCGAAATTCCATCCTCGTTCGTATTGCCAGATCCTGAGTGGATTTACCGTGT
CGGAATCGGCCAGGATTCGCACCGTTTCTTACCTGATGAGGACCCTAAGCCGTGTATCCTTGGGGGTATCAT
AAAATACACCGGGCTTTGAAGCAAATTCGGATGGCGACGTAGAATTUGMECGCTTTCTCAAGCGTC
ACGCACAAGGGGATTTTGGGCGGCCTGGCAGATGAGTTACTGAAGACGAAGGGTATCACTGATTCTGTGGTG
TTCAAGAAGCTGTTGCGTCACTGAAGCCTACGCAACGCGTAAGTCATTTGGCTATTACTATTGAAGGTAAACG!
AAACTTTTACCACAATTACCATCCATGCGCAAGCGCATCGCAGAGGTCCTTCATATTCCTCTRGATTCCATCAA
CAGCAACTTCTGGCGAAGGATTAACAGCAATGGGCCAAGGGTATGGCGTCCAGTGCTTTTGCGTCCTTACTA"
GAGTACTGCCG THlBliiA CCACCAACTCCACCAAG

Restriction siteNdey J1Y
Translation Amino Acid Sequence

MTEIPSSFVLPDPEWIYRVGIGQDSHRFLPDEDPKPCILGGIIFENTPGFEANSDGDVVFHAGEMAFSSVTHKGIL

DELLKTKGITDSVVYLQEAVASLKPTQRVSHLAITIEGKRPKLLPQLPSMRKRIAEVLHIPLDSINITATSGEGLTAMGC
VQCFCVLTIMEYCRY

Full Lengthg pl 5.49

FW: 19446.45

174



Gblock CT462

DNA Sequence:

CACTCGAAGCAGGAGACHABAACTTGTCGTGCTCCTTAGTTCTTCTTGGTGGAGGAAAGGGTGAACGCTTTA
ATTCGCTGCAGCCTAAACAATATACACACCTGTGTGGAGAACCACTTATCCTTCATGCTTTACACGCCTATCAA
ACCTTTTGTGCAGGAAGTGGTGGTTGTATGTGAAGAACAGTATCGCGAATTGTTTTTACCGTATTCCGTAAAGIT
GTCTCCAGGGACACTTCGTCAAGACAGTGTATTCTCGENMATAZBAACGCCTTGGGTTTGCATCCACG
ACGGTGTGCGCCCTTTCGTGTACGCCGATGAGGTCATTGAGGTCTGTAGTGCTGCCCGTAAAACTGGGGCAG
GTTGGCATCCCCTGCCACCTATACCATCAAATCATGTGCGCCGGTTCGCACGCTGGATCGCGACGCCTTGGC
TTCATACCCCTCAGTGCTTGGATACCGAAGTCCTGCGTGAGGGTTTACTTCTTGCCCGCBLARTGGATTTTAG
CTGACGACACTGAAGCGGCGGAACTGCTTGGCATCGAGCCGACATTGGTATTTTCCAACCGCGTGCAAATCA
CACCTATCCTGAGGATCTTTTATTCG CTGAAACGTTGCTTAGTAAGAGT'XGGIAEA‘AACTCCA

CCAAG

Restriction siteNdey JG1Y

Translation Amino Acid Sequence

MNLSCSLVLLGGGKGERFNSLQRICBEPLILHALHAYQRLPFVQEVVVVCEEQYRELFLPYSVKFASPGTLRQDSV
FSGLQQVSTPWVCIHDGVRPFVYADEVIEVCSAARKTGAAALASPATYTIKSCAPVRTLDRDALAVIHTPQCLDTEV

EGLLLARAMDFSLSDDTEAAELLGIEPTLVFSNRVQIKVTYPEDLLFAETLLSKSSTYK

Full Length pl 5.38

FW: 24167.80

17¢



Gblock CT767

DNA Sequence:

CACTCGAAGCAGGAGAECHARATGGGAAGTCCTGCTCGCACGTCCTTTCAGGAGGGACTTCGTTTGTTCTTGT
ATAGTCCTTTGGAAGAGTTACGCATCCACGCGGATAGTTTACGTAAGCAGCGTTACCCACAAAACACCATCAC
GTTCTTGACGCAAACCCTAACTACACAAACATCTGTAAGATTGATTGCGCTTTTTGCGCATTCTACCGCAAGCC
AGCTCGGACGCTTACTTACTTTCTTTTGACGAATTTCG TG PATGET CCAAGCCGGTATCAAAACT
GTTCTGCTTCAAGGGGGCGTGCATCCGCAAATTGGCATCGATTACCTGGAGACTCTGGTAAGTATTACAAAAA
GTTCCCGTCTTTGCACCCGCATTTCTTTTCTGCTGTCGAGATTGCGCACGCTGCTCAGATTAGTGGAATCTCC,
GCAGGCCCTGGAGCGCTTGTGGGAAGCGGGCCAGCGCACAATTCCTGGGGGCGGTGCGGBAATCCTTTCTC
TATCCGTAAACAGATTTCGCCGAAGAAAATGGGCCCAGATGGTTGGATTCAATTCCACAAATTAGCGCATCGT
GATTTCGTAGCACAGCAACTATGATGTTTGGACATGTAGAATCCCCAGAAGACATTTTGCTGCACCTTCAAACC
GTGACGCTCAGGACGAGAATCCAGGATTCTTTTCGTTTATTCCTTGGTCTTACAAGCCGAATAACACAGCACT(
CGCCGTGTCCCACACCAGTTETGAGTTATATTACCGCATCTTAGCAGTGGCCCGTATTTTTCTGGACAACTTC
GACCATATTGCGGCGTCGTGGTTCGGAGAGGGCAAGGAAGAAGGAGTAAAGGGGCTGTTCTATGGAGCGGA
TTTCGGCGGTACAATCTTGGACGAAAGTGTGCATAAATGTACGGGCTGGGATTTGCAGTCGAGTGAGAAAGA
TGCGCCATGTTGTTGCAGGCCGGGTTCACTCCGGTAGAGUGTANIBACCIGTTGAGCTTAGKCGC

BB\ CCACCAACTCCACCAAG

Restriction siteNde ZTs

Translation Amino Acid Sequence

MMGSPARTSFQEGLRLFLYSPLEELRIHADSLRKQRYPQNTITYVLDANPNYTNICKIDCAFCAFYRKPRSSDAYLL!
QLMQRYVQAGIKTVLLQGGVHPQIGIDYLETLVSITKKEFPSLHPHFF SAYEEQMARISVEAGQRTIPGG
GAEILSERIRKQISPKKMGPDGWIQFHKLAHRLGFRSTATMMFGHVESPEDILLHLQTLRDAQDENPGFFSFIPWSY
NTALGRRVPHQASPELYYRILAVARIFLDNFDHIAASWFGEGKEEGVKGLFYGADDFGGTILDESVHKCTGWDLQS
CAMLLQAGFTPVERDTFYRPLSLAR

Full Lengthg, pl 6.64

FW: 39857.45

17¢



Gblock CT804

DNA Sequence:

CACTCGAAGCAGGAGACHABRCACTTTCTTTCGCCAGCAAAATTAAACTTATTCTTACAGATTCTGGGACGCCG
CGAGGATGACTTCCACGAAATCGTTACCCGCTACCAAGCTATCGCATTCGGGGATCAGCTGTCCCTGAGCAT(
GCCGTGATTCCTTGCAAGTTATCAACGCTTGTCACTTGGAGACACCGTCGAACAGCATCTGGAAGAGTGTAGC
TTCCGCCGCTATACAGGCATTACCACTCCGGTCTCATGGCGTGTGGTAAAGCAAATTCCTGTGGGAGCCGGG
AGGGGGGTCAAGTAACGCCGCAACCGCACTTTTCGCTCTGAATCAAATCTTCAAGACTGGGCTTAGTGACGA(
ATGCGTAGTTTAGCGGAACAGTTAGGCGTGGATACTCCGTTCTTTTTCTCAACAGGCGCCGCTCTTGGAGTGC
TGGTGAAAAGATCATTGCGCTREWEI GTGTCTGATCGTTATGTCCTTTATTTTAGCAGCGAAGGTGTATTAA
CTTCACGCGCATTCGCCGCCGTGCAGCCATCCGATTGCTCTTCGCGTAAGAACTTGGAGTACACTCAAAACG
AAAAACCTGTCTTTCGTCTTCGCTTGGACTTGAAAGAAAAAAAGCACTGGCTTGAAAACTTGTGGGCTGAACTC
GTACATATCGGCCTTACCGGTTCTGGCGCCACTCTTTTTGIGAGATACKEGAGGAAGATCTTAGTTAC
GCTGCGCAGATCCAGCGCGCAGTTACCTTGAGTGGAGGGTTACTGACCAGCCCTATCCGCCGTGATCCAACT
GTATAGTATTTACAGCGAGAGTGCCTTAGC‘)@(C(TACCAACTCCACCAAG

Restriction siteNdey Sl

Translation Amino Acid Sequence

MHFLSPAKLNLFLQILGRREDDFHEIVTRYQAIAFGDQLSLSISSRDSLQVINACHLETPSNSIWKSVALFRRYTGITT
RVVKQIPVGAGLAGGSSNAATALFALNQIFKTGLSDEEMRSLAEQLGVDTPFFFSTGAALGVARGEKIIALEESVSD
FSSEGVLTSRAFAAVQPSDCSSRKNLEYTQNDLEKPVFRLRLDLKEKKHWLENLWAELPVHIGLTGSGATLFVRYF
LSYAAQIVTLSGGLLTSPIRRDPTAWYSIYSESALAAT

Full Lengtkg pl 6.00
FW: 31868.25



Gblock CT859

DNA Sequence:

CACTCGAAGCAGGAGAECHARCGTAAGATTATCTTATGCTCGCCACGCGGATTTTGCGCGGGGGTCATCCGCG
CTATTCAAACAGTGGAAGTAGCCTTGGAGAAATGGGGACGTCCGATTTACGTGAAACATGAGATCGTCCACAL
CCATGTGGTCGATAAATTACGCGAGAAAGGAGCTATTTTCATTGAAGATTTGCAGGAGGTCCCACGCAACTCC
TAATTTTTTCTGCCCACGGAGTGCCTCCGTCTGTCCGTGAABGEEUREMGAATCGCGATTGATGCT
ACCTGTGGCTTAGTTACAAAGGTCCATAGCGCAGTAAAGATGTATGCGAAGAAAGGATACCATATCATCTTAA
TAAGCGCAAACATGTTGAAATCATTGGAATCCGCGGTGAGGCTCCGGACCAGATTACGGTTGTAGAGAATATT
GAGGTCGAAGCTTTACCGTTCTCCGCTCAAGATCCACTTTTCTATGTGACGCAGACGACACTGTCTATGGACG
GCTGATATTGTCGCCGCATTGAAAGCACGTTATCCACGCATCTTCACTTTGCCGAGTTCGAGCATTTGTTATGC
CAGAACCGTCAAGGGGCATTGCGTAACATCTTGCCTCAGGTCGATTTCGTGTACGTGATCGGCGACACGCAG
GTAACTCTAATCGCCTGCGCGAAGTAGCAGAACGTCGTGGGGTTACAGCACGCCTTGTAAACCACCCTGATG
ACGGAAGAGATTCTGCAGTSITXATATCGGGATCACGGCAGGTGCAAGCACACCGGAAGACGTCGTCCAAG
CTTGCTTAATGAAGTTACAAGAACTGATCCCGGATTTGAGTATTGAAATGGACCTTTTTGTCGAAGAGGATACC
TTCCAGTTGCCTAAGGAMBHEECCACCAACTCCACCAAG

Restriction siteNdey Sl

Translation Amino Acid Sequence

MRKIILCSPRGFCAGMIRXEVALEKWGRPIYVKHEIVHNRHVVDKLREKGAIFIEDLQEVPRNSRVIFSAHGVPPSVR
EAEERGLIAIDATCGLVTKVHSAVKMYAKKGYHIILIGKRKHVEIIGIRGEAPDQITVVENIAEVEALPFSAQDPLFYVT(
SMDDAADIVAALKARYPRIFTLPSSSICYATQONRQGALRNILPQVDFVYVIGDTQSSNSNRLREVAERRGVTARLVN
VTEEILQYSGNIGITAGASTPEDYWEAQELIPDLSIEMDLFVEEDTVFQLPKEL

Full Lengthg pl 5.82

FW: 34208.42

17¢



Appendix 3: Sequence for all Gblock for the UbiE homolog

Gblock Bordetella pertussis UbiE

DNA Sequence:

CACTCGAAGCAGGAGAGHRARCAAACGCCTCACTCACAACCTGAATCTGCCCCGCAGGGCGAGCAA
TCCACGCATTTCGGCTTCCAAAGCGTACCGGAGGCGGATAAAGCACGCAAAGTGGCTGAGGTGTT
TCCGTGGCATCTCGTTACGACGTGATGAACGATCTCATGAGTGCTGGTTTGCATCGCGTCTGGAAG
TTACCATCGGCCGTGCTGCAGTGCGTCCGGGTATGAAAGTTCTGGATATCGCCGGTGGTACTGGT
TACCCGTGCCTTCGCCAAGCGTGCCGGTCCAAGCGGTGAAGTATGGCTGACCGACATTAATGAAAC
GCTCCGCGTCGGCCGTGATCGCCTTACAGATTCGGGCCTGTTAGTGCCCACGGCGGTGTGCGACK
ACGTCTCCCCTTTCCATCGCAGTACTTCGACCGCGTGTCCGTTGCGTTTGGCTTACGCAATATGAC
AGGATCGCGCGCTGGCAGAAATGACGCGCGTGCTGAAACOTGBCBEERATTGGAATTCT
CTCGCGTTGCGAAACCGCTTGCGCCAGCTTATGACTGGTACAGCTTCAACGTCCTGCCGTGGATGH
AAAGGTAGCTAATGATGAAGCCAGTTACCGCTACCTGGCCGAATCTATTCGTATGCATCCGGACCA
ACCCTCGCCGGCATGTTACGTGATGCCGGGTTAGATCGCGTGCAATACTTTAACCTGACAGCAGG
CAGCCCTGCACGAGGGTGTGCHIANBEENCCACCAACTCCACCAAG

Restriction siteNdeV 541

Translation Amino Acid Sequence

MQTPHSQPESAPQGEQSTHFGFQSVPEADKARKVAEVFHSVASRYDVMNDLMSAGLHRVWKAFTIGF
VRPGMKVLDIAGGTGDLARAFAKRAGPSGEVWLTDINESMLRVGRDRLTDSGLLVPTAVCDAERLPFP
DRVSVAFGLRNMTHKDRALAEMTRVLKPGGKLLVLEFSRVAKPLAPAYDWY SFNVLPWMGKKVANDE
RYLAESIRMHPDQETLAGMLRDAGLDRVQYFNLTAGVAALHEGVR

Full Lengtlt, pl 8.96
FW: 28476.57



Gblock Chlamydophila pneumoniae UbiE

DNA Sequence:

CACTCGAAGCAGGAGACHABAAAAATTCTGGAAATATCATGGAACCGAGTACCAATAAGCCGGAT
TGCAAAAAAATCTTTGATAGCATTGCTAGCAAATATGATCGTACTAACACTATCTTAAGTCTCGGCAT
CCATTTTTGGAACCGTTRATTCAGATCCTGGGCTCCGGCTACTCCCTGCTGGATCTGTGCGCCGGT
CCGGGAAAGTGGCAAAACGCTATATTGCCGCCCACCCTCAGGCCTCAGTGACGCTTGTGGATTTC
GGCAATGCTGGATATTGCTAAACAACATCTCCCTCAGGGTAGCTGCAGTTTTATCCATAGTGACATC
AGCTGCCGCTGGAGAACCATTCGTATCCCCTGGCTGCGATGGCGTACGGCUIGATEIRAATTTGAG
GCACAAAGCGCTGCAAGAAATTAGTCGTGTTCTCATGCCCTCTGGAAAACTGGGTATCCTGGAACT
CCGCCAAAAAAGACCCACCCCACTTATAGTGCGCACAAACTCTATTTACGCGCAGTTGTTCCCTGG
CAAATCTGTGAGCAAGGATCCGGATGCCTACTCATATCTGTCGAAAAGCATTCAGCAACTTCCGAA,
CATGATCTGGAAGACCTGTTTTCCAAATCGGBBIGCIHWAAAAGAAGAAGCTGTTCCTGGGCG
CGGCAACGATTTGGCTCCTGGAA”GCACCAACTCCACCAAG

Restriction siteNdeV 541y

Translation Amino Acid Sequence

MKNSGNIMEPSTNKPDCKKIFDSIASKYDRTNTILSLGMHHFWNRSLIQILGSGYSLLDLCAGTGKVAKR
HPQASVTLVDFSSAMLDIAKQHLPQGSCSFIHSDINQLPLENHSYPLAAMAYGLRNLSDPHKALQEISRV
SGKLGILELTPPKK

THPTYSAHKLYLRAVVPWIGKSVSKDPDAYSYLSKSIQQLPKDHDLEDLFSKSGFYIAKKKKLFLGAATIV
Q

FullLengthg pl 9.42
FW: 26382.58

18C



Gblock Escherichia collbiE

DNA Sequence:

CACTCGAAGCAGGAGACHa®
GTCGATAAATCTCAGGAAACTACGCATTTCGGGTTTCAAACGGTGGCCAAAGAACAGAAAGCTGAT
GTCGCCCATGTGTTCCACTCAGTTGCGTCAAAGTATGACGTTATGAACGATCTGATGTCGTTTGGTA
TCGTCTGTBBACGCTTCACTATTGACTGTAGTGGGGTCCGCCGTGGCCAAACGGTATTAGACCTTC
GGTGGCACAGGTGACCTGACCGCGAAATTCAGCCGCCTTGTGGGCGAAACGGGCAAAGTGGTTC”
CGACATTAACGAAAGCATGCTGAAAATGGGCCGCGAGAAACTGCGTAATATCGGAGTGATTGGCA/
AGAATACGTGCAAGCAAACGCAGAAGCACTGCCATTTCCGGACAATAGARCKAATAGTA
TTCGGCCTCCGCAACGTGACGGATAAGGATAAAGCCCTGCGTTCCATGTACCGCGTGCTGAAACCH
GGCCGTCTGCTGGTACTCGAATTCTCTAAGCCGATTATTGAACCGCTGAGCAAAGCGTACGACGL(
GCTTCCATGTGCTGCCGCGTATCGGCTCTTTAGTTGCCAACGACGCCGATTCATATCGCTATCTCG
TCGATCCGTATGCATCCGGATCAAGATABGSCPBAAGATGCAGGACGCAGGCTTCGAAAGCGTG
GACTACTACAACCTGACGGCGGGCGTTGTAGCGTTGCACCGTm@#}GEF\ACTCC

ACCAAG

Restriction siteNdeV 541

Translation Amino Acid Sequence

MVDKSQETTHFGFQTVAKEQKADMVAHVFHSVASKYDVMNDLMSFGIHRLWKRFTIDCSGVRRGQTV
AGGTGDLTAKFSRLVGETGKVVLADINESMLKMGREKLRNIGVIGNVEYVQANAEALPFPDNTFDCITIS
NVTDKDKALRSMYRVLKPGGRLLVLEFSKPIIEPLSKAYDAYSFHVLPRIGSLVANDADSYRYLAESIRME
TLKAMMQDAGFESVDYYNLTAGVVALHRGYKF

Ful Lengthg pl 7.77
FW: 28073.21

181



Gblock Helicobacter pylori UbiE

DNA Sequence:

CACTCGAAGCAGGAGACHa®
AAGAAAGAAAAACACCTGAAACAGGAAAAAATTATCAACATGTTCGACGATATCGCATCCTCTTACG
AGGCGAACCGCCTGATGTCCTTCGGTCTGGACGTAAAATGGCGCCAGCGTGCATGCGAACATGCC
TGTTCCTGGAGAACAAAAAAGCCCTGCGCCTGGTTGATGTAGCCTGCGGCACCGGTGACATGCTG
CGTGGCAGAAATCCGCACTGAACTGTACCATCGAATTCARAGBBAGTGATCCGTCTAACAA
CATGCTGGAACTGGCCATCAAAAAATGTGAAGAGCTGGAAAACAAGATCAGCTTTATCCAGGCTCA
AAAAGACCTGAAAGGTATTGAAAACAACTCCGTTGATATCCTGTCCATTGCCTACGGCCTGCGCAA
GTTGAGCGTCAGGAAGCACTGAAAGAATTCTTTCGTGTTCTGAAACCTCGTGGCGTACTGGTAATC!
AGTTCCTGAAAAAGGACAACCOMRELTGGATAAGATCTCCGGTTTCTACACCAACAAGGTTCTGCC
TCTGGTTGGTGGTGCGATTTCTAAAAACTACGGCGCGTACTCCTACCTGCCGCAATCTATCGAAGG
TGTCTCTGGAGTCTCTGAAATTTGAACTGAAAAACGCGGGTTTCGAGATTCTGCGCACCGAAGACT
CGCGCAGATCTCCACTACGATGCTGGTCC‘AGICQCCAACTCCACCAAG

Restrition site: NdeV 541y

Translation Amino Acid Sequence

MKKEKHLKQEKIINMFDDIASSYDQANRLMSFGLDVKWRQRACEHAFLFLENKKALRLVDVACGTGDM|
WQKSALNCTIEFKECLGIDPSNNMLELAIKKCEELENKISFIQAQAKDLKGIENNSVDILSIAYGLRNIVERC
KEFFRVLKPRGVLV

ILEFLKKDNPTWLDKISGFYTNKVLPLVGGAISKNYGAYSYLPQSIEGFLSLESLKFELKNAGFEILRTEDS
TMLVRKS

Full Legth ¢ pl 8.47
FW: 28011.62

182



Gblock Klebsiella pneumoniae UbiE

DNA Sequence:

CACTCGAAGCAGGAGAGHRARG TAGAAGACTCTCAGGAAACCACTCATTTCGGTTTCCAAACCGTT
GCAAAAGAACAGAAGCAAGACATGGTTGCCCACGTCTTTCACAGTGTCGCGGCGAAATATGATGTT
AACGATCTCATGTCGTTTGGGATTCATCGTCTGTGGAAGCGTTTTACCATCGACTGCTCGGGAGTG
GTGGCCAGACGGTCCTGGACCTCGCGGGCGGCACGGGCGATCTTACGGCGAAATTTAGCCGCCT
GTRAGACCGGCCGTGTTATGCTGGCGGACATTAATGACTCTATGTTGAAAATGGGGCGCGAAAAAT
GCAATATTGGAATTGTTGGAAATGTCGAATATGTGCAGGCAAACGCGGAAGCCCTGCCGTTCGCAC
ATACCTTTGATTGCATCACCATCTCCTTTGGTTTGCGCAATGTTACCGATAAAGAAAAAGCGCTTCG
ATGTACCGCGTCTTAAAACCTGGCGGCCGCCTGTTAGTGORPARLEATTATCGAACCATT
AAGCAAAGCGTATGACGCATACAGCTTTCATATTCTGCCGAAAGTCGGCGAACTGGTTGCCAAGGA
CGAAAGTTACCGCTATTTAGCGGAGTCTATTCGTATGCACCCGGATCAAGAAACACTGAAAGGCAT
CAGGATGCGGGATTTGAATCAGTGGACTATCATAACCTTACAGCTGGCATTGTGGCGCTGCACCGT
TATAAGT BB CCACCAACTRITAAG

Restriction siteNdeV 51

Translation Amino Acid Sequence

MVEDSQETTHFGFQTVAKEQKQDMVAHVFHSVAAKYDVMNDLMSFGIHRLWKRFTIDCSGVRRGQTV
LAGGTGDLTAKFSRLVGETGRVMLADINDSMLKMGREKLRNIGIVGNVEYVQANAEALPFADNTFDCITI
LRNVTDKEKALRSMYRVLKPGGRLLVLEFSKPIIEFHBKRKMGESVAKDGESYRYLAESIRMHPDQ
ETLKGMMQDAGFESVDYHNLTAGIVALHRGYKF

Full Lengtig pl 6.71
FW: 28165.33

18¢



Gblock Nesseiraneningitidis UbiE

DNA Sequence:

CACTCGAAGCAGGAGAGHARGGCGGCCAGAAGACCCATTTTGGCTTCTCAACTGTGAACGAAGAT
GAAAAAGCGGGGAAAGTCGCGGAGGTGTTTCACAGTGTCGCTAAGAACTACGATATTATGAACGAT
ATGTCTGCAGGCTTACACCGCGTTTGGAAACATTTTACCATCAACACCGCCCATCTGAAGAAAGGT!
AAGTTCTGGATATTGCTGGCGGCACTGGCGATCTGAGTCGCGGCTGGGCCAAACGCGTGGGCAA/
GGCBAGTTTGGTTAACGGATATCAATTCCTCTATGCTGACGGTGGGGCGTGATCGTTTGCTGAACC
GGTATGATTCTCCCGGTCTCTCTGGCCGATGCCGAAAAATTACCATTCCCGGACAATTACTTCAACC
TAGTGTTGCCTTCGGCCTTCGCAACATGACCCATAAAGATGCGGCGCTGAAAGAGATGTATCGTGT
AAACCTGGCGGCACACTTCTGGTGCTGGAGTTTAGTAAGATTTAGASEIECGCATACGATT
TCTATTCCTTCAAGCTGCTCCCGGTCATGGGCAAATTGATTGCTAAAGATGCCGAATCCTACCAGT/
GCTGAAAGCATCCGTATGCACCCCGACCAGGAAACTCTGAAACAGATGATGCTCGATGCGGGTTTC
TCAGTAGACTACCATAACATGTCAGCCGGCATCGTCGCGCTGCATAAA BRI CRMATTT
AACTCCACCAAG

Restriction site:NdeV 541

Translation Amino Acid Sequence

MGGQKTHFGFSTVNEDEKAGKVAEVFHSVAKNYDIMNDVMSAGLHRVWKHFTINTAHLKKGDKVLDIA
TGDLSRGWAKRVGKEGEVWLTDINSSMLTVGRDRLLNEGMILPVSLADAEKLPFPDNYFNLVSVAFGLI
THKDAALKEMYRVLKPGGTLLVLEFSKIYKPFEGAYDFYSFKLLPVMGKLIARDAESYEYLKRES
QMMLDAGFDSVDYHNMSAGIVALHKGVKF

Full Lengtig pl 7.14
FW: 27371.56

184



Gblock Mycobacterium tuberculosis UbiE

DNA Sequence:

CACTCGAAGCAGGAGAGHART CCCGTGCTGCTTTAGATAAAGATCCGCGTGACGTGGCGTCTATG
TTTGATGGCGTGGCACGTAAATATGACCTGACCAATACAGTCTTGTCACTGGGGCAGGACCGTTAT
GTCGCGCCACCCGTAGTGCGCTTCGTATCGGCCCGGGACAGAAAGTCCTGGATTTGGCAGCTGGC
CGGTTTCCACCGTGGAACTTACAAAATCCGGCGCTTGGTGTGTTGCAGCAGATTTTAGTGTCGGCA
GGCGCGGGCGCTGCGCGTAAGGTTCCAAAAGTGGCAGGCGACGCAACGCGTCTCCCTTTCGGC!
TGTATTTGACGCCGTTACAATTAGTTTTGGACTGCGTAACGTTGCTAATCAACAGGCGGCCCTGCG!
ATGGCCCGTGTCACACGTCCGGGGGGACGCCTGCTGGTTTGTGAGTTTTCGACCCCAACGAACGC
TCGCTACCGCTTACAAAGAATATCTCATGCGTGCGCTGCGUBIGETUBITTCCAGTAATCC
GGAAGCGTACGAATATTTGGCAGAGAGTATTCGTGCGTGGCCGGACCAGGCCGTACTTGCACATC
CTCTCGCGCTGGTTGGTCCGGCGTCCGCTGGCGCAACCTGACGGGTGGTATTGTTGCCCTGCATC
TATAAACCGGGGAAGCAGACCCRIBHBNE CACCAACTCCACCAAG

Restriction siteNdeV 541y

Translation Armo Acid Sequence

MSRAALDKDPRDVASMFDGVARKYDLTNTVLSLGQDRYWRRATRSALRIGPGQKVLDLAAGTAVSTVE
SGAWCVAADFSVGMLAAGAARKVPKVAGDATRLPFGDDVFDAVTISFGLRNVANQQAALREMARVTR
GRLLVCEFSTPTNALFATAYKEYLMRALPRVARAVSSNPEAYEYLAESIRAWPDQAVLAHQISRAGWSC
RNLTGGIVALHAGYKPGKQTPQ

Fdl Lengthg pl 10.00
FW: 25298.94

18¢



Gblock Pyrococcus furiosus UbiE

DNA Sequence:

CACTCGAAGCAGGAGACHABAAAGTCCTGGAATCCGCTCCGTCTCGCTATGATCGCGGTATCCGT
ATCATCACTCTGGGTAAACTGGACGAAGCTTATGACCGTCTGACTTCCCGCATCAAGCCGGGCCAC
TGCTGGACGTTGGTTGTGGCACCGGCGCTCTGACTCTGCGTGCAGCGCTGCGTGGCGCCCGCGT
CTATCGACATCAACCCGCAGATGCTGGAGATCGCCCGTAAACGTGTAGAAGAAGCGGGTGTTACCH
TGACGAACTGTGCGAAATGGGTGTTGCCGAACTGAACACCGAAGCTAGCGAAGGTTATGATGCGC
TGGCGGGTCTGTGTTTCTCCGAACTGACCGAGGATGAACTGTCTTATGCTCTGCGCGAAATTAAAC
TCTGAAGCCGGGCGCCCTGCTGCTGATCGCCGACGAAGCGGTACCGGAATCTCCGGTGAAACGTC
GTCTTGGCTGATCCGTGCTCCGCTGGCCGTGATCGCCTACGAGCAGAACCAGTGCTGTCA
AGAATCTGCCGGAGAAACTGGGCGAAGAAGGTTTTCTGATCGAATCTGTGCGTCGTTCCTTTATGG
ACTTTGTAGAAATTGTGGCCCGTAAACC'&GCIIACCAACTCCACCAAG

Restriction siteNde S

Translation Amino Acid Sequence

MKVLESAPSRYDRGIRIITLGKLDEAYDRLTSRIKPGQRVLDVGCGTGALTLRAALRGARVKAIDINPQML
KRVEEAGVTGMVELCEMGVAELNTEASEGYDAVMAGLCFSELTEDELSYALREIKRVLKPGALLLIADE;/
PVKRVLSWLIRA

PLAVIAYLLIQTTTRAVKNLPEKLGEEGFLIESVRRSFMEDFVEIVARKPGR

Full Lengtlt pl 6.47
FW: 23498.46

18¢



Gblock Thermus igniterrae UbiE

DNA Sequence:

CACTCGAAGCAGGAGABHARGCACTGAGCCCAGAAGAGAAAGCAAAACAGGTTCAGCGTATGTT
CTCTGAAATCGCCCCGCGTTACGATCTGCTGAACCGCCTGCTGTCTTTCGGTGCGGATCTGCGTTC
AAACGTGCGGTTGCACTGGCTCTGGAACGCCGTCCTCGTCGCATCCTGGATCTGGETACGGGTAC
ACCTGGCACTGATGCTGAAACGTCGTGCACCAGAAGCGGAAGTAGTAGGTGTGGATTTCGCGCGT
TGCTGGAAATCGCACGCAAGAAAGCCGAGGCACTGGGTCTGCGTGTTGCGTTCCAGGAGGGTGA(
CTGGCGCTGCCGTTCCCGCACGCTCACTTTGACGCGATCACCATCGCTTTCGGCTTTCGTAATTTC
CTACCCGAAAGCGCTGGCGGAACTGCGTCGTGTACTGGEGUEREGEEI TATCCTGGAGTT
CCCGCCGCCACCGCGCGGTGTATTCGGTCTGGTTTACCGTCTGTACTTCGGTCGCGTTCTGCCGC
GGTGGTCTGGTATCCGGCTCCTTTGGCGCGTACCGTTATCTGCCGGAGAGCGTGGAAGCGTTCCC
CGGAAGCTCTGAAAGCTCTGATGGAAGCTGCCGGTTTCCGTGTACGTTACGAACTGCTGACCTTCC
AGCCGCGATCCACGTTGGC B\ CCACCAACTCCACCAAG

Restriction siteNdeV 541y

Translation Amino Acid Sequence

MALSPEEKAKQVQRMFSEIAPRYDLLNRLLSFGADLRWRKRAVALALERRPRRILDLATGTGDLALMLK
EAEVVGVDFARPMLEIARKKAEALGLRVAFQEGDALALPFPHAHFDAITIAFGFRNFADYPKALAELRRV
GRLVILEFPPPPRGVFGLVYRLYFGRVLPLVGGLVSGSFGAYRYLPESVEAFPSPEALKALMEAAGFRYV
GVAAIHVGDG

Full Lengtlt pl 9.92
FW: 25776.22
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Appendix 4: Sequence for the UbiX and UbiD Homolog s Utilized for the generation SSN data

Supplemental Table 4: FASTA sequence of UbiX and UbiD homolog used for Sequence Similarity Network Analysis

Species Classification | Quinone Type UbiX UbiD
Burkholderia | Bacteria Ubiquinone Q399W | >Burkholderia_cepacia_UbiX| Q39IR6 | >Burkholderia_cepacia_UbiD|
cepacia 2
P MSARRLVVGISGASGFVYGMRLLALLRELDIETHVVVSRAAA MKYKDLRDFIQRLEALGEIRR/TQPVSPVLEMTELCDRRAGGPALL
AHETDFRLSDITALASVLYRSDDIAAPISSGSFRTLGMIVAPCS FNAPTGYDFPVEGNLFGTPRRVALGMGVDAGDDAALDSLRDLGRL
KTLAEIASGLSSGLISRAADVVLKERRRLVLLARETPYTLTHLH LKEPDPPKSLKDAGKLLSLAKAVWDMAPKSVSSPPCQEIVWEGAL
MAAVTEMGAIVAPPVPAFYARPASLDQMIDHTLGRVLDLFDL NRLPIQTCWPGDAGPLVTWGLTVTRGPNKSRQNLGI
YRQQLIGRNKLIMRWLAHRGGALDFREFALQNPGKPYPVAVVLGA
TVHRWKDSESRHHPQPNRLNGDAS TTLGAVTPVPDSLSEYQFAGLLRGSRTELAKCLTPGVDTLQVPAR
VLEGFIYPQEGAPAPAPAGAPPRPAGNASAKYEHALEGPYGDHT
EQEWFPVFTVERITMRRDAIYHSTYTGKPPDEPAVL
GVALNEVFVPLLQKQFTEITDFYLPPEGCSYRMAIVQMKKSYAGH.
VMFGVWSFLRQFMYTKFIVVVDEDVNIRDWKEVIWAITTRVDPVR
MVDSTPIDYLDFASPVAGLGSKMGIDKWPGETNREWGRPIEMDA
VKARVDRLWQEIGL
Cupriavidu Bacteria Ubiquinone QOK6F8| >Cupriavidus_necator_UbiX| GOET6 | >Cupriavidus_necator_UbiD|
s necator MSVTGGTPKRLIVAITGATGAIYGVRLLQVLRAAPSVETHLLIY 6 MQYKDLRDFIGQLEGIGELRRIARPVAPNLEMTEVCDRLLRAGGP
AGVMNLQHELDISRAEVEALASVVHNVRDIGATIASGSFRAQ FEKPSGAGTDGGIYSVPVLANLFGTTHRVALGMGAESMDDLRDIG
VAPCSMRTLAAIAHGLSDNLITRAADVTLKERRKLVLMVRETH SALKEPEPPRGLREAGKLFTLAKSVWDMAPKRVSSPACQEVVWH
LAHLRNMTAVTEMGGIVFPPVPGFYQKPQSIAELVDHTVGR DLAKLPIQTCWPGDAAPLITWGLVVTKGPHKKRQNLGIYRQQVIGH
VDLPEIGQTLAPSWGGLNARAGDAAGN VIMRWLAHRGGALDFREHALANPGKPFPIAVALGADNRMVTPVP
DTLSEYQFAGLLRGSRTALAGCLTPTLSELSVPASAEIVLEGHIQPI
NHPSGYQHALEGPYGDHTGYYNEQDWFPVFTIERITMRRDPIYHS
GKPPDEPAVLGVALNEVFVPLLQKQFPEITDFYLPPEGCSYRMAL!
KKQYAGHAKRVMFGVWSFLRQFMYTKFIVVVDDDIDVRDWKEVI
TRVDPSRDTVLVDNTPIDYLDFASPVSGLGSKMGIDATDKWPGET]
WGTPIRMDAAVKAKVDTMWESLFERPAGN
Neisseria Bacteria Ubiquinone Q5F500 | >Neisseria_gonorrhoeae_UbiX| Q5F74 | >Neisseria_gonorrhoeae_UbiD|
gonorrhoeae MVRRLIIGISGASGFQYGVKALELLRAQDVETHLVVSKGAEM/ 2 MKYKDLRDFIAMLEQQGKLKRVAHPMEEMTEIADRVLRAEGPALL
SETDYTKDEVYALADFVHPIGNIGACIASGTFKTDGMLVAPCS FENPVKPDGTRYDYPVLANLFGTPERVAMGMGADSVSKLREIGQ
TLASVAHGFGDNLLTRAADVVLKERRRLVLMVRETPLNLAHL LKEPEPPKGIKDAFSKLPLLKDIWSMAPNVVKNAPCQEIVWEGED
KRVTEMGGVVFPPVPAMYRKPQTADDIVAHSIAHTLSLFGID YQLPIQHCWPEDVAPLVTWGLTVTRGPHKKRQNLGI
LAEWQGMAD YRQQLIGKNKLVMRWLSHRGGALDYQEFRKLNPDTPYPVAVVLG
TILGAVTPVPDTLSEYQFAGLLRGSRTELVKCIGSDLQVPARAEIVL
GVIHPNETALEGPYGDHTGYYNEQGHFPVFTVERITMRENPIYHST|
GKPPDEPAVLGVALNEVFVPLLQKQFSEITDFYLPP
EGCSYRMAVVSMKKQYAGHAKRVMTGCWSFLRQFMYTKFIIVVD]
VRDWKEVIWAVTTRMDPVRDTVLVENTPIDYLDFASPVSGLGGKN
ATSKWPGETDREWGRVIKKDPAVTVKIDGIWGKLGL




Nitrosomona | Bacteria Ubiquinone Q82Y3 | >Nitrosomonas_europaea_UbiX] QOAHO | >Nitrosomonas_europaea_UbiD|
S europaea 1 MVSSLGNMSEQKTITVALTGASGMPYGIRLLEILLKQGHRVYL 0 MKYNDLRDFLAQLELRGELKRVDIEVSPHLEMTEICDRLLKQAGPA
SQAAQIVAQQEMALTLSPRPKETEAFLNGYFNVEPGLLKVFG FERPAGHTIPVLGNLFGTPERVALGMGQTSVSALREVGKLLAYLK|
WFAPVASGSNPADAMVICPCTMGTLSAVAAGLGQKLIERAAL PPKGLRDAWDKLPILKQVLNMPPRELASAPCQEIVWEGADVDLSK
KEQRKLIVARETPFSAIHLENMLKLAHSGAVILPANPGFYHLP| QTCWPGDVASLITWGLTVTRGPHKSRQNLGIYRQQV
SIQDIVDFIVARILDQLGVTHTLLPRWGDA IAPNKVIMRWLAHRGGALDYRDFCQINPGEPYPVAVALGADPATIL
VTPVPDSLSEYQFAGLLRGAKTEIVKTHDLQVPASAEIVLEGYIYP
NETALEGPYGDHTGYYNEQETFPV
FTIERITMRRDPIYHSTYTGKPPDEPAILGVALNEVFVPLLQKQFTE
TDFYLPPEGCSYRLAVVSMKKQYPGHAKRVMFGIWSFLRQFMYT
VTDDDINIRDWKEVIWAITTRVDPVRDTLIVENTPIDYLDFASPVSG
GSKMGLDATNKWPGETSREWGRVIEMDAAVKARVDH
LWQQLLF
Thiobacillus | Bacteria Ubiquinone WP_05 | >Thiobacillus_denitrificans_UbiX| WP_01 | >Thiobacillus_denitrificans_UD|
denitrificans 975259 | MHPTVNTVTLALTGASGMAYGMRLLECLLAADVRVYLLLSQA 80767 MIYRDLRDFIAQLESMGELKRIAVEVDPKLEMTEIADRVLRAGGPA
1.1 VAKQELGVALLARAGDLEKQLSESLNARDGQLRVFGREDWN 89 FEHPKGHSMPVLANLFGTVKRVALGMGEDDPARLREVGRLLAYL|
SGTNPADAMVVCPCSMGTLAAIAHGLSDNLIERAADVMLKE( PPKGLRDAWDKWPVLKQVMNMAPKEVKSAPCQGVVWEGADVD
ILVPREAPFSTLHLENMLRLSRMNAVILPANPGFYHHPQSVETI QHCWPGDVAPLITWGLTVTRGPHKKRQNLGIYRQQVIAPNKVIMR
DFIVARILDQLGIQHQLMARWGTAGE HRGGALDFREHQLAHPGEPFPLAVALGADPATILGAVTPVPDSLS
FAGLLRGAKTEVYCLGNDLQVPASAEVVLEGVIHPDETALEGPYG
TGYYNEQETFPVFTIERITMRRDPIYHSTYTGKPPDEPAILGVALNE
FVPLLQKQFPEITDFYLPPEGCSYRMAVVSMKKAYPGHAKRVMF(Q
FLRQFMYTKFILVTDDDVDVRDWKEVMWALTTRVDPARDTLLVE
DYLDFASPVSGLGSKMGIDATNKWPGETAREWGTPIVMDAAVKA
LWHEL
Pseudomona | Bacteria Ubiquinone Q9HXO0 | >Pseudomonas_aeruginosa_UbiX| Q9I6N | >Pseudomonas_aeruginosa_UbiD|
S aeruginosa 8 MSGPERITLAMTGASGAQYGLRLLDCLVQEEREVHFLISKAA| 5 MNRSALDFRHFVDHLRRQGDLVDVHTEVDANLEIGAITRRVYERR
MATETDVALPAKPQAMQAFLTEYCGAAAGQIRVFGQNDWM PLFHNIRDSLPGARVLGAPAGLRADRARAHSRLALHFGLPEHSGP
GSSAPNAMVICPCSTGTLSAVATGACNNLIERAADVALKERR) VAMLRAAMRAEPIAPRRLERGPVQENVWLGEQVDLTRFPVPLLHE
LVPREAPFSSIHLENMLKLSNLGAVILPAAPGFYHQP&BYVD GRYFGTYGFHVVQTPDGSWDSWSVGRLMLVDRNTLA
FVVARILNTLGIPQDMLPRWGEQHLVSDE GPTIPTQHIGIIREQWRRLGKPTPWAMALGAPPAALAAAGMPLPE
EAGYVGALVGEPVEVVRTQTNGLWWRAVLEGEISLDETALEGPM
GEYHGYSFPIGKPQPLFHVHALSFRDQPILPICVAGTPPEENHTIW!
MISAQLLDVAQNAGLPVDMVWCSYEAATCWAVLSID
VQRLAALGTDAAAFAARVAETVFGSHAGHLVPKLILVGNDIDVTEIL
VVWALATRAHPLHDHFAFPQIRDFPMVPYLDAEDKARGSGGRLYVI
YPEQFAGQMRAATASFRHAYPTALRRRVEERWSDYGFGDA
Saccharopha | Bacteria Ubiquinone WP_01 | >Saccharophagus_ degradans_UbiX] WP_01 | >Saccharophagus_ degradans_UbiD|
gus 14698 QTVTVAITGASGAQYGLRLLQALIAANCRVYVLLSSAALIVIRT| 14698 DLRDFIALLEEKGQLKRISHPVDPYLEITEISDRTLRAGGPALLFEN
degradans 31 TDFAISDDEQEQLSQLQQLTGAKSGQLVLMSKMDWFAPVAS 31 VGHTTPVLANLFGTPDRVAMGMGQENVGALREVGELLAFLKEPE

PAQMVICPASGGTLSAVACGASNNLIERAADVALKERRKLIL
ETPYSDIHLENMLKLSRMGAVILPASPGFYQKPAGINDLVDFI
RIMDQLGIPQTLLAPWGE

MKDAWEKLPIFKQVLNMAPKLIKNAPCQEFEVSGEDVDLTAIPIQT!
PGDAAPLVTWPLVVTKGPHKDRQNLGIYRMQLIGKNKLIMRWLSH
ALDFREWQQQHPGENFPVSVALGADPATILGAVTPVPDTLSEYAH




)6T

LRGSKTEVTKSRGNDLQVPASAEYILEGHIAPGEMADEGPFGDHT]
NEVDSFPVFTVERITHRKDPIYHSTYTGRPPDEPAVLGVALNEVF
LKKQFPEIVDFYLPPEGCSYRMAVVTMKKQYPGHAKRVMLGVWS
FMYTKFVIVTDDDVNARDWNDVIWALTTRVDPMRDTTMIDNTPID
FASPVSGLGSKMGIDATNKWPGETNREWGTTIEMTAEVKNKVDA
LGIDD

Shawanella | Bacteria Ubiquinone + | WP_01 | >Shawanella_oneidensis_UbiX| WP_01 | >Shawanella_oneidensis_UbiD|
oneidensis 10735 MAYAKSSKAISLAWTGASGAPYGLKLLECLLASGYQVFLMISY 107085 | SFKDLRSFIDHLEANGELKRISYPVDPHLEMTEIADRVLRAQGPAL
Menaquinon 76 RVVLATEHGLQLSANSDKAKAQLLDVLAQKNIPLSGELVVLGH 1.1 ENPTNHSMPVLANLFGTPKRVAMALGKDDPLALREVGELLAFLKE|
e through WFSPPASGSAAPKQMVICPCSTGTLAAVATGMSNNLLERAA PRGFKDAISKIPMFKQALNMPPKTVRNPACQQVVKTGDDVDLTQL
Men KERGQLILVPRETPFNAIHLEHMLNLSRLGATIMPAAPGFYHN HCWPGDVAPLVTWGLTITKGPRKSRQNLGIYRQQLLGKNKLIMRW
pathway SVEDLIDFMVARILDHLGVDHALTSRWGYDKHSPNDIDN RGGALDFADFKEQFPGERYPVVVALGSDPVTILGAVTPVPDAMSH
AGLLRGERTEVCKAICDLEVPASSEIILEGYIDPNEMAEEGPYGDH]T
GYYNETDKFPVFTVTHITHRKDPIYHSTYTGRPPDEPAMLGVALNH
VPILRKQYPEIIDFYLPPEGCSYRMAVISIRKQYPGHAKRVMMGA
LRQFMYTKFIVVVDDDVNCRDWNDVIWAITTRMDPKRDTVMIDNT]
YLDFASPVVGLGSKM
Vibrio Bacteria Ubiquinone + | Q9KP3 | >Vibrio_cholerae_UbiX| C3LQR | >Vibrio_cholerae_UbiD|
cholerae 8 MSMNNNRTITLAWTGASGAPYGLRLLQCLLAADYQVYLLISS| 5 MNFKDLRDFLDYLEQRGELKRITHPIDPHYEMTEISDRTLRAKGPA|
Menaquinone VVLATEHGLKLPANPEAAQAALVEHLGCASDKLVVCGKEDW FENPLGYDFPVLTNLFGTPERVAMGMGRQQVQELRDVGQWLAY
through Men ASGSAAPKQMVVCPCSAGSVAAIAHGMSDNLIERAADVVLKE PPRGLKELIEKLPVFKQVLNMPVKRLRRAPCQEIVWQGDAVDLDK
pathway LLLVVRETPFSTLHLENMLKLSHMGVTIMPAAPGFYHQPQSI[ MSCWPDDVAPLLTWGLTITRGPHKKRQNLGIYRQQK
VDFMVARILDHLGIEQALVPRWGYRVRGE IARNKVIMRWLAHRGGALDLRDWMEKHPGEPFPVSVAFGADPAT
VTPVPDTLSEYAFAGLLRGSRTEVVMRBNDLEVPASAEIVLEGYIDP
NEFADEGPYGDHTGYYNEVERHHVFTVTHVTMRNKPIYHSTYTG
EPAVLGVALNEVFVPILQKQFPEIADFYLPPEGCSY
RMAIVTLKKQYPGHAKRVMLGVWSFLRQFMYTKFVIVCDEQVNAH
QVIAAMVNHMSPLRDTLFIEHTPIDSLDFASPVVGLGSKIGLDATAK
PAELAVSNSDQSDKTTELSLEALKACLSDEADVLDVALPEAANDKI
LLINKQEAGQAQQLLQRVVDKLNGDSPLKFVILCDD
DVNIHDWNDVIWAMTTRMDPARDSLRIVGQDLICFDATNKLPDEV
WGTPIRKDPKLVAKIDSLWDELGIV
Haemophilus | Bacteria Ubiquinone + QOI3F1 | >Haemophilus_somnus_UbiX]| BOUSL | >Haemophilus_somnus_UbiD|

somnus

Menaquinone
through Men
pathway

MKKMPRISKCTMKLKKDCLIIGITGASGAIYAIRLLQILKSLPEI
ETHLIISQAAKQTIALETQFTVQQVRELSDKVYDIRDISAAISS(
SYRTLGMVILPCSIKTLSGIAHSYTDDLMTRAADVCLKERKPL
CVRETPLHLGHLRLMTQAAEIGAQITPLMPAFYHKPSNLDDII
SVNRVCDQFGIELEQDLFLRWGSEGK

MKYKNLRDFLELLEKQGELKRITQEIDPYLEMTEIADRTLRAGGPA
FENPKGYEIPVLCNLFGTPKRVALGMGQEDVTALRDVGRLLAFLK
QPKSFKDLWSSLPQFKQVLNMPTKVLSKAECQQIVFSDAEVDLYK
MHCWKDDVAPLVTWGLTITKGPSKKRQNLGIYRQQL
IGKNKLIMRWLSHRGGALDFQEWKEARPNQPFPISVALGADPATIL
VTPVPDTLSEYAFAGLLRGNKTEVVKSISNDLEIPASAEIILEGYIDP
TETALEGPYGDHTGYYNEQEYFPVFTVTHLTMRKDPIYHSTYTGR
EPAVLGEALNEVFIPILQKQFPEIVDFYLPPEGCSY
RLAVVTIKKQYAGHAKRVMMGVWSFLRQFMYTKFVIVCDDDINAR
DVIWAITTRSDPARDCTIIENTPIDYLDFASPIAGLGSKMGIDATNKW
IGETQREWGTPIKKAPNVVKRIDDIWESIFAPK
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Escherichia Bacteria Ubiquinone + POAGO | >Escherichia_coli_UbiX| POAAB | >Escherichia_coli_UbiD|
coli 3 MKRLIVGISGASGAIYGVRLLQVLRDVTDIETHLVMSQAARQT 4 MDAMKYNDLRDFLTLLEQQGELKRITLPVDPHLEITEIADRTLRAG
Menaguinone LETDFSLREVQALADVTHDARDIAASISSGSFQTLGMVILPCS ALLFENPKGYSMPVLCNLFGTPKRVAMGMGQEDVSALREVGKLL.
through Men TLSGIVHSYTDGLLTRAADVVLKERRPLVLCVRETPLHLGHLA EPEPPKGFRDLFDKLPQFKQVLNMPTKRLRGAPCQQKIVSGDDVI]
pathway TQAAEIGAVIMPPVPAFYHRPQSLDDVINQTVNRVLDQFAITL IPIMTCWPEDAAPLITWGLTVTRGPHKERQNLGIYR
DLFARWQGA QQLIGKNKLIMRWLSHRGGALDYQEWCAAHPGERFPVSVALGAD|
LGAVTPVPDTLSEYAFAGLLRGTKI¥KCISNDLEVPASAEIVLEGY
IEQGETAPEGPYGDHTGYYNEVDSFPVFTVTHITQREDAIYHSTYT|
PPDEPAVLGVALNEVFVPILQKQFPEIVDFYLPPEG
CSYRLAVVTIKKQYAGHAKRVMMGVWSFLRQFMYTKFVIVCDDD
DWNDVIWAITTRMDPARDTVLVENTPIDYLDFASPVSGLGSKMGL
NKWPGETQREWGRPIKKDPDVVAHIDAIWDELAIFNNGKSA
Yersinia Bacteria Ubiquinone QOWD | >Yersinia_pestisUbiX| QOWA | >Yersinia_pestisUbiD|
pestis B8 MKRLIIGISGASGAIYGVRLLQVLQHVEGVETHLIISNAARQTL{ PO MISMKYRDLRDFLSLLEQRGELKRISQPIDPYLEMTEIADRTLRAG
LETDYSVKDVQEFADVVHDFRDIAACISSGSFKTDGMVILPCS ALLFENPKGYSMPVLCNLFGTAKRVAMGMGQEDVSALRDVGKLL
TLSGIVHSYTDGLLTRAADVILKERRRLVLCVRETPLHLGHLR EPDPPKGFRDLFDKLPKFKQVLNMPTKRLNSAPCQEQVWQGED
VQAAELGAVIMPPMLAFYHQPQTIQDIIDQTVNRIIDQFDIELP IPVMHCWPEDAAPLVSWGLTITRGPHKERQNLGIYR
DLFTRWQIGN QQVLGKNKLIMRWLSHRGGALDYQEWCEAHPGERFPVAVALGAI
LAAVTPVPDTLSEYAFAGLLRGHKTECLSNDLEVPASAEIVLEGY
IEQGDMAPEGPYGDHTGYYNEIDNFPVFTVTHITQRQDAIYHSTYT|
PPDEPAVMGVALNEVFVPILQKQFPEIVDFYLPPEG
CSYRLAVVTIKKQYAGHAKRVMMGIWSFLRQFMYTKFVIVCDDDIN
DWNDVIWAITTRMDPSRDTVLIENTPIDYLDFASPVSGLGSKMGLO
NKWPAETPREWGRPIKMDEDVRARIDALWDELAIFSDKDAKR
Rhodospirillu | Bacteria Ubiquinone WP_01 | >Rhodospirillum_rubrum_UbiX| WP_01 | >Rhodospirillum_rubrum_UbiD|
m rubrum 138980 | MKRLIVGISGASGVLYGIRALEALRRLPDIESHLILSPAAGRTIV 138833 | MPFDSLRDFMALLEREHNLVRVRAPVSPVLEMTEIQTRLLDEKGP.
6 EETDLGIDQVTALADVVHSHRDIGAALASGSFRTLGMLIAPCY 2 FENVRRPDGSAYAMPMLVNMFGTVERVALGMDRTPAQLREVGE
TLSGIVTCYDDNLMVRAADVCLKERRRLVLMVRETPLHAGHI KQPEPPGGWREALEMLPLLKTVLAMKPRTVSKAPCQQVVLKGKD|
ARATAHGAIIMPPVPAFYHRPKTLEDMVDHTVGRAM®MDNTL LLPIQSCWPGEPAPLITWPVVVTQGPQASGKGARREDAFNLGIYR|
TKRWKDTPPEQTALNEAPSTQKL TGRDTALMRWLKHRGGAQHWQRWKRDHAEPLPAAVVIGADPGT|
TPVPDTLSEYQFAGIRGRKVELVDCVSVPLKVPATAEIVLEGHVMU
EYGDEGPYGDHTGYYNAVESFPVFRISAITMRKDPIYLSTFTGRPH
PSVLGEALNEVFIPLLTQQFPEIVDFWLPPEGCSYRIAVVSMRKAY
HAKRVMMGVWSFLRQFMYTKFVIVVDDDINARDWKDVMWAISTR
RDITVVTGTPIDYLDFASPESGLGGKIGLDATDKMAPETHREWGR
MSDEIETVTRKWTDYGLPGSGKPIWK
Riodopseud | Bacteria Ubiquinone WP_01 | >Rhodopseudomonas palustris_UbiX| WP_01 | >Rhodopseudomonas palustris_UbiD|
omonas 147132 | MMQPSRRRLVVGISGASGVIYGVRLLQLLRNAGVETHLVMSH 166611 | MLSRVKPPFPDLRAFLAYLESRGQLLRIRRPVSVVHEITEIHRRVLA
palustris 0.1 ITFAYETKLKIAEVKALADVHHAIDDMAAAIASGSFRTMGMIVA 6.1 NGPVLLFEQAVRADGKRSPIPIVVNLFGTVERVAWGFGVLPEHLQ

CSMRSMSEIASGVTTTLLTRAADVTLKERRRLVLMVRETPLH
LRTMTALSEIGAIIAPPVPAFYAKPDGLDDMVDHTVGRVLDLY]
DVGVAPRWGEDPELKRRRAPTDQPN

EALAEMRDPTPPQSIVDALSKLPMARAAMAMRPKTAKITPAQQVV|
DEIDLGQLPIQVPWSREPAPLITWPLVFTRSPEPNGADNVGVYRIQ
GKDRVIMRWLAHRGGAKHHHQWQKLGRDMPVAIVIGADPAMILS
LPENLSEIKFSGLLRE&ERPQLANCVSVPLQIPADAEIVIEGIVSATET
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APEGPYGDHTGYYNSVEQFPVMKITAITMRRDPIYLSTYTGRPPDE
RLGEAFNDIFLPVAKRQFPEIVDLWLPPEACSYRIAVASIKKRYPG(
RRLMMGLWSMLPQFSYTKLLIIVDDDINVRDWADVMWAVSTRSD?
MVSITDTPIDYLDFASPKSGLGGKLGIDATNKIGSETAREWGEVLT!
DAVVKRVDAMWSSLGLTPGAQPRKTAS

Brucella suis | Bacteria Ubiquinone WP_00 | >Brucella_suis_UbiX| WP_00 | >Brucella_suis_UbiD|
620454 | MKRIVIGVSGASGSLIPLKLLERLAVMEEVETHLVISDAAQQTL 619621 | MKSSSSLPTHYDCLQSFLTELREDLVRIARPVSLVHEVTEIHRRVL
8.1 YELGANGYSLLYRLAARTYAVEDVGAAIASGSVPTAGMIIAP] 7.1 EADGPALLFENPVDAEGRTQTIPLLANLFGSERRIAWGLGRLPEEL
RTLSAIASGYSDSLLTRAADVHLKERRKLVLIARETPLHLVHLHA LAEMLAELRAPKPPRSAGEIWEKLPMAKAALNMRPRQVSRAPVH
MCTVTEMGAIVMPPVPAFYLQPQTVEDVASQVAARAIDLIGV! EGASVNLDTLPIQWCWPGEPAPLITWPLVITRAPDDPSDVNVGIYH
QAQSWNPEEKPRRKAG KLGENRLIMRWLAHLGGARHHRMWQKRGEDMPVAIAIGVDPATIL
MPLPEGMSELAFSGLLGGRRPCVTQGRTVPLMVPXNBERVSAT
QTAPEGPYGDHTGYYNSVEAFPVMQVTAITMRKKPVYLSTYTGRH
PSRLGEVMNQLFVPVVRKQFPEIADLWLPPAACSYRAMVVSIDKR
QARRVMMGLWSMLPQFSYTKLIIAVDPDIDVHNWDDVMWALATR
RDVVTLSDTPVDYLDFASPRSGLGGKLGLDATNKIGPETDREWGH
MNEETIARVDAIWDELGLDRDKRI
Agrobacteriu | Bacteria Ubiquinone WP_03 | >Agrobacterium_tumefaciens_UbiX| WP_00 | >Agrobacterium_tumefaciens_UbiD|
m 123346 | MTPCRVVVGVSGASGAGIALRIVERLAGMKSVEIHLVLSQSAI 350466 | MRDEPTDTKTEEKPARAADLRGFVRLLEERGQLRRIRQPVSLVHE
tumefaciens 21 VLHEEGAQAMGRMLSLASVNHAVDDIGAAIASGSFPTAGMIM 9.1 IHRRVLAEGGPALLFEQPVDHEGKVREMPLLANLFGTRQRIEWGL
SMRTLAAIATGFSDNLLTRAADVHLKERRKLILMTRETPLHLIH TGGLPTLGVKLAELREPRPPKTMTEAWSKLPLLRAALSMRPRNVS
RNMCAVTEAGATVMPPVPAFYNRPQSIADIVDQMAARMARQ VQERVLTGDAVDLAHLPVQWCWPGEPAPLITWPLVITRSPDDPDL
SAPQATIWQPHVVKAP GIYRMQVLGPDRVIMRWLAHRGGAHHHRLWQARGLDMPVTVAIQ
TILAAVMPLPEHISELGFSGLLRGSKSRIARALTVPMPVPANAEIVLE
GTVSVTETALEGPYGDHTGYYNSVEAFPVMTLSAITMRRNPIYLST
GRPPDEPSVLGEAMLEIFLPLVKRQFAEIVDLWMPPEACSYRVMV/
DKQYPGQAKRVMMGLWSMLPQFSYVKLIILVDPDIDVRNWADVV!
TRFDASRDTTIIDDTPIDYLDFASPKAGLGGKMGLDATRKLPPETE!
WGRVLSMTPDVIAKVDVIWRDLGLGERP
Rickettsia Bacteria Ubiquinone WP_00 | >Rickettsia_sibirica_UbiX| WP_00 | >Rickettsia_sibirica_UbiD|
sibirica 499819 | MNTETKIVIAISGASGAIYGIRLLEVLKQQNIETHLVISEGAALT| 499724 | MSFKDLPEFLKFLEKNGER{ALEVKTDLEITEISRRVLAQGGPALL
5.1 IKLETKYSIEKVKLLANYYYDDKDLGATISSGSFKTSGMIIAPCY 0.1 FENVIKVDGIKSDIPVLTNLYASINRICMGLKLKSPKELRELGVLLAF|

MKTLASLAHSMEDNLISRAAGVVLKDRRKLIVMTRETPLHIGH
NMLKVASYGGIISPPVPAFYNNPVSIDDIVNHSITRVLDFFDIE]
NLIKRWDSYEQ

LKQPQPPASFKETLSMLPLAKRIFAMSPKTLSKAACHEIVIDKPNIN
LPIQRCWPDDISPLITWGIVFTKGPTKDKIDNYNLGIYRMQVISENK
LMRWLKLRGGAEHHKRWKEAKKEPFPTAIVIGANPAVTLAAVMPI
ISEYNFAGLLGNKKVELVQCKTIDLKVPAHSEIVEYVSLEEYLPEG
PFGDHTGYYNDVEEFPVFTVTAITMKKNPVYLSTYTGEPPDEPSIL
ALNEIFIPILQQQFPEIVDFWLPPEGCSYRVAVVSIKKSYPGHAKRIN
LGIWSYLRHFMYSKFIIVVDDDIDVRNWQEVIWAIATRSDPRRDTS
DNSPIDYLDFASPESGLGSKMGIDATDKIYPETNRKWGKKIEMSQH
DKVNSMWNSLKI
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Synechococc
us sp. WH
8102

Cyanobacteria

Menaquinone

WP_01
112806
6.1

>Synechococcus_sp_WH8102_UbiX|

MHPYVLAVTGASAQPLAERTLQLLLQAGRSVHLVLSRGAYA
EQGVQVPVNPERQASFWRERLNCSEGELFCHRWNDQSVG
RTSGMLIVPCSMGTAGRIQAGVAMDLIERCADVHLKEGRPLL
REMPFNLIHLRNLTALAEAGARIAAPIPAWYTQPRTLEEMVDH
IRLL DGFEDDLAPLQRWTGPIK

WP_01
112787
1.1

>Synechococcus_sp_WH8102_UbiD|

MALFRSGPATRDLRGFLQLLDQRGQLKRITAAVDPDLELAAIADR
QGGPALLFENVIGSSMPVAVNTLGTVERVVWSMGLERAEQLEDL
ALLQQPRPPKGLSETKQFARVFWDLVKAKPDRDLTPPCRQQIFK(
NLYNIPLIRPWPGDAGGVITLGLVITKDPETGVPNVGVYRLQRQSV|
MTVHWLSVRGGARHLRKAAAMGKKLEVAVAIGVHPLLVMAAATP
LSEWLFAGIYAGEGVMRPCKTLDLQVPSHSEVVLEGTITPGEVLPD(
PFGDHMGFYGGVEDSPLVRFHCMTQRRDPVFLTTFSGRPPKEEA
ALNRIYTPILRQQIPEITDFFLPMEALSYKLAVISIDKAYPGQAKRAA
MAFWSALPQFTYTKFVVVVDKHINVRDPRQVVWAIAAQVDPQRD
ADTPFDSLDFASEQLGLGGRLAIDATTKVGPEKNHDWGEPLSRPA
ERVSARWSELGLDGLGQDEPDPSLFGYAIQRIKTSP

Thermosynec
hococcus
elongatus

Cyanobacteria

Menaquinone

WP_01
105687

>Thermosynechococcus_elongates_UbiX|
MIAVVTSSSLPIVLGVTGASGLIYAVRAIKFLLQANYPIQLVASK
AAHQVWRAEYGLTLPTQPDKQELFWREQAQVWEGCLTCHH
AAIASGSFRTLGMVILPCSMSTVAKLAAGLSSDLLERVADVHL
HRPLVLVPRETPFSLIHLQNLTQLAMAGARIVPAIPAWYHRP(
EDLVDFVIARALDQLGLDCVPLQRWQGPLS

WP_01
105805

>Thermosynechococcus_elongates_UbiD|
MTKDLRHYLQLLEQRQQLRRITVPVDPDLEMAEICNRLLAAGGPA
ENVIGSPYPVAINLLGTLERVCWAMNMDDPLELETLGEKLGKLQQ
PKTLSQALDFGKILFDVVRAKPSRDLLPPCQQVVITAPDLDLRQLP
RPYPKDAGKIMTLGLVITKDCETGIPNVGIYRLQLQSPTTMTVHWL
RGGARHLRKAAAQGKKLEVAVAVGVINHAATPIPVDLSEWLFAG
LYGGGGIHLAKCKTLDLEVPAQSEFVLEGTITPGEVLPDGPCGDH
YGGVEDSPVIHFHCLTHRRNPIYLTTFSGRPPKEEAMIALALNRIYT|
ILRQQVPEIVDFFLPMEALSYKAAIISIDKAYPGQARRAALAFWSAL
QFTYTKFVIVVDKEINIRDPRQVVWAISSKVDPSRDVFILGETPFDS
DFASEKIGLGGRMGIDATTKIPPETDHPWGDPLTSDPEVARRWR
EYGLGDIDLTAVDATRFGYELDPAFRWR

Anabaena
variabilis

Cyanobacteria

Menaquinone

ABA20
174.1

>Anabaena_variabilis_UbiX|
MSQHNKPLIIGVSGASGLIYAVRALKYLLTADYEIELVASKSTY]|
VWQAEQETRMPSEPKQQEQFWREQAGVALSGKLRCHPWS
ASGSFRTSGMIVIPCSMSTVAKLAGGLSSDLLERAADVHLKE
LVIVPRETPFSLIHLRNLTTLAETGVRIVPAIPAWYHNPQTIEDL
VDFVVARTLDQLDIDCVPLKRWEGGKYV

ABA23
314.1

>Anabaena_variabilis_UbiD|
MARDLRGFIKILEERGQLQRISALVDPNLEIAEISNRMLQKGGPGLL
ENVKGASFPVAVNLMGTVERICWAMNMQHPQELETLGKKLSMLQ
PKKISQAIDFGKVLFDVLKAKPGRDFFPACQQVVVQGDELNLNTLH
RPYPGDAGKITLGLVITKDCETGTPNVGVYRLQLQSKNTMTVHWIL
RGGARHLRKAAERGKKLEIAIALGVDPLIIMAAATPYLSEWLFAG
LYGGSGVQLAKCKTVDLEVPADSEFVLEGTITPGEVLPDGPFGDH
YGGVEDSPLIRFQCMTHRKDPIYLTTFSGRPPKEEAMMAIALNRIY
ILRQQVSEIVDFFLPMEALSYKAAIISIDKAYPGQARRAALAFWSAL|
QFTYTKFVIVVDKDINIRDPRQVVWAISSKVDPTRDVFILPNTPFDT!
DFASEKIGLGGRMGIDATTKIPPETDHEWGAPLESDADVAAMVER|
EYGLARQLGEVDPNLFGYDMK

Synechocysti
s sp.
PCC6803

Cyanobacteria

Menaquinone

WP_01
087138

>Synechocystis_sp_PCC6803_UbiX|
MAQPLILGVSGASGLIYAVRAIKHLLAADYTIELVASRASYQWV
AEQNIQMPGEPSAQAEFWRSQAGVEKGGKLICHRWGDVGA
SYRCAGMVVLPCSMSTVAKLAVGMSSDLLERAADVQIKEGK
VPRETPLSLIHLRNLTSLAEAGVRIVPAIPAWYHQPQSVEDLV
VVARALDQLAIDCVPLQRWQGGMEGE

WP_01
087150

>Synechocystis_sp_PCC6803_UbiD|
MARDLRGFIQLLETRGQLRRITAEVDPDLEVAEISNRMLQAGGPGL
ENVKGSPFPVAVNLMGTVERICWAMNMDHPLELEDLGKKLALLQ
PKKISQAIDFGKVLFDVLKAKPGRNFFPPCQEVVIDGENLDLNQIPL
RPYPGDAGKITLGLVITKDCETGTPNVGVYRLQLQSKTTMTVHWL
RGGARHLRKAAEQGKKLEVAIALGVDPLIIMAAATPIPVDLSEWLFA
LYGGSGVALAKCKTVENPADSEFVLEGTITPGEMLPDGPFGDHM

YGGVEDSPLVRFQCLTHRKNPVYLTTFSGRPPKEEAMMAIALNRI

ILRQQVSEITDFFLPMEALSYKAAIISIDKAYPGQAKRAALAFWSALH
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QFTYTKFVIVVDKSINIRDPRQVVWAISSKVDPVRDVFILPETPFDS
DFASEKIGLGGRMGIDATTKIPPETDHEWGEVLESDPAMAEQVSQ
EYGLGDINLTEVNPNLFGYDV

Bacillus Bacteria Menaquinone | WP_04 | >Bacillus_halodurans_UbiX| WP_01 | >Bacillus_halodurans_UbiD|
halodurans 182141 | MYKGIYTVGITGASGAQYGIRLVQEMKKKGYKVHLVITEAG 090005 | MYQNRECINDLEKHGHLIRIREEVDPYLEMAAIHLKVYEAGGPALL
7.1 REELLIQTDDRKMVIDELFAAGDGEVSFHQLDDYTAPIASGSY 5.1 ENVKGSNYQAVSNLFGTMERSKFIFRQTWQSAENVVALRNDPMS
RGMIIPCSMGTLSGIAQGASGNLLERTADVMLKEKRRLVIVP PFAHARTALAASKALPLKKSRLPAGFEEITISDLPLIQHWPDDGGAH
TPLNQIHLENMLKLSKMGVTILPAMPGFYQLPKTMDDLIDFV TLPQVYSEDPDKPGIMNANLGMYRVQLTGNEYELDQEVGLHYQIH
ALDQLGIEHELFTRWGEERDNHSR GVHQTKANQKGEPLKVSIFVGGPPAHSLSAVMPLPEGLSEMTFA(Q
GRRFRYSYVDGYCISHDAOFGEIPPGDTKPEGPFGDHLGYYSLIH
DFPVMKVHKVYAKQGAIWPFTVVGRPPQEDTSFGALIHELTGDAV
IPGVKEVHAVDAAGVHPLLFAIGSERYTPYQKVKQPAELLTIANRIL|
TGQLSLAKYLFITAEQDKPLDTHKEEEFLTYLLERIDLHRDIHFQTN
TIDTLDYSGTGLNTGSKVVIAAYGDKKRELCQEVPELFKGLQTFQN
LVMPGVVALEGPSFTSYERAQEEFRAFSETITQNEHEPMIVVCDD
SEFISKNINNFVWVTFTRSNPSHDMYGVNSFYENKHWGCDNMIID
KPHHAPPLIPDPTVEANIRRLFEKGGSLEDVRLP
Bacillus Bacteria Menaquinone | WP_06 | >Bacillus_clausii_UbiX]| WP_06 | >Bacillus_clausii_UbiD|
clausii 360875 | MKLIIGMTGATGAIFGIRLLQQLQKTEVESHLVISPWAAATIQA| 274474 | MYENLEECILDLEKHGHLVRIQEEVDPYLEMAAIQRRLYREGGPA
6.1 TSFTVKDVERLADYTYSPKDLGAAVSSGSFQVDGMMIAPCSI 9.1 ERVKGSKYRAVANLFGTMERSKFLFRKNWHKVEQVIALRDDPMK
ASIRTGLADNLVTRAADVMLKERKPLLLMTRETPLNDIHLEN PLQQIGNGLSALKALPMRKPGLNGSQLEEISLSDIPFIHSWPEDGG
LSRMGAHIVPPMPAFYNQPQTIDDLVEHIVYRALDQFGIHLPH VTLPQVYSEDPDKPGLMNANLGMYRVQLNGNDYEPNKEIGLHYQ|
RWQGLKAERRDPGF IGVHQAKASKRGEPLKVSIFIGGPPAHTLSAVMPLPEEMBEFAGLL
AGRRFRYGYVDGYAVSHDADFVITGDIYPDETKPEGPFGDHLGY'Y
HPFPVMKVHKVYARKNAIYPFTVVGRPPQEDTTFGALIHELTGDA
ELPGVKEVHAVDAAGVHPLLFAIGSERYTPYQKVKQPMELLTIANA
GFGQLSLAKYLFITAEEDEPISTHDEAAFLQYILERIDLRRDIHFQTN
TTIDTLDYSGTGLNSGSKVVLAAYGEKLRELCTAIPAELDECDKIKK
RYVMPGVMETTAFSNYEQAEQELNELTAAIAKKSSLPSCPLLVLCH
DSEFVSASLANFLWVTFTRSNPSHDTYGINSFIEHKHWGCDALIID
IKGHHAPPLVEDEVVEKRVDRFFQAGGPLAHS
Desulfovibrio | Bacteria Menaquinone | WP_01 | >Desulfovibrio_vulgaris_UbiX| WP_01 | >Desulfovibrio_vulgaris_UbiD|
vulgaris 261324 | MKRFVVGISGASGMPLAVTLLRGLRNAAPALPGGVQVHLVVY 452450 | MCCIPDDAPHPENNVTYRNLSSCLIDLERNGHLIRIDTEVDARLELA
0.1 RQVLALESDLRAEDLLALANVVHDARDFGAPPSSGSWPHD(Q 0.1 IQRRAFRAKAPAMLFTRVKGCRFPMVANLYGTRDRIRFIFRDTLRA

PCSMSTLAAIAHGTGSNLLHRAADVTLKERRPLVLVVRETPV!
HLRNMLAAAEAGAVIMPPCPGFYARPASVQDILDHLAGRILD
VPNTLAARWGEAADTE

GIFRLKIDPFDLFRHPQRYLGVPRSLWGMMPRTVRRGPVLECRTT|
LPQLVSWPMDGGGYVTLPQVYTESPDRPGFMHSNMGMYRVQLT|
PDREVGLHYQIHRGIGYHHAEALRRGEPLRVNEBPPAMTVAAVMHF
LPEGIAEVLFAGALGGFRIPMIRRAGGLPILAEADFCISGTIAPHQKH
EGPFGDHLGYYSLAHDFPVLRVDAVHHRRDAVWPFTTVGRPPQH
GEFIHELTAALVPQVFAGVHEVHAVDAAGVHPLLLAVGSERYVPY
RQPQELITCGMALLGNTQTSLSKYVIIGAREDDHDLSAHDIPAFFTH
LERTDFSRDLHFITRTTIDTLDYTGISLNQGSKVVWAAAGSRRRDL
TLPETLTLPDGFGSPRLFHKGIVVLRGPRHTARRDEHDPAMERLA!
DDVRGLSGVPLFVVVDDADFTAADWDNFLWVTFTRSDPATDLYG|
THCKHWGCRGPLIVDARLKSFHAPALETDPEVERRVDALAAPGGH
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Chlamydophi | Bacteria Menaquinone | WP_01 | >Chlamydophila_pneumoniae_UbiX| CRI424 | >Chlamydophila_pneumoniae_UbiD|
la 088291 | MKRYVVGISGASGVILAVKLIKELVNAKHQVEVIISPSGRKTLY| 41.1 MSFLRRHISLFRSQKQLIDVFAPVSPNLELAEIHRRVIEDQGPALLF
pneumoniae 2.1 ELGCQSFDALFSEENLEYIHTHSIQAIESSLASGSCPVEATIIIP| NVIGSSFPVLTNLFGTKHRVDQLFSQAPDNLIARVAHLISSTPKLSS
CSMTTVAAISIGLADNLLRRVADVALKERRPLILVPRETPLHTI WKSRDLLKRMSSLGLKKARFRRFPFVSMSSVNLDHLPLLTSWPEI
LENLLKLSKSGATIFPPMPMWYFKPQSVEDLENALVGKILAY FLTLPLVYTESPTLTTPNLGMYRMQRFNQNTMGLHFQIQKGGGM
PSDLTKQWSNPE AEQKKQNLPVSVFLSGNPFLTLSAIAPLPENMS FATFLQGAKLLY
KKTNDHPHPLLYDAEFILVGESPAGKRRPEGPFGDHFGYYSLQHL
FHCHKIYHRKDAIYPATVVGKPYQEDFYIGNKLQEYLSPLFPLVMP!
RSLKSYGESGFHALTAAVVKERYWRESLTTALRILGEGQLSLTKFL
TDQEVPLDRFSVVLETILERLQPDRDLIIFSETANDTLDYTGPSLNK
SKGIFMGIGKAIRDLPHRYQGGKIHGVQDIAPFCRGCLVLETSLED
| KSLLHHPDLKSWPLIILADNLRETIQSEKDFLWRTFTRCAPANDLH
LHSHFATHRPNYNFPFVIDALMKPSYPKEVEVDPSTKQKVSERWH
PNKETFYI
Chlamydia Bacteria Menaquinone | 08422 | >Chlamydia_trachomatis_UbiX| 08408 | >Chlamydia_trachomatis_UbiD|
trachomatis 2 MKRYVVGISGASGIVLAVTLVSELARLGHHIDVIISPSAQKTLY| 7 MFSLRSLVDYLRSQHELIDIHVPVDPHLEIAEIHRRVVEREGPALLF
ELDTKSFLSTIPQNFHNQIVLHHISSIESSVSSGSNTIDATIIVP QVKGSPFPVLTNLFGTRRRVDLLFPDLSSDLFEQIIHLLSSPPSFSS
CSVATVAAISCGLADNLLRRVADVALKEKRPLILVPREAPLSA WKHRSLFKRGISALGMRKRHLRPSPFLYQDAPNLSQLPMLTSWP
LENLLKLAQNGAVILPPMPIWYFKPQTAEDIANDIVGKILAILQL PFLTLPLVYTQSPENGVPNLGMYRMQRFDKETLGLH
DSPLIKRWENPR FQIQKGGGAHFFEAEQKKQNLPVTVFLSGNPFLILSAIAPLPENVPE
LFCSFLQNKKLSFVEKHPQSGHPLLCDSEFILTGEAVAGERRPEG
DHFGYYSLTHDFPIFKCNCLYHKKDAIYPATVVGKPFQEDFFLGNK
ELLSPLFPLIMPGVQDLKSYGEAGFHALAAAIVKER
YWKEALRSALRILGEGQLSLTKFLWITDQSVDLENFPSLLECVLER
FDRDLLILSETANDTLDYTGSGFNKGSKGIFLGVGAPIRSLPRRYR
SLPGISQIGVFCRGCLVLETSLQQUPALLKEPHLADWPLVILVEDL
SSALSSTKEFIWRTFTRSSPATDLHIPVSQITNHKV
SYTPPMILNALMKPPYPKEVEADEATQNLVSSRWHSYFP
Deinococcus | Bacteria Menaquinone | WP_01 | >Deinococcus_radiodurans_UbiX| WP_02 | >Deinococcus_radiodurans_UbiD|
radiodurans 088922 | MSDAPSGPPRLVVGVSGGSGIPYALDILRALRGLDVETHLVV| 747959 | MSRPARQAMQSFMRVLEERGELLRVREPVSRDLEITEISDRLVKK
7.1 AKRVMSAEGGPQLADLTALASVVHD 6.1 GPAVLFENVVGSDYPVVMGLMGTRERMALAVGVNDLDELAQKIR

DRDLAAAVASGSYRTGGMLIVPCSAGTLAKVAHGFADNLISR
VTLKERRPLVLVVREDPMPRPMLQN
MLAAHDAGATVMSASPGFYHAPESLGELLGFVTARVLDQFG|
GFRRWREDEA

LGGGGSRFGLLSNLPKLRDAMNLPPRRVKTAPVQEVVWRGDEVL
PVLKCWPEDGGPFVTFPLVITKDPETGERNMGMYRMQVMSKNTT
QRHKTGTRHLEKARQRGQRLEVAVAIGGDPALIYAATAPIPPVPGL
FAVAGYLRGQRYPVVKGLTVDLEWAEFVLEGYVDPQEDWVVEGH
GDHTGFYTLADLYPLFHVTCVTMRQNPVYPATIVGRPPMEDAYLIH
ERLFLPAAQLIVPEIVDYHMPPAGVAHNLVVVSIKKGFPGQAYKVA
LLGLGQMMFAKVIVVVDADVKVNDMDAVWREVAAKAVPGRDTLT]
IDVLDHSSRGWGYGGKLIIDATTKRPEETGSGVSSREGQAEDFAP|
FVPFASADLPTFDGVVAQRQTDDGYWFVALNKTRPGRAREAVH

PAARGVRHLLIADQDTDVNDAGDVWWTVLNNIDPERDVWHLPAE|
GLAWDGARKLPEEGFVREWPQKIVMDEAVRRRVDALWHVWGLP
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Thermus Bacteria Menaquinone | WP_01 | >Thermus_thermophiles_UbiX| WP_01 | >Thermus_thermophiles_UbiD|
thermophilus 117392 | MDAPFRVVVGVSGASGMPYALDLLEALKDLAEVHLVLSQGA| 122788 | MFRNLRAYLEALERRGERMRVPVSAELEIAEIADRVVKAGGPALLF
71 WEEMGLSPKDLHALAHRVYKDQDLG 8.1 ERVVGKDFPVAIGLFGTRARTAFALGVEDLDELARKVEALLALEPG
APIASGSFPTRGMVVVPCSATTLAKVATGLADTLLTRAAYVH GLSALLGLLPKLPLLRGFFPRRVRRAPVQEVVWRGEEVDLRRLPV
RRPLVLVLRETPLPLPTLRAMVQAA WPLDGGPFLTLPLVITKDPETGELNLGMYRMQVLDPRSTAMHWQ)
EAGATILPASPGFYHRPKEIRDLLGFVTQRILDHLGLPGKRAP GRRHLEKAKRLGRKLEVAVALGGDPVLTYAATAPLPPLPGVSEFH
GET FLRGAPIELARGVTVDLPVPAEAEFVLEGYIDPEE/EEGPFGDHTG
FYTPVDLYPRFHVTAVTHRKGAIYPATLVGVPPMEDAYLIEATERL
PALRLVLPEVVDYHMPPEGVAHNWVNVSLRKAYPGQAYKVAYGM
QMMFAKVIVAVDADVPVKPGFAALLEALKHALPGRDTLLLRGPVD
HSSRAFAFGGKLVIDGTRKLPEEGGEAPFVPKAHPGLPEDPEVLD
WPGLWGAVLA
KRRPHQAWEVAERLLRAPQSAGIRLLLLADEDTALSRRELVLNNV
DPERDARVMPGVEGPVLVLDGTRKLPEEGFPRVWPERIRMDPKV
EARWAEYGLGWTTVGE
Symbiobacte | Bacteria Menaquinone | WP_04 | >Symbiobacterium_thermophilum_UbiX| WP_01 | >Symbiobacterium_thermophilum_UbiD|
rium 371377 | MSVQQLAGKRIGVAMSASHCNLGRAMAQLRRLRDEGAEIIPI 119569 | MAFRDLHEFIAACEQRGWLKRIKAPVSPYLEIAEITDRVSKMPGGG
thermophilu 51 NVRTTETRFGKPDDWITQIEQITGR 31 LLFENVEGSRFPVLTNTLGSMERICLALGVNHLDEIGQRIRDLLKLA
m LPLMTIPEVEPFGPQVKLDCLVVMPCTGNTMAKLANAINDTP SGGGLLDKLGQGMKLLDVARSTAPRLVNRAPCQEVVLTGDDVDL
AAKAQMRNHRPVVLAVTTNDGLGMN ILTTWPKDGGPFITLTNVITRDPVTGGRNIGMYRMQVYDRRTTGM
ARNLGALLVARNIYFVPFRQDDPFGKPTSIDADIEHYLVPTILA KHKDGQRHFDAYQGTRMPVAVALGGYBSBAPLPPVIPELMFAG
MEGRQVQPLLLGPKQA FLRGEPVELVKCKTIDLEVPAHADFILEGYVDTAEPLRPEGPFGDH
FYSPVDPYPVFHVTAITHRRDAIYPATVVGKPPQEDAYLGKATERI
PLLQLFMPEIIDYNMPVEGGFHNCVLVKIKKRYPGHARKVVHGLW!
LMMLSKCIIVVDEHIDLNNYSEVFWYVSGNIDPKRDIFFAEGPVDDL
HAAPVWRYGSKMGIDATRKWPEEGHPRPWPEEIEMSPEVRERY
EYGF
Aquifex Bacteria Menaquinone | WP_01 | >Aquifex_aeolicus_UbiX| WP_01 | >Aquifex_aeolicus_UbiD|
aeolicus 088030 | MQKIALCITGASGVIYGIKLLQVLEELDFSVDLVISRNAKVVLKE 088104 | MGYKYRDLHDFIKDLEKEGELVRIKEPLSPILEITEVTDRVCKMPG(
9.1 EHSLTFEEVLKGLKNVRIHEENDFT 5.1 KALLFENPKGYRIPVLTNLYGSEKRIKKALGYENLEDIGWKLYRP

SPLASGSRLVHYRGVYVVPCSTNTLSCIANGINKNLIHRVGEY
KERVPLVLLVREAPYNEIHLENMLK
ITRMGGVVVPASPAFYHKPQSIDDMINFVVGKLLDVLRIEHNL]
RWRG

EVPKTFLEKIKKLPELKKLNDAIPKVVKRGKVQEEVIMGDINLEDLP
LKCWPKDGGRYITFGQVITKDPESGIRNVGLYRLQVLDKDKLAVH
HKDGNHHYWKAKRLGKKLEVAIAIGGEPPLPYVASAPLPPEVDEY
GIIMERPVELVKGLTVDLEYPANAEIAIEGYVDPEEPLVDEGPFGDH
GFYTPVDKYPQMHVTAIVMRKDPIYLTTIVGRPPQEDKYLGWATE
LPLIKFNLPEVVDYHLPAEGCFHNFCFVSIKKRYPGHAFKVAYALLG
GLMSLEKHIVVFDDWINVQDIGEVLWAWGNNVDPQRDVLILKGPII
DHATNEVGFGGKMIIDATTKWKEEGYTREWPEVIEMSPEVKKRID
DRLGIE




Helicobacter | Bacteria Menaquinone | WP_01 | >Helicobacter_pylori_UbiX| WP_00 | >Helicobacter_pylori_UbiD|
pylori 542948 | MKLVLGISGASGIPLALRFLEKLPKEVEVFVVASKNAHVVALE| 120436 | MRDFLKLLKKHGELEVIDTPLEVDLEIAHLAYIEAKKPNGGKALLFT
71 NINLKNAMKDLRPSGTFFNEQDIHA 6.1 PIRKEHDQIKTFDMPVLMNAFGSFKRLELLLKTPIESLQQRMQAFL
SIASGSYGIHKMAIIPASMDMVAKIAHGFGGDLISRSASVMLK NAPKNFTEGLKVLKDLWDLRHIFPKKTTRPKDLIIKQNKEVNLLDLP
RPLLIAPRETPLSAIMLENLLKLAR LKTWEKDGGPFITMGQVYTQSLDHKKKNLGMYRLQVYDKNHLGL|
SNAIIAPPMMTYYTQSKTLEAMQDFLVGKWFDSLGIENNLYP HKDSQLFFHEYAKAKVKMPVSIAIGGDLLYTWCATAREVYELMLY
MN GFMRGKKAQVMPCLSNSLSVPRDCDIVIEGFVDCEKLELEGPFGD
YYTPIESYPVLEVKTISYKKDSIYLATVVGKPPLEDKYMGYLTERLF
PLLQMNAPNLIDYYMPENGVFHNLILAKIHTRYNAHAKQVMHAFW
QMSFVKHAIFVNEDAPNLRDTNAIIEYVLENFSKEKILISQGICDALD
HASPEYAMGGKLGIDATSKSNTPYPTLLNDNALLALLQDKMPNIVL
QYYPHRNPICIISVEKKDKSVIELAKNLLGFEEYLRVVIFVEHISND
LNNPYMLLWRIVNNIDAQRDILISKHCFFIDATNKGVMDKHFREWP)
TNCSMEVIEGLKKKGLLKDFETLNQKFHLTHSFSTHKGDL
Streptomyce | Bacteria Menaquinone | NP_628| >Streptomyces_coelicolor_UbiX| NP_62 | >Streptomyces_coelicolor_UbiD|
s coelicolor 657.1 MPWIVGVSGASGTPYAAAVLRALLAAGESVDLVVSRASRLTL 8655.1 | MAYDDLRSLLRTLEREGDLKRIKAEVDPYLEVGEIVDRVNKAGGP/
TGISFRDAHWRHDLREWLARGADGK FENVKGSDLPLAMNVFGTDRRLLKALGLKSYSDISDKIGGLLRPEL
PDTFDADVSGVRHWSAGDLAAGPSSGSYPTKGMLIVPASTA GFVGVREAFGKLGTMTHVPPKKVKPGSAPVQETVLTGDDVDLER
VALGLSKDLLQRAASVTLKERRRLV FTWPDDGGSFFNLGLTHTKDPETGIRNLGLYRLQRHDRRTIGMHV,
VAVRETPLDGRTLRHLVTLDDAGASVVPASPAFYAGATHIQD KDSRNHYQVAARRGERLPVAIAFGCPPAVTIYWRE PGDIDEYLFAG
FVAGRVLDAAGVGHGLYRRWRGDLG FLQGKRVEMVDCKTVPLQVPAHAEVVLEGWLEPGEMLPEGPFGL
GARPTG YTPQEPFPALKIDCVTMRKRPLLQSIVVGRPPTEDGPLGRATERFH
LLKIIVPDIVDYHLPEAGGFHNCAIVSIDKKYPKHAQKVMHAIWGAH
MSLTKLIVVVDSDCDVHDLHEVAWRALGNTDYGRDLTVVEGPVD}
ASYQQFWGGKAGIDATKKLPEEGYTRDGGWPDMVLSDPETAAK
KEYGL
Sulfolobus Archaea Unique WP_00 | >Sulfolobus_solfataricus_UbiX| WP_00 | >Sulfolobus_solfataricus_UbiX]|
solfataricus 998873 | MVSGMVKEAGTKNRREKTKRIIGISGASGTIYGIRTVQFLNEL 999229 | MAFKDLREYIEFMKKKGKLIEVDDEVSVDLEIAEITRKATYAHLPPL
5.1 YEIHIISKSAEKVAQKELGINLIN 6.1 FKRVKNYENWKIVSNIFYSIESLYEIFGTNKLESISEGFLSNLSNMPI
ELKKYSSYIYNQSQIEASPSSSSFSITSKGMIIIPCSIKTLAEIA TFFDKIKSLREILGLGKVMPKAKSPSFKEEKNLDLTKIPAIKPKDA
Caldariellaquin NGIGSNLLSRTALNFIRTNKRLVLV GRYLTFSITITKDPETDVHNLSVYRVQILNEKEAIIHWQAFKRGALT.
one (Refl. IRETPLGAIELENALKLARLGVYIMPASPAFYILPKNIDDMINFI KKYLEKGISKIPIAVVTGVDPAIAFTAASPVPHGIDKYMFAGILRGEQ
Chem. Soc., VGKALDLLGIKHDIYKRWKG IDVAELDNQLLVPSHSEVVLTGYVDLNDMRLEGPFGDHMGYYTPA
Perkin PVFKLERVYIREDPIFHVTSVGKPPLEDAWIGKAVERIFLPFAKML
Trans. 1, ELIDMNLPEYGLFTGIGIFSIKKYYPGQAKRVMMALWGTGQLSLLK
1977, 653- IVVDQDIDVHDINQVIYAIAANVDPKRDVWVIENALTDSLDPSVPFP
657) LGSKLGIDATRKFKEEMGKEWPEEVRSDEVVAKKADQILNKIIKRY
S
Aeropyrum Archaea Menaquinone | BAA80 | >Aeropyrum_pernix_UbiX| BAA8O | >Aeropyrum_pernix_UbiD|
pernix 648.1 MSCRPSSVSIAVTGSSGVRVALRLLEALKGEVEIRGIILTRGAE 571.2 MKPIADLRSYLEFLESKDMLRRVSVEASPILEIPEILRRIMYRGSGY.

VARYEEGIEPEDLRRLLRSYAPLYM

VLFEKVKGHEGFRIAGNIFCSLDVVRQALGVERLEVIGERLFEPLK
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ENDMSSPLASSSNQPDAMAIVPASMKTVGLIARGIPSSLPAR
AVLRLGRRLVVAPRETPLGVVELEN
MLAIARMGGIVVPLTLSFYIKPSSVEDLVDFAAGKVLDALGVK
VYRRWRGPEEGD

PPLGIGGKLRSLGEVLSLGKYMPKAVGRAGFTANVLEGREASFNL]|
FKVWPKDGGRYLTYALVHVRDPVRGVMNMGVYRVMIAGDKEGV
HKRGMQAQQDSVEKGERRIPAALVIGSDPGTLLTGAMRYRMLF
AGVVRGEGLPVYRLPNGIHVPANAEIVLEGYIDLEDLREEGPYGDH
YYDKPSRLFPTFRLERVWHREEPIYYGSVTGKPPLEDVVIGKFAEHR
LPAIQTLLPEVVDIDLPPHGVFQGMAFVSIRKRYPGHGKKALLALM
GQLSLTKIIVVVDHDINVHDVNQVIWAVSSHVDPQRDVLVVPHSHT]|
LDPATPTPMYGSKLGIDATRKLPEEYGGKQWPEEVAPDPETVRL
WGEYGLD

Pyrobaculum | Archaea Unknown AALG635 | >Pyrobaculum_aerophilum_UbiX| AALG3 | >Pyrobaculum_aerophilum_UbiD|
aerophilum 10.1 MYISRVFLGITGASGVIYGVKVLELLKKAGVEVHLSISKTAERY 771.1 MFSDLREFLKALEERGWLKRVSEPLSPELEIPEVLRQVMYARGPA
RLETDYDVEEVKSLADYVWDEHDMT ESVRGFPKWRVVGNLFGSLDRIRLALGELEEAGRRLLEPMASEPH
APPASGSYPIDAVAIVPCSTKTLAAIANGITLNLITRAAEVGLKH ADKFRAAVELFELGRYAPRAVRGGPVKEVVEEPNLLSIPAFKTWP
RRRVVLVIRESPLSLVHIRNMELAT GQYITFGVLITRDSRGVYNLGVYRVQILNEREAVVHAQIHKRAADL
MAGAIVMPAAPGFYTRPKTLEELVTTFAGRVLDALGVKHSFT SSPGCVDAAIAIGGDPAFLLSGIMPTPYPLDEYLFAGVLRGGGLEV]|
RQAQ GVATDLYIPARAEAVIEGCVDVKDLRREGPFGDHYGVYDQGGLYH
AKALLRREDPIYYGTVVGRPPLEDAYMGKAVERVFLPVLRFLLPE
LNLPEFGLFQGIAVSIKKRFPGHGKKVMFALWGLGHMMSLTKVVI
DHDVNVHDLNEVLFAVAQRVDPQRDVVIVPGAHVDVLDTGSPVP
KLGIDATRKLPEEYGGRPWPEEVAPDPEVAARVKAVVEQLLSL
Archaeoglob | Bacteria Menaquinone | WP_01 | >Archaeoglobus_fulgidus_UbiX]| WP_01 | >Archaeoglobus_fulgidus_UbiD|
us fulgidus 087870 | MRFVVALTGASGQILGIRLIEKLTELGAEVYAVASRAAKITLKA| 087772 | MAYEDLREFIGRLEDKGELARVKHEVSPILEMSEVADRTVKAGGK
9.1 TDYDEGYVREIATKYYDEDEIAAPF 0.1 FERPKGYDIPVFMNAFGTERRMKLALEVERLEEIGERLLSALEFRP|
ASGSFRHDGMAVVPCSIKTASSIAYGIADNLIARAADVTLKEK FMDALKGVGMLKDFMSFIPKKTGKAPCKEVVAESLDKFPILKCWP
LVLAIREAPLHSGHLKTLARLAEMG GRFITFPVVITKDPETGEMNAGMYRMQVFDGKTTGMHWQIHKHG
AVIFPPVLSFYTRPKSVDDLIEHTVSRIAEQLGVEVDYRRWG RKMAEKGGGKIEVAVAIGVDPATLYAATAPLPSEFMFAGFIRKER
LKVTECETVDLLVPANAEILEGYVRVDEMRVEGPFGDHTGYYTPH
YPVFHITHITHRENPIYHATVVGKPPMEDAWLGKATERIFLPILRMM
PEIVDINLPVEGAFHNLAIVSIKKRYPGQAKKVMYAIWGTGMLSLTHK
VVVVDDDVNVHDMREVVWAVTSRFDPARDVVILPPSPTDSLDHS
NLAGKLGIDATKKWRDEGYEREWPDVVEMDAETKRKVDAIWNEIHR
L
Thermoplas | Archaea Menaquinone | WP_01 | >Thermoplasma_acidophilum_UbiX| WP_04 | >Thermoplasma_acidophilum_UbiD|
ma 090151 | MRIVVGISGASGIPYAVRFLENLRGHDTYLVISEAAKKVIQYES 816200 | MLFDDLHEYLDFLARKNDLITVNDQVDPDLELTYILSEEERIGRGRT
acidophilum 01 ENIEYIRSLASHNYEDDDFSAPISS 51 QFNRVKGSEVPAVGNLFSTYEKMKTVLGDDPYQIGRRIVEIARSP

GSFLFDSMVIVPCSITTISKIAAGISDTLITRAAAVSLKERRRLI
VVPREMPLSTIDLKNMTYLSENGVI
VAPASPGFYTKPKSVDDMVAFVVSRILDLVGVGNDLIKRW

ESFIGKGIEMMRELGGLRPKIAGSLPSNYDELDRVDLFRYPICKT

DGGKFITLPLVITKDPETGTRNMGMYRMQVYDSETTGMHWHIHK
NFQKEAQKHEVMDVAVVIGSDPLTIFSAVAPLPNGIDEFMFRGLVS
RFDLVKGKTVNLEYPRNFEIVLEGYIDPAETRIEGPFGDHTGYYSL
QFPVFHIKKIERRDRIYPTTIVGKLWHEDVIMGKTIERMFLPLIQMV
MPEVVDINTMEEAVHNMVIVSIKKRYPGHAKKVMFGLWGMGQMM
1IVVVDDDINVHNRKEVIWAMTTRIDPDRDVIIIPGTVTDSLDHASPI

FNYGSKMGIDATKKRPDEGYQRRWPDVLEMPEDVTNRVRDLMK

Q




Thermoplas | Archaea Menaquinone | WP_01 | >Thermoplasma_volcanium_UbiX| WP_01 | >Thermoplasma_volcanium_UbiD|
ma 091671 | MRIVVGVSGASGIPYAVKLLENLGQNEVHLIISENAKKVMKYE 091666 | MTFEDLHEYLDYLAKKNDLVTITEEVDPNLDLTYILSEEERMGRGR|
volcanium 9.1 QDPSYLSSLASYTYSDDDFTAPVSS 6.1 LFKNVKGSQVPAVGNLFSTNEKLKAVLGDDPYSIGVKIADIVKPPR
GSFLFDAMVIVPCSISTLSKIAVGISDTLITRAAAVSIKERRRLI ESFIGKGLEMMRELSGLRPKVSNSIPSGYSELEKVDLYRYPICKT
IVPREMPLSSIDLKNMLSLSENGVI DGGPFITLPLVITKDPSTGIRNMGMYRMQVYDSETTGMHWHIHKG
IAPASPGFYNKPKSIDDLVSFVVSRILDLIGVKNELIKRWQD NFLKEKEKGKAMDVAVVIGSDPLTIFSAVAPLBIDEFMFRGLISRK
RSELVKGKTVDLEYPRNFEIVLEGYIDPSETRVEGPFGDHTGYYSL
EFPVFHVKNIIEERNDRIYPTTIVGKLWHEDVVLGKAVERMFLPLIQ
LPEVVDINTMEEAVFHNMVIVSIKKRYPGHAKKVMFALWGLGQLM
1IVVVDDDINIHNRKELIWAMTTRIDPDRDVIIIPGTVTDSLDHAAPL
FNYGSKMGIDATKKDKSEGYTRRWPDVLEMPKDVVDKVRQIMKN
Q
Picrophilus Archaea Unknown WP_01 | >Picrophilus torridus_UbiX| WP_01 | >Picrophilus_torridus_UbiD|
torridus 117699 | MRVVIGITGASGTILAVRLLENLKDVEKHLVMSESAKKVMELE 117696 | MVFDNLGEYLNFLRERNDLVEVNDPVDTDLELTWILSEEQRIGKRF
2.1 YKYDYIKGLADYVYNDDDIAANISS 6.1 IFKNVNGYDIPVAGNLFASDEKIEYILGDKPFNIGTKLKNLVRIPDNT]
GSFRYDALVIIPCSSSTMAKIASGISDTLITRTALVAMKERRRF| ESMISRGLEMLKELSGLKPHIGSRKDSEFNVLEKVDLNRYPICKT
IVPREMPLSTIMIENMLKLSRYNVI DGGKFITMPMVITKDPETGQRNVGTYRMQVYDSETTGMHWHIHK
IAPAMPGYYNRPRTVDDMVNFVVARVLDLIGIENDVSKRWEH QMSKYKKPMDVAVVIGSDPLTFFSSVAPLPNGIDEFSFRGLLARKH
LIKGETVDLEYPRNSIVLEGYVDPSETRLEGPFGDHTGYYSLQEQH
VFHIKKIIEKKNPIYTTTIVGKLWHEDVRIGKAIERLFLPLIQIQIPE
IVDLNTMEEGVFHEMIVVSIKKRYPGHAKKVMFSIWGTGQLMLSKI
IVDDDINIHDRSQVLWAIATRVDPASDVLIIPGTLTDSLDHTARTFN
GSKMGIDATKKLKGENYNRTWPDVLSMTGDIEKKADDIISKLTGKN
Ferroplasma | Archaa Unknown WP_00 | >Ferroplasma_acidarmanus_UbiX| WP_00 | >Ferroplasma_acidarmanus_UbiD|
acidarmanus 988729 | MKKIVVGITGASGTALGVKFLENIKDMEIHLVMSESAKKVMKL| 988641 | MTFDDLKEFIKYQESNGDLVRVNEEVDPELELTYILSEEERIGKKR]
21 DYSIDYIKSLADYYYHDSDIAARIS 5.1 LFNNVKGSKMPVIGNIFSSDKKIEAILGDTPYNIGLKLKNLVRBDT
SGSFLFDTFVVIPCSSSTLAKISAGISDTLITRVATVAMKERRR| ESMISRGLEMLKEMSGIKPKVYNRKNSEFEVVEPHLSDYPITKNWI
IVVPREMPFSTIMLENMLKLSMNNV GGRYITMPVVMTKDPDTGTRNVGTYRMQVYDDETVGMHWHIHK
IVAPAVPGYYNKPSSVEDLLNFVVARVLDLAGIKNDISPRWRI MDKYRNEGKIMDVAVAIGVDPLTFFSSIAPLPNGIDEFSFRGILAKK
LELIKGETVNMEYPRSSQIVLEGYIDPSETRIEGPFGDHTGYYSLEH
FPVFHVKKVVQKLEPVYSTTIVGKLWHEDVRIGKAIEKMFLPLIQIQ
PEIVDMNIPEETWSNMIVVSIKKRYPGQAKKVMFAIWGTGQMMFT]
VVVVDDDVDVHDMKQVMWAMTTRIDPVNDVFMVPNTPTDSLDHHA
NLGSKMGIDATKKSPAENYNRPWPDTLSMTPEIERKADELLKKLE
S
Thauera Bacteria Ubiquinone CAC126| >Thauera_aromatic_UbiX| CAC12 | >Thauera_aromatic_UbiD|
aromatica 92.1 MRIVVGMSGASGAIYGIRILEALQRIGVETDLVMSDSAKRTIAY 688.1 MDLRYFINQCAEAHELKRITTEVDWNLEISHVSKLTEEKKGPALLFH

TDYSISDLKGLATCVHDINDVGASI
ASGSFRHAGMIIAPCSIKTLSAVANSFNTNLLIRAADVALKERH
LVLMLRETPLHLGHLRLMTQATENG

AVLLPPLPAFYHRPKTLDDIINQSVTKVLDQFDLDVDLFGRWT|

IKGYDTPVFTGAFATTKRLAVMLGLPHNLSLCESAQQWMKKTITSH
IKAKEVKDGPVLENVLSGDKVDLNMFPVPKFFPLDGGRYIGTMVS
RDPETGEVNLGTYRMQMLDDKRCGVQILPGKRGERIMKKYAKMG
AAAIIGCDPLIFMSGTLMHKGASDFDITGTVRGQQAEFLMAPLTGL
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EERELAKSR

PAGAEIVLEGEIDPNALPEGPFAEYTGYYTDELHKPIPKPVLEVQQ
LHRNSPILWATGQGRPVTDVHMLLAFTRTATLWTELEQMRIPGIQ!
VMPESTGRFWSVVSVKQAYPGHSRQVADAVIASNTGSYGMKGVI
DIQADDLQRVFWALSCRYDPARGTELIKRGRSTPLDPALDPNGDK
SRILMDACIPYEWKQKPVEARMDEEMLAKIRARWHEYGID

Geobacter Bacteria Menaquinone | WP_00 | >Geobacter_metallireducens_UbiX| WP_00 | >Geobacter_metallireducens_UbiD|
metallireduc 451309 | MSLPLVVAITGATGVIYGVEMLNVLKELGQETHLIVSEAAGKN 451310 | MSTTQLKVKEINEELDSRPAVPPINDIRSYIAALEAHGVLHRVKAEV
ens 9.1 IETSYSLDEVRALADVVYDNKDIGA 2.1 WKFELAHISKVNEEQKGPALLYENVKGNTIPVFTSAFTTPERIAICL
SVASGSFRTRGMIVAPCTVKTLSAIANSFTYNLVIRAADVTLK QDPSLSMCQLSRKWMELTTKQMIKPTFVKNPPVMENIIEEKDVDL
RPLVLMVRETPLHKGHLELMSRATD PAPWFYPDDGGRFFGTSGYLVTQDPDTGWTNLGTYRSQILGKNI
CGAQILPPMPAFYHKPESIMDIVHQSIGKALDQVGIEHNLFKR 11ISG KHGDFHMKKYQERGEKMPVAYVVGGDPILFLASSTLVSAQT|
GDNRKEQWSLRIAN DVGGALRGRPIEVFKSDLTGLTLPANAEIIVEGWMDPEELMEEGPH
YTGYYSGNKMKDYPKPVIRVKRIIHRNKPIFWSTTVGKPINDTHMV
INRTATLWHDLETMKVPGIQSVYFPAAATGRFWVVASVKQMYPGH
VADAINGSTTGHYGVKGIIIVDHDIAADDMDRVWWALAVRFDPKRS
IITRGRSTPLDPGLPIEARD/VSRIILDATIPYEWKNKPNEIFMDRTV
LQKVSDRWNEYGFTGASPVAEMIPRLTRPEVKKK
Chelativoran | Bacteria Ubiquinone WP_04 | >Chelativorans_sp_BNC1_UbiX] WP_01 | >Chelativorans_sp_BNC1_UbiD|
s sp. BNC1 154481 | MLGVAHPRMIVGISGASGAIYGLRCLELLRDLGVETHLIVSKS| 157874 | MHQRLLPSFADLGSFLSLLESRGQVQEIDASVSMQLEITELHRRVI
21 LTIEQELNMKAANFRKLASYCHAPG 1.1 KGPVLRLSKPLDDQGRASRFPVVTNLFGTTERVASGLGTNLAGLK
NIGAVCASGSFQTLGMVVAPCSMRSLAEIAVGVTSSLLTRAA| ELLAWMRAPRPPTTLREARLMLPAARGALLARPRIVTPSRNWHDA
LKERRRLVLLAREAPLTLTHLRNMT FSILP VQRCWPDDAGPLITWPVVVTRPPGADDPAAYNLGVYRMQ
VVTEMGGIILPPVPAFYTHPKSLNEMVDHTIGRTLDLFGLDTG| DRAILRWLPMRGGAAHHWLWQAQAAEMPVAVIIGADPATMISAVI
KRWEGLKGPVTQISD DGVSELALAGMINNRRMAVAPCASIPLHVPASAEIVLEGVVSPGD
EGPFGDHTGYYNAPASYPVFQLKRICVRDDAHYLTTCTGRAPDEH
GEALIEVFKPLLRQQIPEIVDAWLPPEACSYRIAVVSIAKSYPGQAR
VMMGFWSLLPQFSMTKLVID®DIDIRSWPDVMWAIATRMDPSRDL
RVDRTPIDQLDFASPLEGLGGKLGFDATRKIGSETSREWGKELR
IERQVSLRWTEFFPQRGDGKKQ
Aromatoleu Bacteria Ubiquinone WP_01 | >Aromatoleum_aromaticum_UbiX| WP_01 | >Aromatoleum_aromaticum_UbiD|
m 123759 | MRIVVGISGASGAIYGIRILEVLKKIGVDTDLVMSDSAKRTIVYH 123710 | MKYQDLRDFIVQLEERGELKRISAPVDTHLEMTEIADRVLRAGGPA
aromaticum 41 TDYSINDVKRLASCVHDINDVGASI 6.1 FEQPVTRGVAQAMPVLANLFGTPQRVALGMGEELADGDWQTPLH
ASGSFRHAGMIIAPCSIKTLSAVANSFNTNLLIRAADVTLKERH LLAFLKEPEPPKGFRDAWEKLPVFRQVLNMAPKEVRSAPCQEVV!
LVLMIRETPLHLGHLRLMTQVTETG DVDLARLPIQHCWPGDVAPLITWGLVVTRGPGKKRQNLGIYRQQ
AVLVPPLPAFYHRPKTLDDIINQSVTKVLDQFDLDVDLFGRW1 DRVIMRWLAHRGGALDFRDHQQASSGEAFR\ZODPATILGAVTP
EEREHAKARSD VPDSLSEYQFAGLLRGAKTELVKCMGSDLQVPASAEIVLEGVIHPQ
AAEGPYGDHTGYYNEVSEFPVFTIDRITMRRDPIYHSTYTGKPPDH
MLGLALNEVFVPLLQRQYPEIVDFYLPPEGCSYRLAVVSIRKQYPG
KRVMFGIWSFLRQFMYTKFIIVVDDDVAIRDWKEVIWALTTRVDAT
TVLVDNTPIDYLDFASPVASLGSKMGLDATNKWPGETTREWGRPI
DWKARVDAMWDELGL
Salmonella Bacteria Ubiquinone + WP_00 | >Salmonella_enterica_UbiX| WP_00 | >Salmonella_enterica_UbiD|
082568 | MKRLIVGISGASGAIYGVRLLQILRDVDSVETHLVMSQAARQT 168239 | MKYHDLRDFLTLLEQQGELKRITLPVDPHLEITEIADRTLRAGGPAL
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enterica Menaquinone 2.1 LETHFSLREVQALADVTHDARDIAA 3.1 FENPKGYAMPVLCNLFGTPKRVAMGMGQDDVSALREVGKLLAFL|
through Men SISSGSYPTAGMVILPCSIKTLSGIVHSYTDGLLTRAADVILKE PPKGFRDLFDKLPQFKQVLNMPTKRLRGAPCQQKIASGDDVDLTH
pathway RPLVLCVRETPLHIGHLRLMTQAAE MTCWPDDAAPLITWGLTVTRGPHKERQNLGIYRQQLIGKNKLIMR
IGAVIMPPVPAFYHLPQTLDDVINQTVNRVLDQFDIPLPHDLF HRGGALDFQEWLAARPGERFPVSVALGADPATILGAVTPVPDTLS
WQGA FAGLLRGTKTEVVKGNDLEVPASAEIILEGYIEPGEMAPEGPYGDH
TGYYNEVDSFPVFTVTHITQREDAIYHSTYTGRPPDEPAVLGVAL
FVPILQKQFPEIVDFYLPPEGCSYRLAVVTMKKQYAGHAKRVMMG
FLRQFMYTKFVIVCDDDVNARDWNDVIWAITTRMDPARDTVLVEN
DYLDFASPVSGLGSKMGLDATNKWPGETQREWGRPIVKDPEVTA
IWDELAIFK
Escherichia Bacteria Ubiquinone + EIP104 | >Escherichia_coli_0157_H7_UbiX| EIP046 | >Escherichia_coli_0157_H7_UbiD|
coliO157:H7 97.1 MKRLIVGISGASGAIYGVRLLQVLRDVTDIETHLVMSQAARQT| 67.1 MKYNDLRDFLTLLEQQGELKRITLPVDPHLEITEIADRTLRAGGPAL
Menaquinone LETDFSLREVQALADVTHDARDIAA FENPKGYSMPVLCNLFGTPKRVAMGMGQEDVSALREVGKLLAFL|
through Men SISSGSFQTLGMVILPCSIKTLSGIVHSYTDGLLTRAADVVLKE PPKGFRDLFDKLPQFKQVLNMPTKRLRGAPCQQKIVSGDDVDLNH
pathway RPLVLCVRETPLHLGHLRLMTQAAE MTCWPEDAAPLITWGLTVTRGPHKERQNLGIYRQQLIGKNKLIMR
IGAVIMPPVPAFYHRPQSLDDVINQTVNRVLDQFAITLPEDLF HRGGALDYQEWCAAHPGERFPISVALGADEBAVTPVPDTLSEYA
WQGA FAGLLRGTKTEVVKCISNDLEVPASAEIVLEGYIEQGEMAPEGPYG
TGYYNEVDSFPVFTVTHITQREDAIYHSTYTGRPPDEPAVLGVAL
FVPILQKQFPEIVDFYLPPEGCSYRLAVVTIKKQYAGHAKRVMMG
FLRQFMYTKFVIVCDDDVNARDWNDVIWAITTRMDPARDTVLVEN
DYLDFASPVSGLGSKMGLDATNKWPGETQREWGRPIKKDPDVVA
| WDELAIFNNGKSA
Kluyvera Bacteria Ubiquinone + WP_05 | >Kluyvera_cryocrescens_UbiX| WP_06 | >Kluyvera_cryocrescens_UbiD|
cryocrescens 228542 | MKRLIIGISGASGAIYGVRLLQVLRSLPDVETHLVMSQAARQT]| 128383 | MKYQDLRDFLTQLEQQGELKRISLPVDPHLEITEIADRTLRAGGPA|
Menaquinone | 8.1 LETDFSLREVQALADVVHDARDIGA 6.1 FENPIGYSMPVLCNLFGTPKRVAMGMGQEDVSALREVGKLLAFLK
through Men SISSGSYKTAGMVILPCSIKTLSGIVNSYTDGLLTRAADVVLKE PPKGFRDLFDKLPQFKQVLNMPTKRLRGAPCQQKIISGDDVDLSR
pathway RPLVLCVRETPLHLGHLRLMTQAAE MTCWPEDAAPLITWGLTVTRGPHKERQNLGIYRQQVIGKNKLIMR
IGAIIMPPVPAFYHRPQTLDDVINQTVNRVLDLFDIELPQDLFT HRGGALDFQEWCAAHPGERFPVSVALGADPAVILBAPDTLSEYA
WTGV FAGLLRGTKTEVVKCLSNDLEVPASAEIVLEGYIEPGEMAPEGPY(Q
TGYYNEVDSFPVFTVTHITQREDAIYHSTYTGRPPDEPAVLGVAL
FVPILQKQFPEIVDFYLPPEGCSYRLAVVTMKKQYAGHAKRVMMG
FLRQFMYTKFVIVCDDDVNARDWNDVIWAITTRMDPARDTVLVEN
DYLDFASPVSGLGSKMGLDATNKWPGETQREWGRPIKKDPAVTA
IWDH.AIFSDDK
Shigella Bacteri Ubiquinone + | AMN63 | >Shigella_flexneri_UbiX| AMNG6 >Shigella_flexneri_UbiD|
flexneri 565.1 MKRLIVGISGASGAIYGVRLLQVLRDVTDIETHLVMSQAARQT| 5003.1 | MDAMKYNDLRDFLTLLEQQGELKRITLPVDPHLEITEIADRTLRAG

Menaquinone
through Men
pathway

LETDFSLREVQALADVTLDARDISA
SISSGSFQTLGMVILPCSIKTLSGIVHSYTDGLLTRAADVVLKE
RPLVLCVRETPLHLGHLRLMTQAAE
IGAVIMPPVPAFYHRPQSLDDVINQTVNRVLDQFAITLPEDLF
WQGA

ALLFENPKGYSMPVLCNLFGTPKRVAMGMGQEDVSALREVGKLL,
EPEPPKGFRDLFDKLPQFKQVLNMPTKRLRGAPCQQKIVSGDDVI
IPIMTCWPEDAAPLITWGLTVTRGPHKERQNLGIYRQQLIGKNKLINM
WLSHRGGALDYQEWCAAHPGERFPVSVALGADPATILGAVTPVP
EYAFAGLLRGTKTEWCISNDLEVPASAEIVLEGYIDPGEMAPEGP

GDHTGYYNEVDNFPVFTVTHITQREDAIYHSTYTGRPPDEPAVLG
NEVFVPILQKQFPEIVDFYLPPEGCSYRLAVVTIKKQYAGHAKRVM
VWSFLRQFMYTKFVIVCDDDVNARDWNDVIWAITTRMDPARDTVL
TPIDYLDFASPVSGLGSKMGLDATNKWPGETQREWGRPIKKDPD
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IDAIWDELAIFNNGKSA

Stretomyces | Bacteria Menaquinone | AAD28 | >Stretomyces_sp_D7_UbiX| AAD28 | >Stretomyces_sp_D7_UbiD|
sp. D7 781.1 MRLVVGMTGATGAPFGVRLLENLRQLPGVETHLVLSRWART 782.1 MAYDDLRSFLDTLEKEGQLLRITDEVLPEPDLAAAANATGRIGENA
ETGLSVAEVSALADVTHHPEDQGAT LHFDNVKGFTDARIAMNVHGSWANHALALGLPKNTPVKEQVEEFA
ISSGSFRTDGMVIVPCSMKTLAGIRTGYAEGLVARAADVVLKE DAFPVAPERREEAPWRENTQEGEDVDLFSVLPLFRLNDGDGGF
RLVLVPRETPLSEIHLQNMLELARM AVVSRDPEDRDDFGKQNVGTYRIQVIGTNRLAFHPAMHDVAQHLH
GVQLVPPMPAFYNNPQTVDDIVDHVVARILDQFDIAARWAG EKGEDLPIAITLGNDPVMAIVAGMPMAYDQSEYEMAGALRGAPAP|
MRAARAAARSFGDAA APLTGFDVPWGSEVEGVIESRKRRIEGPFGEFTGHYSGGRRMPV
VERVSYRHEPVFESLYLGMPWNECDYLVGPNTCVPLLKQLRAEF
AVNAMYTHGLMVIISTAKRYGGFAKAVGMRAMTTPHGLGYVAQVI
EDVDPFNLPQVMWAMSAKVNPKDDVVVIPNLSVLELAPAAQPAGI
MIIDATTPVAPDVRGNFSTPAKDLPETAEWAARLQRLIAARV
Bacillus Bacteria Menaquinone | WP_04 | >Bacillus_licheniformis_UbiX| OLQ% >Bacillus_licheniformis_UbiD|
licheniformis 392596 | MNIIVGITGATGAIFGVRMLEWLKKTDAETHLVISPWAAATILH 812.1 MAYQDFREFLAALEKEGQLLTVNEEVKPEPDLGAAARAASNLGDH
9.1 TGYTMKDVEKLASFTYSHKDQAARI LLFNNIYGYNNAQIAMNVIGSWPNHAMMLGMPKDTPVKEQFFEFA
SSGSFQTDGMIVAPCSMKTLAGIRTGMADNLLTRSADVMLKE EQFPMPVKREETAPFHENEITEDINLFDILPLFRINQGDGGYYLDKA
LVLLTRETPLNQIHLENMLELTKMG VISRDLEDPDNFGKQNVGIYRMQVKGKDSLGIQPVPQHDIAIHLRQ
AVILPPMPAFYNHPQNLNEMVDHIVFRTLDQFGIHLSEAKRW| ERGVNLPVTIALGCEPVITTAASTPLYDQSEYEMAGAIQGEPYRIVK
KQEK SKLSDLDVPWGAEVVLEGEIIAGEREYEGPFGEFTGHYSGGRSMH
IKRVYHRNNPIFEHLYLGMPWTECDYMIGINTCVPLYQQLKEAYP
VAVNAMYTHGLIAIISTKTRYGGFAKAVGMRALTTPHGLGYCKMVI
DEDVDPFNLPQVMWALSTKMHPKHDAVIIPDLSVLPLDPGSNPSG
KMILDATTPVAPETRGHYSQPLDSPLTTKEWEQKLMDLMNK
Bacillus Bacteria Menaquinone | WP_04 | >Bacillus_subtilis_UbiX| WP_04 | >Bacillus_subtilis_UbiD|
subtilis 023856 | MKLVIGMTGATGAIFGIRLLEYLKAAEIETHLVVSPWANVTITH| 442653 | MAYQDFREFLAALEKEGQLLTVNEEVKPEPDLGAAARAASNLGDH
4.1 TDYTLKDVEKLASYTYSHKDQAAAI 1.1 LLFNNIYGYHNAQIAMNVIGSWPNHAMMLGMPKDTPVKEQFFEFA
SSGSFETDGMIIAPCSMKSLASIRTGMADNLLTRAADVILKER DQFPMPVKREESAPFHENEITEDINLFDILPLFRINQGDGGYYLDKA
LVLLTRETPLSQIHLENMIALTKMG VISRDLEDPENFGKQNVGIYRMQVKGKDRLGIQPVPQHDIAIHLRQ
SVILPPMPAFYNKPADMDELIDHIVFRTLDQFGIRLPEAKRWY| ERGINLPVTIALGCEPVITTAASTPLLYDQSEYEMAGAIQGEPYRIV
EKQKGGI SKLSDLDVPWSAEV¥GEIIAGEREYEGPFGEFTGHYSGGRSMPIIK
IKRVYHRNNPIFEHLYLGMPWTECDYMIGINTCVPLYQQLKEAYP
VAVNAMYTHGLIAIVSTKTRYGGFAKAVGMRALTTPHGLGYCKM
DEDVDPFNLPQVMWALSTKMHPKHDAVIIPDLSVLPLDPGSNPSG
KMILDATTPVAPETRGHYSQPLDSPLTTKEWEQKLMDLMNK
Sedimentibac| Bacteria Unknown Q4R10 | >Sedimentibacter_hydroxybenzoicus_UbiX| Q9S4M | >Sedimentibacter_hydroxybenzoicus_UbiD|
ter 1.1 MRLVIGISGASGVVLGYHMLKVLRFFPECETHLVISEGAKLTF| 7.1 MAKVYKDLREFLEVLEQEGQLIRVKEEVNPEPDIAAAGRAAANLGH
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GMHTKMIDATTPVPPEPNPRETQLLDPPDGTEEWEEKLKELLKN(

Moorella Bacteria Menaquinone | WP_02 | >Moorella_thermoacetica_UbiX| WP_07 | >Moorella_thermoacetica_UbiD|
thermoacetic 577366 | MKLVVAVTGATGAVYAVRLLEALRATGSEVHLVLSRWAGETI 154976 | MAHQDLQAYLAYLEAHKLLHRVKVEVDPIFEIAAISDRVVKRGGPA
a 4.1 TDTTVDTLRVLATRCYQENDLAAPV 6.1 FERVKGSTLPVATNLFGSIDLVKAALEVTDLEEPARRLRALLELPAL
ASGSFQHQGMVVVPCSMKTLAGIAHGYAANLIMRAADVTIKE GGWLDKLRFLPRLAELGRYLPRRVKEAPCQEVRVEPPSLEELPVL
LILVPRETPLSPIHLENMLTLARLG PGDGGRFLTLPLVFTHDPLTGRRNVGMYRMQVFDAVTTGMHWH
VVIMPPMPAFYYRPRTVDDVVNHLVARILDHLGLEQDLVPR AEHLRRSGDRLEVAVALGADPAVIYAATAPLPPEMLLAGFLRREP
GED VEMVPALTVNIDVPARAEIILEGYVDPGETRLEGPFGDHTGYYSPA
YPVFHLTCLTRRRRAVYPATVVGPPPMEDAYLGKVTERLFLPLIQL
PEVVDINFPPAGVFHNCVIVAIRKAYPGQARKVMHALWGMGQMM
1IVVDADVNVHDLQEVTWRVLGNIDPRRDAVIVDGPVDILDHAAPR
FGSKMGLDATRKLPEEGASRPWPEEARAAREVLELIDRRWQEYG
Novosphingo | Bacteria Ubiquinone WP_01 | >Novosphingobium_aromaticivorans_UbiX| WP_01 | >Novosphingobium_aromaticivorans_UbiD|
bium 089103 | MKRMVVGITGATGSVYGLRLLELLRETGGWETHLVMSPAAL| 089104 | MTMNDLPNRARSISSLRDFLELLEDAGQAITWSDAVMPEPGVRNI
aromaticivor 6.1 EELPEGKARLEALADVVHNVRNVGA 0.1 ASRDANGAPAIVFDNITGYPGKRLAVGVHGSWDNIALLLGRPKGT
ans SIASGSFVCEGMAIAPCSMRTLGAVAHALSDNLITRAADVMLH ELFFEIAGRWGDQEAQISFVPEAQAPVHECRIEQDINLYDVLPVYR
RRLVMITREAPLNLAHLRNMTACTE EYDGGFYIGKASVASRDPLDPDNFGKQNVGIYRLQIQGPDTFTLM
MGAVIFPR/PAFYARPTSLADVVDHTCMRVLDLFGLHAKSEK SHDMGRQIMAAEREGVPLKIAVMLGNHPGLAAFAATPIGYEESEY
GLSKEAASLVPGAGQMEGN SAMMGAPIRLTKSGNUHLADSEIVIEAELQPGGRELEGPFGEFPGS
YSGVRKAPIFKVTAVSHRRDPIFENIYIGRGWTEHDTLIGLHTSAPI
AQLRQSFPEVTAVNALYQHGLTGIISVKNRMAGFAKTVALRALSTH
VMYLKNLIMVDADVDPFDLNQVMWALSTRTRADDIIVLPNMPAVPI
SAVVPGKGHRLIIDATSYLPPDPVGEAHLVTPPTGDEIDALSKRIRH
QLGALS
Lactobacillus | Lactobacillales | Menaquinone | WP_06 | >Lactobacillus_plantarum_UbiX| WP_06 | >Lactobacillus_plantarum_UbiD|
plantarum 059926 | MKRIVVGITGASGTIYAVDLLEKLHQRPDVEVHLVMSAWAKK| 349036 | MAEQPWDLRRVLDEIKDDPKNYHETDVEVDPNAELSGVYRYIGA(Q
21 LETDYSLAQLTALADATYRANDQGA 5.1 QRPTQEGPAMMFNNVKGFPDTRVLTGLMASRRRVGKMFHHDYQ
AIASGSFLNDGMVIVPASMKTVAGIAYGFGDNLISRAADVTIK LNEAVSNPVAPETVAEADAPAHDVVYKATDEGFDIRKLVAAPTNTH
RKLVIVPRETPLSMIHLENLTKLAK AGPYITVGVVFGSSMDKSKSDVTIHRMVLEDKDKLGIYIMPGGRHI
LGAQIIPPIPAFYNHPQSIQDLVNHQTMKILDAFHIHNETDRRW FAEEYEKANKPMPITINIGLDPAITIGATFEPPTTPFGYNELGVAGAI
GD RNQAVQLVDGVTVDEKRSEYTLEGYIMPNERIQEDINTHTGKAMP
EFPGYDGDANPALQVIKVTAVTHRKNAIMQSVIGPSEEHVSMAGIH
ASILQLVNRAIPGKVTNVYNPPAGGGKLMTIMQIHKDNEADEGIQR|
ALLAFSAFKELKTVILVDEDVDIFDMNDVIWTMNTRFQADQDLMVL|
MRNHPLDPSERPQYDPKSIRFRGMSSKLAIDGTVPFDMKDQFERA
KVADWEKYLK
Oenococcus | Lactobacillales | Menaquinone | WP_00 | >Oenococcus oeni_UbiX| WP_03 | >0Oenococcus_oeni_UbiX|
oeni 281901 | MAVKKIIVGVSGASGTIYAVDLLKQLHAISNVEVHLVMSSWAK 282273 | MTEQLWDLRRVLDEIKDDPQQYHATDVEVDPDAELSGVYRYIGA(
3.1 LSLESDYSIDQIKELANYTYNIHDQ 71 ERPTKEGPAMVFNNVKGFSDARVLIGLMASRKRVGKMLHHDFRT

GAAIASGSFLNDGMVIVPASMKTVAGIASGFGDNLIARAADVA
EQRKLILVPRETPLSVIHLENLTRL
ARLGVQIIPPIPAFYGHPKTIQDLINHQTMKILDAFSINNNLDNR

WEGD

LNDSVSKPIAPVVVDENQAPAHEVVYRAEDPGFDIRKLVPAPTNTH
AGPYISCGVVFGSNMDKTMSDVTIHRMVLEDKDKLGIFIQPGGRH
FAEEFEKANKPMPITINIGLDPAVTIGVTFEPPTTPLGYNELGIAGAI
RNQAVQLVDGLTVDRIKRAEYTLEGYIMPNERIQEDINTHTGKAMP
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EFPGYDGDANPALQVIKVTAVTHRKDHPIMQSVIGPSEEHVSMAG
EASILQLVNRAIPGKVKNVYNPPAGGGKLMTIMQIHKDNEADEGIQ|
AAILAFAAFKELKTVFLVDDDVDIFDMNDVVWTINTRFQADQDVM
GMRNHPLDPSERPAYDPKSIRIRGMSSKLVIDGTVPFDIRDQFERA
KEVPDWEKYLK

Pediococcus | Lactobacillales | Menaquinone | WP_01 | >Pediococcus_pentosaceus_UbiX| WP_01 | >Pediococcus_pentosaceus_UbiD|
pentosaceus 167295 | MKKIVVGISGASGTIYGIRLLEVLHRMPDVETHLVMSRWAKEN 167295 | MTEQPYDLRKVLEEMKKLPGQYHETDVEIDPDADLAGVYRYIGAG
8.1 IEDTGYTESQLKDLADFVYSEKNMG 71 KRPTAEGPTMMFNNVKGFPDSRVLIGLQASRKRVGKILHHDYKTL,
ATVASGSFIHDGMVIIPASMKTIASVATGLGENLIARAADVTLK] LNDAVSNPIAPTEVTRAEAPAQEVVHLASDPDFDIRKLLAAPTNTQ)
QRQLIVVPRESPFNQIHLENMLKLS AGPYITMGVVYGHSMDKKQSDVTIHRMVLEDKDTIGMYIMPGGRH
KMGVGVIPPIPAFYNRKTIDDIVNHTVMKILDHLHIQNDVSSR FLKEYEEQNKPMPITINIGLDPAITIGATFEPPTTPLGYNELQVAGAL
EGLANARKNNQKK RNEPVQVVPGVEVDBIARSEWIIEAEIMPNQSMQEDINTNSGYAMH
EFPGYNGTANPAVNVIKIKAVTHRKDKPIVQTTIGPSEEHVSMAGIH
EASILSLVGRAIPGKVLNVYNAPAGGGKLMTIMQIHKENEADEGIQ
AALLAFSAFKELKTVILVDDDVDIFDWNDVMWTINTRFQADRDIMV
GMRNHPLDPSELPDYDPARIRVRGMSSKLVLDGTVPYDMRDKFK
KEIADWKKYLD
Enterococcus| Lactobacillales | Menaquinone | WP_00 | >Enterococcus_faecium_UbiX| SAM61 | >Enterococcus_faecium_UbiD|
faedum 229461 | MEQLAQRKKKIVIGVSGASGTIYAINLVKKLKEYPMIETHGIISH 476.1 MSTPYDLRKVLAELQEMPGEYHETNVEVDPHAELSGVYRYIGAG(
8.1 WAKQNLKLESGLSLTEFESLFDYHY RPTKEGPAMMFNCVKGFPDTRVLIGIIASRDRVGKILHHBEBRLL
SNKDLGAAVASGSFLTDGMIIVPASMKTVAGISVGLGDNLIAR KDSVQNPVKPVKVAKTDAPAQEVIHLATDEGFDIRKILAAPTNTEY
DVTMKEQRKLVIVPRETPLNAIHLE GPYITMGVVFGSDPEKTMSDVTIHRMVLEDEDTIGMYIMPGGRHI(
NLTKLARLGVQIIPPIPAFYNQPQTIQDLVNHHTMKLLDQFGIV QKQYEALNKPMPITINIGLDPAISIGTTFEPPTTPLGYNELWVAGAL
EHSKRWQGD QEPVQLVDGVAVDEVGIARSEFIIEAEILPHETIQEDINTNTGKAMP
FPGYNGDANPAVNVVKVKAITHRKDRPIMQTTIGPSEEHVSMAGIH
ASILDLVDKAPGKVTNVYNPPAGGGKLMSILQIHKESEADEGIQR(Q
AILALSAFKELKTVILVDDDVDIFDMNDVMWTLNTRFQGDQDILVLHF
MRNHPLDPSERPEYDPKSIRFRGMSSKTILDGTVPFDLKDDFIRAH
EVPDWEKYLK
Geobacillus Bacteria Menaquinone | WP_04 | >Geobacillus_kaustophilus_UbiX| WP_01 | >Geobacillus_kaustophilus_UbiD|
kaustophilus 146767 | MRIIVGMSGATGAIFGIRLLESLKDIGVETHLILSKWAETTIKLE| 122950 | MRAKTFRTWLEYMQSTERLAVIDKRVKLKYEVASIAKKLDGKKAV
4.1 TNYSIEDVKKLASVVHSSTNQAASI 21 QVEDYSIPVVSGICTTRQQFAEALETDQSGLIPKFIQAVSNPLPYRL
SSGSFRVDGMVIAPCSMKTLAAIRMGYSENLLSRAADVVLKH DKKDAPVKENVILKNIDLMEILPIPIHHEKDSGHYITAGLLIVRDPLT
LVLLTREMPLNDIHLENMLFLSRMG RKQNVSIHRLQVSSKDRLGILILPRHTFHLYRQAEEAGKPLECAIAI
AVILPPVPAFYNLPSSIDDIVNHIVARTLDQFGINNELTKRWKT] VDPITLLASQASTPFGIDELEIASALRGEPL¥VRCETVDIDVPAHAE
IVLEGKILPRVREPEGPFGEFPKYYGSRSDKEVVQITGITHRNHPIF
TIVPAGYEHLLLGGIPREASLFQSVKQTVPSVKSVHMSLGGTCRYH
ISIKKRNEGEAKNAILAAFANSFDIKHVVVVDEEIDIFNMEEVEWAIA
TRFQADRDLIVIHGAQGSKLDPSTNNGVGCKMGLDCTVPLDSEPM
RIEIPGYNDLDVDEYINQESTGLKPEHLEKNNAASI
Bradyrhiobi Bacteria Ubiquinone WP_02 | >Bradyrhizobium_japonicum_UbiX| WP_02 | >Bradyrhizobium_japonicum_UbiD|
um 631274 | MQDASPKRMIIGISGASGVTYGVRLLQLLRNAGVETHLVMSK| 813783 | MQRDVPRFRDLADFLRFIEGRGQLRRIREKVSVVHEITEIHRRVLG
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japonicum 3.1 DMASAISSGSFRTAGMIVAPCSMRSMSEIASGVTTTLLTRAAL 7.1 LMAELRAPRPPNSIRDAFGKLPLARAALATRPRTRAAAPVQDCVT!
LKERRRLVLMVRETPLHTGHLRTMT DIDLTRLPVQICWPGEPAPLITWPLVITVPPDSTTADQEENVGVYR
ALSEMGAIIAPPVPAFYAKPENLEDMIEHTVGRVLDLYDIDIGV VLGRDRAIIRWLAHRGGARHHQQWKAIGRDMPVAIVIGADPATILA
RRWGEDEALKRRSPSLRKIAP LPLPETMSELRFAGILRGERPDLAPCLTVPLAIPAEAEIVIEGLVSAT|
ETAPEGPYGDHTGYYNSVEEFPVMRVTAITSRRQEWIGRPPDE
PSRIGEALNRLFVPLIRQQFPEVTDCWLPPEACSYRIAVAAIKKRYH
QARRLMLGLWSMLPQFSYTKLLIVVDDDIDVRDWKAVMWAVSTR
RDLVILTDTPIDYLDFASPKSGLGGKLGIDATTKMPPETDREWGVP|
MDPAVVARVDAMWASLGLSGMPVRAPILT
Methanosarc | Archaea Unique WP_01 | >Methanosarcina_acetivorans_UbiX| WP_01 | >Methanosarcina_acetivorans_UbiD|
ina 102075 | MEIVGISGASGVQYGIRLLEVLAEKGIETHLVLTEAAKQIIGIE | 10203 MTYRDFIDQLRENGKLVEVPQPVSPRFEASRIAKKTKAPVLFHDIS
acetivorans Methanophen | 6.1 TDYLPLEVEKLATWNYSQKDFSAPI 04. KVIMNLLGSRDELASMLGVPKEEIIRKLSEVSPEGEVRIVSESPTLE
azineé? ASGSYKTAGMVVAPCSMKTLGAVANGISDTLLTRAADVCLKE 1 IENEVDLTRLPILTHYEKDGAPYITAGIVVSEYGGVMNASIHRLMLA
LVLMTRETPLNLIHIENMLRAKQAG KDKLAARLVPPRHTYLLHKKAVEKGEPLPVAIVIGCDPTITYATTTR
ASILPACPGFYSRPKTLEDLIDTMTGRALDLLGVENDIYRRWE PVGKEFEYAAALRGAPVELFECSNGVKSPINLEGYVDPVEKVDEG
PFVDITGTYDMVRKEPVIRITRVLHRKDPIYHGILPAGPEHLLMMG
YEPRIYRAVGEVTTVKNVVLTEGGCCYLHAVVQIKKQTEGDAKNA|
AFAAHTSLKHVVIVDEDINIFDPADVEFAVATRVKGDMDILIIPNVRG
SSLDPRGAPDGTTTKVGIDATKVLIEKENFERAVIPEE
Methanosarc | Archaea Unique WP_01 | >Methanosarcina_barkeri_UbiX| WP_04 | >Methanosarcina_barkeri_UbiD|
ina barkeri 130661 | MEITVGISGASGVQYGIRLLEVLAEKGIKTHLVLTDAAKQIIEIE| 817683 | MSFRTFINQLKENGKLVEILQPSPRFEASRIAKNTKAPVLFHDISGS
Methanophen 9.1 TDYSPETVEKLATWSYAQKDFSAPI 9.1 KVIMNLLGSRDELSSMLGVPKEEIIKKLSEVSPEGEVRLVSESPTLH
azine3 ASGSYRTGGMVIAPCSMKTLAAVANGVSDTLLTRAADVCLKE |IEDKVDLTKLPILTHFEKDGAPYITAGIVVSEYGGTINASIHRLMLVG
LILMTRETPLNLIHIENMLRAKKAG KDKLAARLVPPRHTYLLHKKAAEKGEPLPVAIVLGCDPTIIYATSTR
ASILPACPGFYSRPKTLEGLIDIMVGRTLDLLGIDNEIYRRWK PVGKEFEYAAALRGAPVELFECANGLKVPHAEIVLEGYIDPVERVD
PFVDITGTYDVVRKEPVIHITRIIHRKDPIYHGILPAGEHLLMMGVP
YEPRIYRAVGEVTTVKNVVLTEGGCCYLHAVVQIEKQTEGDGKNA|
AFAAHTSLKHVVVVDEDINIFDPNDVEFAIATRVKGDIDILIIPNVRG
SSLDPRGAPDGTTTKVGIDATKVLVEKENFERAVIPE
Methanobact | Archaea Unknown AAB84 | >Methanobacterium_thermoautotrophicus_UHiX AAB85 | >Methanobacterium_thermoautotrophicus_UbjD
erium 653.1 MKVIKMIILAMTGASGVIYGERILKALRGAGVRIGLMITDTARE| 871.1 MRNFLDKIGEEALVVEDEVSTSFEAASILREHPRDLVILKNLKESDI
thermoautot IRYELGIEPGALEELADECFDASDF VISGLCNTREKIALSLNCRVHEITHRIVEAMENPTPISSVGGLDGYR
rophicus TTSINSGSSPFRAMVIAPCTMKTLSAIANGYAENSLTRAADV( GRADLSELPILRHYRRDGGPYITAGVIFARDPDTGVRNASIHRMM
ERRDLVLVPRETPLRSVHLENMLRV DDRLAVRIVPRHLYTYLQKAEERGEDLEIAIAIGMDPATLLATTTSIR
SREGGIILPAMPGFYHKPASIEDMADFIAGKVLDVLGIENDLFH IDADEMEVAITFHEGELELVRCEGVDMEVPPAEIILEGRILCGVRER
WTGKDI GPFVDLTDTYDVVRDEPVISLERMHIRKDAMYHAILPAGFEHRLLQ)|
PQEPRIYRAVKNTVPTVRNVVLTEGGCCWLHAAVSIKKQTEGDGHK
MAALAAHPSLKHVVVVDEDIDVLDPEEIEYAIATRVKGDDDILIVPG
RGSSLDPAALPDGTTTKVGVDATAPLASAEKFQRVSRSE
Methanopyr | Archaea Unknown AAMO2 | >Methanopyrus_kandleri_UbiX| AAMO1 | >Methanopyrus_kandleri_UbiD|

MRVFIGVTGASGQIYARRLIEVLHEEGVDVEISVTRSAEYVMH
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us kandleri 678.1 GVDLPENVRRYDPKDLTAPPASGTY 451.1 VGNLCCSREYLVRALGAESWDDVLRKLAEAMDSPKEPRKERSPS
RIDAYIVCPCTLHTLSSVAVGVAGDLIKRAAVVALKEGRPLVF ERGPEFLKEFPMCRFYRTDGGPYLTASLVVAVEPEEGIPNASVHR
RETPWPRSALQAALKLREEGAVILP LGDGKFAVRVVPRHLYRYYEKADHDLPVAVCLGVDPRTMFACCA
ACPAFYHGPTTIEDLVDYVVQKVLDTIGVEVDLVRYQPRGM EVSELDVAAAFWEDLRVYEVDYGIPVBEE/MVGRLTPERAPEGPF
VDVTRTLDERRREPVFEVEKVYTREDPYHPIILPGGEEHRIMMGG
ATVLAHVSRVSEVVKVRLTPGGGRWLHAVVSIRKRTEGEAVNAGI
AAHPSLKHVVVVDEDVDPDDPEQVEYALATRFQADRDLHVVRGL
DPSAEEGIMAKAVFDATAPVEKRERFEVVEVPVSDRVRRILDELP
Methanococ | Archaea Unknown WP_01 | >Methanococcus_maripaludis_UbiX| WP_01 | >Methanococcus_maripaludis_UbiD|
cus 219387 | MDEIIVCITGASGVIYSKRLLEVLKEENIKTSLIISNSAKKIIKH 117123 | MVKNLVNSIEKLVFEKSTKKFGVSRILKENDDKPVFIKDVNGYPVIG
maripaludis 5.1 ELKMEIDEFKKLANNYYENDNFFSP 21 LCTREVIAESLGIEKEDLMKHMVESMNNEKNGELIVDESLEKLYIDI]
VASGSHKFKAAVVVPCSMKSLSSIATGYSDNLIGRVCDIALKH LEKIHDYPIPTYYGKDAGPYLTSGVVIVKDKDEGVNASIHRILVRPD|
DLIIVPREMPFSTIHLENMVKLSNL NLAIRMVEQRHLHYIYNKNIGNGEVDCAIVIGVHPAVLLAASTSGD
GVSVIPPAPGFYNDPKTITDLVNFVVGRILDNLKIENKIFKRWG FNELKYASALINKPLNLVKCKTVDLEREAEFIIEGKITAEMVDEGPF
VDITGTYDVIRKQPLIKVTALRRKEDAIFHALLPGGSEHKLLMGIPQ
PRMYKGIRNTVPSLKNVALTQGGCCWLNAVVSIDKKTEGDGKNAI
LAAHPSLKHVTVVDDDINIYDANDVEYAVATRVQSDKDIIIPGAKGS
SLDPSADHKNKLTAKMGIDATMSLLKGKEEFIRAEVPKDDE
Thermococcu| Archaea Unknown WP_01 | >Thermococcus_kodakaraensis_UbiX| WP_01 | >Thermococcus_kodakaraensis_UbiD|
S 124946 | MKVIVAITGASGAVYGVKLVEVLKELGHEVVVLASRTGIAVTY| 124988 | MLREILSRFEDLVVIKEPVKKELEITRYLLKYPDRPVLFEDVEGWKV
kodakaraensi 4.1 LGIKLKPDYDEKDLFAPVASGSHPF 01 GNIWSTRKRIATYLNTTREELIHLIAEAMENPRQYKEVKEAKNST
s DAMVVAPCSMKTLSAIANGYADNLITRAADVALKEKRKLILLV KDFSLKKLPIPKYYPRDGGQYFTSAMVIAKDDNGFVNVSFHRMM
TPLNMIHIENMMKAARAGAVIMPAS KTAAIRLVPRHLYAMWKEKAENGEDLDVRIVVGNPVHLLLAGSVS
PGFYTRPKTVDDMINFIIGRILDILGIPHELYKRWGTIHGTAGR GVSELEIASAMSEIAFGKPLEVIELGGIPVPIESEFVFEARITPELVD
EGPFVDITGTYDIVRRQPLVVFEKMYHVDDPIFHALLSGGYEHYML
LPKEPQIYASVKRVVPKVHGVRLTEGGAMWLHAVVSITKQHDGD(
ILAAFAGHPSLKRVIVVDEDINIYDDREVEWAVATRFQPDRDLVIVP!
ARGSSLDPSAEKGLTAKWGIDATKPLGRKEEFERARV
Pyrococcus | Archaea Unknown WP_01 | >Pyrococcus_furiosus_UbiX| WP_01 | >Pyrococcus_furiosus_UbiD|
furiosus 101199 | MKIIVAITGASGAIYGIRLYETLKNLGHEVILLASETGKKVAKLE| 101227 | MLREIIEEKFDDTVIVDKPVKKEYEITKYLLKY®ORPVLFKDVEGWEVA
8.1 TGIDIKPDYGENDLFAPIASGSYPF 8.1 GNIWSTRDRIAKFLNTDKKGLLELLAYSMENPSKYEIVDDAEFLRN
DAVVIAPCSMKTLSAIANGYSNNLITRVADVALKERRKLVLLIR| EVNLLDLPVPKFYPKDGGRYFTSAIVVAKRGDFVNLSFHRMMILDH
TPLNLIHIQNMLKISQAGGIVMPAS AAIRIVPRHLYAMWKESVESGEELEVRIIVGNPIHVLLAGATSVAYG
PAFYTNPKTIDDMISFIIGKILDILGIPHNLYPRWGG SELEIASTISRRAFGRPLEVVDVNGIPVPVESEFVFEAKITDEMVDE]|
PFVDITGTYDIVRKQPVVVFEKMYHVDNPIFHALLPGGYEHYMLM(
KEPQIYTSVKRVVPKVHGVRLTEGGCMWLHAVVSITKQHEGDGKN
AAFAGHPSLKRVIVVDEDIDIYDDREVEWAVATRFQPDKDLVIIPNA
GSSLDPSGKDGLTAKWGIDATKSLDRKEEFEKARLE
Gibberella Fungi Ubiquinone XP_011 | >Gibberella_zeae_UbiX| XP_011| >Gibberella_zeae_UbiD|
zeae 320897 | MVRRVVNVTSPRLHQTWNQSCRGFRITSLDQTNQPDLYQDT| 320898 | MAISGRYINLATRCTGVRRALSTSRPISTANKQLEVDPIEAQLDFRHK

TKSVKSSKVRFLPPRPKRIVVGITG
ATGAPYAIRLLEILKELNVETHLIISKWALATLKYECSLTESQIR

SLAHSNYTAKDMSAPIASGSFQHDG

LDILRQDGDLAEIDKEVDPHLEIGAICRRVSEIRDKAPLFNNVKGST]
GLWRIFGNAASLRKDDKEKFGRVARNLGLPAAATWKDISDHFIS
KPIPPNILPTGPCKQNKIFGSDVDLESVPYLHKGDGGKYLATYGIH




MVVVPCSMKTLAAIRIGFGDELIARAADVSLKENRKLVLAIRE]
LNDIHLDNMLFLRRAGAVIFPPVPA
FYTRPRSLEEVVDQSVGRMLDMLGFNMEGFERWDGFRKD

VLQTPDKSWTNWSIFRGMVHNKNHLTCLVGTGQHNAIIRDKWLAFH
EIPWALALGVPPIASIVAAMPVPEGVSESEYIGAVTGKPLDMVKCE
DLLVPASSEIVLEGTMSLVEKGKEGPFGDYLALVFDGEGGKGPLF
AITYRDNAILPISCPGNIIDESHTTAQLAAPEVLLLCQEHGLPIKEAF
APVETLATWCVLQVDTERLRILQTTSEEFSKRLGGILFKSKEINR
VLLIGDDVDIYDWDKVMWAFTTRCRPGHDTYHFEDVPSHPLTPY
PGTPRRGGKVISDCLLRSEYDRPRDFKAVDFETSYPSHIKTKVLN
AMGFS

Cryptococcus| Fungi Ubiquinone XP_012 | >Cryptococcus_neoformans_UbiX| XP_012| >Cryptococcus_neoformans_UbiD|
neoformans 051311 | MSGYKNLISVLTSRHTETASDGTGSTTNLESKDYDVSSPDKH 050983 | MADPYIRETPASLTHTPTMIRSPAHQYHHKMSIIPAAPHLEFRSFVH
1 FSTASLADVPFQLIPEKLRRKTYVV 1 LKQDNDLISITREVDPDLEAAAITRLVYENDLPAPLFENLKGAKDGL
AVTGATGATLAIRLLQALRALDIETHLILSKWAVKTLKYETDMT, RILGAPGALRKDKATRYGRLARHIGLEPTAGMKEILDKVLSAEKLE
RELKDLADYSYSNSDLAAPPSSGSF EPTVVQDGPCKQNILQB®YHIESLPSPSIHKDDGGKYIQTYGMHVV
VHDGMFIIPCSMKTLAAVRIGLGDELISRSADVCLKEGRKLML| SPDGKWTNWSIARAMVKDDKHLVGLVIEPQHIWQIHELWKKEGK
RETPLNDIHLENMLFLRRAGAIIFP ALCFGVPPAAIMASSMPIPDGVSEAGYIGAFIGESIPVIKCETNNLL
PVPAYYIRPQTIDDLINQTVGRILDSMGLHTTGFARWAENV PSTSEIVFEGSLSITETAPEGPFGEMHGYIFPGDTHNWPVYKVNCI
RDDAILPMSACGRLTDETHTMIGTLAAAEIGKVCRDAGLPVKDAFS
ESQVTWVALQFDGKKLREMKTTSEELRKKVERNKVGYTIHRLVL
VGDDIDVYDGKDILWAFSTRCRPNLDETYFEDVRGFPLVPYMGH(
PVQGGKVVSDALMPLEYITGPDFIAADFQNSYPEELKAHVLSKWE
FASL
Nectria Fungi Ubiquinone XP_003 | >Nectria haematococca_UbiX| XP_003| >Nectria haematococca_UbiD|
haematococc 041938 | MGQLTRKRIIVAITGATGAAIGIHMLSILRRLNVETHLIISKWAA| 039530 | MDSTSPALSFRAFVDALREDDDLVEIDAPVDPNLEAAAITRLVCET
a 1 ETIKYETDYTPAAVRALADHAYNSC 1 KAPLFNNLVGAQNGFFRILGAQASLRKSPKYRFSRLARHLALPPDA
DLAAPIASGSYHVDGMIVAPCSVKTLAAINAGICDDLITRAAD\ RDIMQKLQQAAHLQAIPPTIVSTGSCKENSIEGDDIDLDSLPSPMLH
LKERRRVVLSVRETPLSEIHLRNMM SDGGKYLQTMGMHIVRSPDGTWTNWSIARAMVCGKRDLTGIVAQG
EVTRAGAIIAPPVVGFYTKPSSVDDILNQMLGILRDGKE GKIWAQWKERGEDVPWACAFGVPPAATLASSMPLPDGLSEADF
GSSMPLVKCDTNDLWP¥DSEIVLEGTISTTETRPEGPFGEMHGYVF
GDRHEWPKFTVNKITYRDDAILPISACGRLTDETQTMIGPLASAEV/
LCQEAGLPITAAFAPFAGQGIWITLQVDTAELQSMNTSPKAFMKT
LVFHHKTGFFFHRLILVGPDIDIYNDKDILWAYSTRCRPGMDELLYT
VPGFFLIPFMGRGHGPHHEGGKVVCSALLPSEYTSGQDWEAADH
PKSVKERVLKNWDQMGFDKLN
Aspergilus Fungi Ubiquinone GAQA47 | >Aspergillus_niger_UbiX| CAK38 | >Aspergillus_niger_UbiD|
niger 135.1 MFNALLSGTTTPNSGRASPPTSEMPIDNDHVAVARPAPRRRI 415.1 MSAQPAHLCFRSFVEALKVDNDLVEINTPIDPNLEAAAITRRVCET

AMTGATGAMLGIKVLIALRRLNVET
HLVMSKWAEATIKYETDYHPSNVKALADYVHNINDMAAPVSY
RADGMIVVPCSMKTLAAIHSGFCDD
LISRTADVMLKERRRLVLVARETPLSEIHLRNMLEVTRAGAVI
PVPAFYIKAASIEDLIDQSVGRMLD
LFDLDTGDFERWNGWEK

KAPLFNNLIGNMKNGLFRILGAPGSLRKSSADRYGRLARHLALPPTAS
REILDKMLSASDMPPIPPTIVPTGPCKENSLDDSEFDLTELPVPLIH
SDGGKYIQTYGMHIVQSPDGTWTNWSIARAMVHDKNHLTGLVIPH
WQIHQMWKKEGRSDVPWALAFGVPPAAIMASSMPIPDGVTEAGY
TGSSLELVKCDTNDLYVPATSEIVLEGTLSISETGPEGPFGEMHGY]|
PGDTHLGAKYKVNRITYRNNAIMPMSERLTDETHTMIGSLAAAEIR
KLCQQNDLPITDAFAPFESQVTWVALRVDTEKLRAMKTTSEGFRK|
DVVFNHKAGYTIHRLVLVGDDIDVYEGKDVLWAFSTRCRPGMDET|
DVRGFPLIPYMGHGNGPAHRGGKVVSDALMPTEYTTGRNWEAAI
YPEDLKQKVLDNWTKMGFSN
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Saccharomyc| Fungi Ubiquinone AJU882 | >Saccharomyces_cerevisiae_UbiX| AJUB89 | >Saccharomyces_cerevisiae_UbiD|
es cerevisiae 94.1 MLLFLRRTNIAFFKTTGIFANFPLLGRTITTSPSFLTYKLSKEVT 76.1 MRKLNPALEFRDFIQVLKDEDDLIEITEEIDPNLEVGAIMRKAYESH
RVSTSPPRPKRIVVAITGATGVALG PAPLFKNVKGASKDLFSILGCPAGLRSKEKGDHGRIAHHLGLDPK
IRLLQVLKELSVETHLVISKWGTATMKYETDWEPHDVAALATH KGIIDYLLECKEKEPLPPTTVPVSSAPCKTHILSEDKIHLQSLPTPYL
SVRDVSACISSGSFQHDGMIVVPCS HVSDGGKYLQTYGMWILQTPDKKWTNWSIARGMVVDDKHITGLV|
MKSLAAIRIGFTEDLITRAADVSIKENRKLLLVTRETPLSSIHLE HIRQIADSWAAIGKGNEIPFALCFGVPPAAILVSSMPIPEGISESDY
NMLSLCRAGVIIFPPVPAFYTRPKS GAILGESVPVVKCETDLMVPATSEMVFEGTLSLTDTHLEGPFGEM
LHDLLEQSVGRILDCFGIHADTFPRWEGIKSK YVFKSQGHPCPLYTVKAMSYRENAILPVSNPGLCTDETHTLIGSLV
EAKELAIESGLPVLDAFMPYEAQALWLVLKVDLKGLQALKTTPEEH
KVGDIYFRAKVGFIVHEIVLVADDIDIFNFKEVIWAYVTRHTPVADQ
AFDDVTSFPLAPFVSQSSRSKTMKGGKCVTNCIFRQQYERSFDYI
FEKGYPSELVDKVNENWKKYGYK
Debaryomyc | Fung Ubiginone XP_461 | >Debaryomyces_hansenii_UbiX| XP_461| >Debaryomyces_hansenii_UbiD|
es hansenii 564.2 MKSSSMGHRSIRISNYMFRPFSISSTIRNKNPISDYEQVSNDIY 563.1 MSNLRPELRFRDFLQVLKNENDLVEITHECDPNLEVGAIMRKVYEH
NQSTGLYLTRPKRIVVAITGATGIA PVPLFKNLKKDPKNPDPSNLFNIVGCLGGLRDAKKDNDHARIALHL
IGVRVLELLKQCKVETHLIMSKWGMATMKYETDYHMDDIMAL DSQTPMTKIIDYLIEANTKKPLPPVLLEDASGAPCKKNKISGDVIRL
VYTARDVSAPISSGSFQHDGMIVVP ALPAPTLHHGDGGKYIQTYGMFVLQTADKTWTNWSIARGMIYDDK
CSMKTLAGIRMGFTEDLIVRAADVTLKERRKLLIRATPLSDIH GLVMNPQHIRRVADTWAEIGMGDSVPFALCFGVPPASILVSSMPIH
LDNMLYLSRMGTIIFPPVPAFYTKP ATEADYIGALVGEPLBVKCETNDLHVPADSEMVFEGTLNLNKMVE
RTVEDIIEQSSGRVLDCFGIDTNTFPRWEGVKDTKTLK PFGEMHGYCFPGHGHPCPLYTVDTITYRDDAILPVSNPGLCTDET
IGGLVSAECKQMALEHPKLKSVIMEAFTPHEGVALWLALKVNTKEL
LNTNSEDFCKLIGDYYYSSKPGFILQEIVLVGDDVDIFDFRKLFWA
TRHTPGDDQYMFNDYRAFPLAPFIGQGPRIKTLKGGNCVTDCLFP|
EPEGVDFVTCDFDGYDEAIKEKVRKNWSAKYGY
Candida Fungi Ubiquinone KGRO5 | >Candida_albicans_UbiX| KGRO05 | >Candida_albicans_UbiD|
albicans 102.1 MIARDCLRRSNVLPIFQIPLRKYSINYEKVNNSIYNNVIKPKRIV 101.1 MSLNPALKFRDFIQVLKNEGDLVEIDTEVDPNLEVGAITRKAYENK|

LAITGATGTQIGVRLLEILKELGVE
THLVMSKWGIATLKYETDYQVDYVTSLATKTYSARDVTAPISY
FVHDGMIVAPCSMKSLSAIRTGFTE
DLIVRAADVSLKERRKLLLVARETPLSDIHLDNMLYLSRMGVT
PPVPAFYTKPKTIDDIVEQTCGRIL
DNFGINIDTFERWDGINHR

APLFNNLKQDPGNIDPKNLFRILGCPGGLRGFGNDHARIALHLGLD
TPMKEIVDFLVANRNPKKFIPPVLVPNEKSPHKKHHLTHEQIDLTKL
VPLLHHGDGGKFIQTYGMWVLQTPDKSWTNWSIARGMVHDSKSI
INPQHVKQVSDAWVAAGKGDKIPFALCFGVPPAAILVSSMPIPDGA
AEYIGGLCNQAVPVMBETNDLEVPADCEMVFEGYLDRDTLVNEGP
EMHGYCFPQDHHTQPLYRVNHISYRDEAIMPISNPGLCTDETHTLI
LVSAETKYLISQHPVLSKIVEDVFTPYEAQALWLAVKINIQELIKLQT]
NAKELSNLVGDFLFKSKECYKVCSILHEVILVGDDIDIFDFKQLIWA
TTRHTPVQDQVYFDDVKPFPLAPFISQGPLIKTRQGGKCVTSCIFP
FTDPDFKFVTCNFNGYPEEVKNKISQNWHEKYY




Appendix 5: Enzymatic Production of S -adenosylmethionine

Due to the presence of SAH as an impurity in commercial SAM, it is more
favorable to synthesize SAM in house. First attempt of enzymatic synthesis of SAM was
through E coli cell lysate of DM22(pK8). However, this effort prove d futile since the
bacteria generate SAH and various methyltransferase is presence within the cell lysate. It
is prudent to express and purify recombinant MetK enzymes to avoid contamination of
SAH and unwanted methyltransferases.

Cloning and Expression of MetK enzyme

The MetK gene was amplified via PCR from the DM22(pK8) strain and cloned into
the pET30b plasmid. The pET30b MetK plasmid was cotransformed into BL21(DE3) cells
with the pLacl GroESEL plasmid, which supplies the Lac repressor as well as GroESand
GroEL proteins from Streptomyces lividansThe protein was purified through NiIMAC
chromatography and fractions were analyzed by SDSPAGE. Fractions containing the

protein were pooled and dialyzed against reaction buffer with 10% glycerol and stored at

> Y,
S
-20°Cuntil used. &S
s VY Wash Elution

Supplemental Figure 1: SDS-Page analysis of MetK enzymes purified using Ni  -IDA
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Enzymatic Synthesis of SAM using Recombinant MetK

Recombinant SAM synthetase enzyme, MetK, was produced as described in
previous literature. MetK protein at concentration of 1.5mg/mL was dialyzed in 50mM
Tris-HCI, pH 8.0, 200mM KCI, 10mM MgCI2 and 10% glycerol (w/v). For a 10mL reaction,
the following wer e added to 8mL of protein stock: 1mL of 130mM ATP (10x stock, pH
7.5), 1mL of 250mM L-methionine (10x stock, pH 7.5), luL/ImL of inorganic
pyrophosphatase (1000U/mL stock, Sigma). The reaction was run for 1 hour in a 30C
water bath and quenched by an addition of 1mL of 4.0M sodium acetate buffer, pH 4.0.
Precipitated proteins were removed by centrifugation at 12,0009 for 10 min followed by
filtration through 0.45 micron filter. The solution was diluted 1:5 with MilliQ H20 and
loaded onto a FPLC column (Pharmacia SK-26) preloaded with 20mL of Amberlite -CG50
resin. Column chromatography was run using FPLC machine (GE Healthcare). The
column was washed with 100mL of 0.2M sodium acetate buffer pH 4.0 and eluted with
100mL gradient from 0 to 0.1M HCI. Fractions with UV active peak were transferred into
individual 15mL Falcon tube containing 1mL of ethanol and flash frozen in liquid
nitrogen. Individual fraction was lyophilized and 10mg of sample from each fraction was
dissolved in 1mL of MilliQ H20O. Sample from t he most concentrated fraction was used

for NMR and Mass Spectrometry analysis. NMR data match that of previously reported
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pure SEET O0OUa 001 U1 pOODPOT 6weil PUI w/ OPETI UOwh' w-, 1 wpkK
= 4.4Hz, 2H), 6.11 ppm (d, J = 4.8Hz, 1H), 4.95 ppnit, J = 4.5 Hz, 1H), 4.59 ppm (M, 2H),
4.02 ppm (t, J = 7.4Hz, 1H), 3.93 ppm (d, J = 12.63, 1H), 3.78 ppm (t, J = 7.2Hz, 1H), 3.68

ppm (m, 1H), 3.48 ppm (m, 1H), 2.97 ppm (s, 3H), 2.31 ppm (m, 2H). M+1=399.8 m/z.
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Supplemental Figure 2: FPLC trace of the purification of SAM using amberlite resin. The green trace is the percent
of elution buffer used during the gradient. The blue trace is the UV signal at 280nm which indicative of the adenosyl group.
The brown trace is the ionic level mon itored throughout the purification.

















































































