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Case Studies of the Hot Dog-Fold and Acyl-Adenylate-Forming Superfamilies:
Characterizing the Importance of Functional Divergence in Cellular

Metabolism

Lucas R. Zimney

B.S., Chemistry, South Dakota State University, 2009

ABSTRACT

Some of the biggest contributors to cellular respiration (and cellular
metabolism in general) are acyl-CoA derivatives, a subclass of biological thioesters.
Known to function in a variety of pathways, the regulation of their formation and
breakdown are critical, carried about by acyl-CoA synthetases and thioesterases,
respectively. The work reported within this dissertation will focus on functional
divergence within two enzyme superfamilies -- the hot dog-fold and acyl-adenylate-
forming superfamilies - and can be broken down into two main parts.

Part one will look at tracking the functional divergence within the hot dog-
fold superfamily thioesterases. A highly evolved thioesterase, flK, has been found to
function in the critical, and highly specific role of fluoroacetate detoxification within
the fluorometabolite-producing bacteria, S. cattleya. Using an extensive

bioinformatics analysis, flIK orthologs were identified and tracked throughout all
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three domains of life, primarily in bacteria that make up the gut microbiome.
Additionally, sequence and structural analyses revealed distinct fIK scaffolds, a
further indication of divergent functionality. Various flIK orthologs were then
isolated, cloned and subjected to substrate screening by measuring their individual
steady-state kinetic parameters Kca, Km and Kkcat/Km. Combined with gene context
analyses, divergent in vivo functionality was assigned to members of the flIK
subfamily, as they were proposed to be involved in supplying formate for the one-
carbon pool.

Part two will focus on the functional characterization of the acyl-CoA
synthetases (ligases) in Pseudomonas aeruginosa, the dominant pathogen present in
all patients with cystic fibrosis and the leading cause of morbidity and mortality
within this afflicted population. Nine freestanding ligases were cloned, isolated and
subjected to an extensive substrate screening for acyl-CoA synthetase activity using
a novel high-throughput assay. Individual activities were verified by measuring the
steady-state kinetic parameters. Combing these results with extensive gene context
analyses, in vivo functions were proposed for the tested ligases, implicating them in

a variety of nutrient scavenging pathways as well as in virulence factor production.
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Chapter 1
The Biological Thioester: An Overview of its Function and Regulation in

Cellular Metabolism

1.1 Overview of Cellular Metabolism
1.1.1 Cellular Respiration

Cellular respiration is the collection of metabolic processes that convert
organic carbon sources (nutrients) into ATP (energy). As the main energy
generation pathway for all domains of life, cellular respiration is a collection of
redox reactions in which biological fuels (carbon precursors) are oxidized in the
presence of an inorganic electron acceptor. Depending on the type of electron
acceptor, cellular respiration can be broken down into three different categories:
aerobic respiration, fermentation and anaerobic respiration. Aerobic respiration
utilizes molecular oxygen (02) as the terminal electron acceptor and represents the
pathway utilized by all eukaryotic species as well as all obligate and facultative
aerobes [1]. Aerobic respiration occurs in four steps (Figure 1-1). In short, glucose is
converted to two molecules of pyruvate in a process known as glycolysis. In this
process, two molecules of NAD* are reduced to NADH and two molecules of ATP are
formed. Pyruvate is then oxidized to acetyl-CoA and CO; by the pyruvate
dehydrogenase complex (PDC) in a step known as oxidative decarboxylation.
Another molecule of NAD* is reduced to NADH in the process. From here, acetyl-CoA

enters the tricarboxylic acid (TCA) cycle where it is oxidized to CO2 and H20 in an
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Figure 1-1. Overview of aerobic respiration showing how (3-oxidation can feed into

the TCA cycle to generate NADH and FADHa.



8-step process. The resulting molecule of oxaloacetate can combine with another
molecule of acetyl-CoA to restart the cycle. During the TCA cycle, one turn produces
3 NADH, 1 FADH; and 1 GTP (which can be converted to ATP). In the last part of the
aerobic respiration pathway, all of the NADH and FADH2 molecules produced from
the first three stages are oxidized back into their substituent NAD*and FAD. This
process, known as oxidative phosphorylation, or the electron transport chain (ETS),
utilizes O as the electron acceptor and creates a chemiosmotic proton gradient that
is used to drive ATP synthesis. Overall, one molecule of glucose is converted to
roughly 32 molecules of ATP during aerobic respiration [2].

Both fermentation and anaerobic respiration are utilized when oxygen is
limiting or completely absent. In the case of fermentation, pyruvate (formed from
glycolysis) is converted into small molecule waste products, such as lactate, ethanol
and COz. During this process, NADH is oxidized back to NAD* so it is available to be
re-used in glycolysis. During anaerobic respiration, neither oxygen nor pyruvate
derivatives are available as the final electron acceptor. Instead, nitrate and sulfate
are the most common acceptors. While both processes occur in the absence of
oxygen, they differ in their mode of ATP synthesis. While anaerobic respiration
utilizes an electron transport chain to generate a proton gradient (as in aerobic
respiration), fermentation utilizes substrate-level phosphorylation to drive ATP
synthesis. Both processes are common in gut-dwelling bacteria that survive under
oxygen-limiting conditions [3].

While glucose is the preferred carbon source during aerobic respiration,

carbohydrates, lipids and proteins may also be consumed as reactants when it is not
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holo-ACP, acyl-cysteine and acyl-S-glutathione.

readily available. When protein levels are high, amino acids released from the
breakdown of proteins are metabolized by a variety of specialized pathways and are
converted into useful components that can enter respiratory pathways at various
spots. In the case of lipids, stored fat molecules (triacylglycerides) can be broken
down into their constituent glycerol and long-chain fatty acid (LCFA) components in
the process of lipolysis where both can enter the respiration pathway. While
glycerol can be converted to glucose, the fatty acid components must be broken
down into acetyl-CoA precursors in the process of B-oxidation (Figure 1-1). Once

converted, the acetyl-CoA byproducts enter respiration via the TCA cycle. During the



bacterial fermentation process, the breakdown of carbohydrates produces short-
chain fatty acids (SCFA) like acetate, propionate and butyrate along with CO; and
molecular hydrogen (Hz) [3, 4]. While the SCFA ratio is dependent on diet, their
absorption has been shown to play various roles in colonic health. For example,
acetate can be converted to acetyl-CoA and act as a precursor for fatty acid
biosynthesis or enter the TCA cycle [4]. Butyrate acts as the main energy source for
colonocytes and has been implicated in the prevention and treatment of various
colonic diseases [3, 4]. Overall, fatty acids of all types play a large role in cellular
energy production across all domains of life. However, in order to be activated for

usage in such pathways, fatty acids must first be converted to thioesters.

1.1.2 Biological Significance of Thioesters

Biological thioesters serve the cell as the activated form of free organic acids
and are made up of two main components: a carboxylic acid and a free thiol. While
the carboxylic acid (organic acid) can vary greatly in shape, size and polarity, the
free thiol component is typically the free pantotheine arm of coenzyme A (though
acyl carrier protein (ACP), a free cysteine residue or glutathione may be used as
well) (Figure 1-2). As an activated form of fatty acids, thioesters play important
roles in cellular metabolism that include lipid synthesis and degradation, amino acid
catabolism, and central carbon metabolism [5]. Additionally, thioesters have been
implicated in polyketide biosynthesis and in the degradation of aromatic
compounds and acylated proteins [6-8]. Beyond roles in regulating cellular

metabolism, thioesters have also been found to function in solubility and transport,
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Figure 1-3. Activation (formation) and deactivation (breakdown) of biological
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cell cycling, signal transduction pathways and even in gene regulation [9]. Given the
functional importance of these roles, the regulation of thioester formation and
breakdown are critical functions carried out in the cell. Acyl-CoA synthetases
(ligases) are responsible for the formation (activation) of thioester linkages while
thioesterases are responsible for their degradation (Figure 1-3). The reactions
carried about by both acyl-CoA ligases and thioesterases will be covered in more

detail in the following sections.

1.2 Acyl-CoA Thioesterases

Thioesterases catalyze the hydrolysis of acyl-CoA into its free fatty acid and
coenzyme A (CoA) constituents. Given this role, thioesterases are considered
regulators of free CoA, fatty acid levels within the cell. Two enzyme superfamilies,
the a/B-hydrolase-fold and hotdog-fold, have evolved this function over time [10,
11]. Interestingly enough, while the overall tertiary structures of the two

superfamilies are completely different, they carry out the same function, utilizing



Figure 1-4. Comparison of the tertiary structures of the a/-hydrolase fold (A) and
the hot dog-fold (B). (A) Human acyl-CoA thioesterase 4 (PDB: 3K2I). (B) E. coli

FabA (PDB: 1MKA). Residues are colored by secondary structure.

similar modes of catalysis (Figure 1-4). While both a/B-hydrolase thioesterases and
hot dog-fold thioesterases have been reported to play critical roles in cellular
processes, this report will focus solely on the hot dog-fold superfamily of

thioesterases.

1.2.1 The Hot Dog-Fold Superfamily and Hot Dog Thioesterases
The first member of the hot dog-fold superfamily was reported in 1996 as

FabA, a dehydratase-isomerase involved in the E. coli type Il fatty acid synthase



(FAS) [12]. The superfamily was given its name based on the FabA tertiary
structure, which was described as a long, a-helix surrounded by a highly curved,
anti-parallel B-sheet resembling a hot dog in a bun (Figure 1-4B) [12]. All members
of the hot dog superfamily share this conserved core topology, with the highly
curved (B-sheet wrapping around the right-handed, a-helix (aHD) in the order of 31-
aHD-33-34-35-B2. Additionally, some hot dog-fold family members contain extra
sequence motifs inserted between (1 and the oHD, as seen in the
hydratase/dehydratase subfamily [13]. The minimal functional unit of the hot dog-
fold family is the dimer, as the active site is formed at the dimer interface and
utilizes residues from both monomer units (Figure 1-5). The hot dog-fold is
ubiquitous in nature, found in all domains of life. To date, over 1300 members of the
hot dog-fold superfamily have been identified, with over 60 crystal structures
deposited in the protein database (PDB) [11, 14]. These enzymes are part of over 15
distinct subfamilies, which include enzymes functioning as hydratase/dehydratases,
isomerases and acetyltransferases [15]. However, the majority of hot dog-fold
superfamily members are thioesterases.

The first hot dog-fold thioesterase crystal structure was reported in 1998 by
the Dunaway-Mariano and Holden groups [16]. Isolated from Pseudomonas sp. CBS-
3 and characterized as a 4-hydroxybenozyl-CoA thioesterase (4-HBT), it was
discovered to function in a pathway for the degradation of 4-chlorobenzoate (4-
CBA) (Figure 1-7). In 2003, another TE crystal structure was reported by the same
groups from Arthrobacter sp. SU [17]. While it was found to be another 4-HBT

functioning in an orthologous 4-CBA degradation pathway, the crystal structure



Figure 1-5. Active site scaffolds of 4-HBT-I from Pseudomonas sp. CBS-3 (PDB:
1LO8) (left) and 4-HBT-II from Arthrobacter sp. Strain SU (PDB: 3R3F) (right).
Active sites are positioned at the dimer interface. Monomer units are colored
separately. 4-hydroxybenzoyl-CoA substrate analog inhibitors are colored in orange

and green.

revealed a completely different active site architecture from the Pseudomonas 4-
HBT. Soon after, the 4-HBT from Pseudomonas came to be known as 4-HBT-I and
from Arthrobacter as 4-HBT-II. Since then, other HD TE subfamilies have been
identified, though the majority of HD thioesterases have been discovered to
resemble either 4-HBT-I or 4-HBT-II, depending on their active site scaffolds (Figure

1-5).

1.2.2 Mechanism of Catalysis of HD Thioesterases
In general, the majority of HD thioesterases (regardless of active site

scaffold) utilize one of two distinct mechanisms to catalyze the hydrolysis of acyl-



Nucleophilic Catalysis

acyl-enzyme

Do o [, | 2
R™) SCoA R o)%f;/D R”~OH

o) \ 0O
S} ©
o)EréE/D o2 OJ}VE/D
H

General Base Catalysis

10) 0
Soor —— g~

jA R~ “OH
PN 0
H H o
‘\ OJ}%/D
o

o)

O)§€IJE/D

Figure 1-6. Mechanisms of catalysis utilized by HD thioesterases.

CoA substrates (Figure 1-6). Both mechanisms, nucleophilic catalysis and general
base catalysis, rely on an active site glutamate or aspartate. In nucleophilic catalysis,
the active site Glu/Asp attacks the thioester carbonyl, forming a tetrahedral
intermediate. Collapse of the intermediate to reform the carbonyl leads the
expulsion of the CoA leaving group and the formation of an acyl-enzyme anhydride
intermediate. In the final step, an activated water molecule positioned in the active
site attacks either carbonyl group of the acyl-enzyme intermediate, leading to

formation of the free carboxylate product. In general base catalysis, instead of

10



attacking the substrate carbonyl directly, the active site Glu/Asp deprotonates a
water molecule, activating it for attack. Formation and subsequent collapse of a
tetrahedral intermediate results in the concerted formation of both free carboxylate

and CoA products.

1.2.3 Divergence of Function Within HD Thioesterases

A central trait to HD thioesterases and all members of the HD family in
general is degeneracy of sequence. Due to the robustness of the HD fold, a large
degree of sequence degeneracy is allowed while maintaining the same overall
tertiary structure. As sequence plasticity is a necessary trait for the divergence of
function, the HD superfamily (and thioesterases specifically) has evolved to perform
a myriad of functional roles within critical metabolic pathways.

As widely distributed substrates in nature, many bacterial organisms have
evolved metabolic pathways for the utilization of aromatic compounds as carbon
sources [18, 19]. Two such aromatic utilization pathways involve the degradation of
4-chlorobenzoate (4-CBA) and phenylacetate (PA).

The dehalogenation of 4-CBA proceeds through two acyl-CoA intermediates
before its final conversion to 4-hydroxybenzoate (4-HBA) (Figure 1-7). The first
step involves the activation of 4-CBA to 4-chlorobenzoyl-CoA (4-CBA-CoA) by 4-
chlorobenzoate ligase (CBAL). The dehalogenation step follows, as a dehalogenase
substitutes the chloro group for a hydroxyl group, forming 4-hydroxybenzoyl-CoA
(4-HBA-CoA). The final step is carried out by the 4-hydroxybenzoyl-CoA

thioesterase (4-HBT) to form 4-HBA. As mentioned earlier, the 4-HBT thioesterase
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Figure 1-7. Pathway for 4-chlorobenzoate (4-CBA) degradation. The enzymes that
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from the Pseudomonas sp. CBS-3 4-chlrobenzoate degradation pathway was the first
HD thioesterase ever characterized.

Another widely distributed aromatic compound that can be utilized by
bacteria as a viable carbon source is phenylacetic acid (PA). The genes that mediate
the utilization of PA are clustered together in what is known as the PAA degradation
operon (Figure 1-8). The operon consists of 14 separate genes, made up of various
aromatic oxygenases (PaaABCDE), genes analogous to [-oxidation enzymes
(PaaFGHIJ]) and a phenylacetyl-CoA ligase (PaaK). Paal has been shown to hydrolyze
PA-CoA and its various hydroxylated derivatives. A hot dog-fold thioesterase of the
4-HBT clade, Paal is thought to function in rescuing CoA after spontaneous
dehydration leads to the formation of the dead-end products 2- and 3-
hydroxyphenylacetyl-CoA [19].

Menaquinone, also known as vitamin K3, is an essential cofactor in both

12



(0] 0]
SCoA SCoA SCoA
OH
OH OH OH
(0]
OH

dehydration Paal

o O
SCoA SCoA SCoA
OH
OH OH OH
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role of the HD thioesterase, Paal.

eukaryotic and prokaryotic organisms, shown to play crucial roles in blood clotting,

calcium binding and cell cycle regulation [20]. Mammals, unable to synthesize
menaquinone, rely on its acquisition from bacterial species within the gut
microbiome and also from the ingestion of leafy vegetables. Menaquinone synthesis
in bacterial systems has been extensively studied due its potential as a drug target.
The synthetic pathway is a 9-step route that converts isochorismate to
menaquinone, catalyzed by a gene cluster known as the Men operon (Figure 1-9).
Through the actions of MenF, D, H, C, E and B, choristmate is converted to 1,4-
dihydroxy-2-naphthoyl-CoA (DNHA-CoA). The subsequent step is the hydrolysis of
the thioester bond, resulting in 1,4-dihydroxy-2-naphthoate (DHNA). In 2009, after

much confusion about which thioesterase was responsible for was this reaction
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Figure 1-9. Abbreviated pathway for menaquinone (Vitamin K;) synthesis

highlighting the role of a hot dog thioesterase.

step, it was discovered that a HD thioesterase of the 4-HBT-I clade catalyzed the
hydrolysis of DHNA-CoA [21]. More recently, the E. coli HD thioesterase Ydil was
also shown to function in the Men pathway, catalyzing this particular reaction step

[22].

1.3 The Acyl-Adenylate-Forming Superfamily

Adenylation is the process by which semi-reactive carboxylate compounds
are activated by condensation with amines, thiols or alcohols to give highly reactive
amide, thioester or ester constituents. The enzymes that carry out adenylation
reactions within biological systems are ubiquitous in nature, functioning across all

domains of life, in metabolic pathways (such as fatty acid degradation and aromatic
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Figure 1-10. Reaction scheme of two-step adenylation reaction. (I) Formation of the
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compound degradation), secondary metabolite in pathways (PKS/NRPS systems),
survival and virulence mechanisms and DNA translation [23-27]. Some members
are even involved in the production of light [30]. Members of the acyl-adenylate-

forming superfamily are divided into three classes: (I) adenlation domains within
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Figure 1-11. Crystal structures (from left to right) of acetyl-CoA synthetase (acsA)
from S. enterica (PDB: 2P20), 4-chlorobenzoate ligase (CBAL) from Alcaligenes sp.
AL3007 (PDB: 3CW8) and long chain fatty acyl-CoA synthetase (fadD) from T.
thermophilus HB8 (PDB: 1V26). N-terminal domains are colored blue, teal and
magenta, respectively. C-terminal domains are colored gold and linker/hinge

residues are colored red.

PKS/NRPS modules, (II) acyl/aryl-CoA synthetases and (III) luciferase
oxidoreductases [28]. While the separate adenylation classes are found to function
primarily in separate biochemical pathways, the reaction they carry out is
essentially the same (Figure 1-10). An ATP-dependent reaction, adenylation is a
two-step process in which the driving force is the production of pyrophosphate
(PP;). Additionally, these reactions have been found to be Mg?*-dependent, as the

divalent cation neutralizes the charge on ATP and PP; as well as stabilizes the
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Figure 1-12. Depiction of C-terminal domain movement in acyl-CoA ligases using 4-
chlorobenzoate ligase (CBAL) crystal structures from Alcaligenes sp. AL3007. CBAL
with 4-CBA-adenylate bound (PDB: 3CW8) (left). CBAL with substrate analog
inhibitor 4-chlorophenacyl-CoA bound (PDB: 3CW9) (right). The N-terminal domain
is colored in teal and the mobile C-terminal domain is colored in yellow. The flexible

linker or “hinge” is colored in red.

transition state [29]. In the first reaction, the enzyme catalyzes the nucleophilic
attack of the substrate carboxylate on the a-phosphate group of ATP, leading to
formation and release of PP;. The second reaction step involves the binding of

anucleophile (an amine, thiol, or alcohol), which attacks the carbonyl carbon of the
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acyl-AMP intermediate, releasing AMP and forming the acylated product. In addition
to being characterized by functional class, members of the acyl-adenylate-forming
superfamily are further classified by their adopted tertiary structure. The class I
tertiary structure (as seen in the acyl/aryl-CoA synthetase class) is composed of a
large N-terminal domain and small C-terminal domain connected by a flexible linker
(Figure 1-11). The N-terminal domain has been shown to contain 3 subdomains
with an a/f3 topology. The C-terminal domain, also with an a/f3 topology, sits on top
of the N-terminal domain like a lid [30]. During the course of the reaction, these
enzymes under go a drastic domain movement, as the C-terminal domain rotates
nearly 140° (Figure 1-11) [24, 31-33]. This so-called “domain alteration” occurs in
the middle of the two-step reaction, after the acyl-adenylate intermediate has been
formed. The conformational change creates a new active site scaffold that binds the
CoA nucleophile. Upon binding, the second reaction step can then commence. In the
acyl/aryl-CoA synthetase class, the nucleophile in the second reaction step is thiol,
coenzyme A. These enzymes play critical roles in various metabolic pathways and

will be the focus for the remainder of this section.

1.3.1 Functional Roles of Acyl-CoA Synthetases

The majority of acyl-CoA ligases through all domains of life can be defined
within four main functional roles based on the carboxylate substrates they activate.
These roles are acetyl-CoA ligase, medium-chain and long-chain fatty acyl-CoA ligase

and aromatic acyl-CoA ligase.
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Acetyl-CoA synthetase (acs) is responsible for the conversion of acetate to
acetyl-CoA and plays a large role in acetate metabolism and utilization. As acetyl-
CoA is the key component of the citric acid cycle, acs genes are found throughout all
domains of life. Beyond that scope, however, acs has been found to function in a
other pathways. For example, in eukaryotic organisms, acs has been shown to play a
role in gene regulation, providing acetyl-CoA for histone acetylation by histone
acetyltransferase [34].

Medium-chain fatty acyl-CoA ligases (MCFACS) are responsible for the
activation of fatty acids between the carbon lengths of C6-C12. While there are few
reports in the literature characterizing their function directly, the utilization of
medium-chain fatty acids (MCFAs) in [(-oxidation has been described before,
indicating their functionality in this regard [35]. Some medium-chain ligases have
been shown to be promiscuous towards aromatic acyl-CoA substrates, indicating a
potential crossover function for these ligases [36].

The main function role of long-chain fatty acyl-CoA ligases (LCFACS) is to
activate long-chain fatty acids (LCFAs) for degradation via [3-oxidation (Figure 1-1).
As a critical source of acetyl-CoA for cellular respiration, long-chain fatty acyl-CoA
ligases (generally active with C16 and/or longer chain lengths) are ubiquitous in
nature, found throughout all domains of life. Additionally, in prokaryotic organisms,
LCFACS has been also been found to function in the transport of exogenous LCFAs
across the cell membrane for entry into (-oxidation [37]. In eukaryotes, LCFACS

activity has been shown to regulate a number of cellular processes, including
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Figure 1-13. Relative sizes of various ligase fatty acid binding tunnels. (A) Short-
chain ligase from S. enterica (2P2F) with acetate bound. (B) Medium-chain ligase
from M. acetivorans (3ETC) with acetate modeled in the active site. (C) Long-chain

ligase from T. thermophilus (1V26) with palmitate bound.

protein transport, enzyme activation, cell signaling and transcriptional regulation
[37].

As discussed previously, the wide availability of aromatic compounds in the
environment has driven the evolution of aromatic utilization pathways. Two such
examples discussed in section 1.2.4 were the utilization of 4-chlorobenzoate and
phenylacetate. In both pathways, activation of both 4-HBA and PA via aromatic acyl-
CoA ligases was required for utilization as a carbon source. Another critical function
of aromatic ligases is in virulence and survival, as seen in the anthranilate-CoA
ligase (PA0996) in P. aeruginosa. An infamous pathogen known for its enhanced

virulence factor production, P. aeruginosa is found to utilize PA0996 in the
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biosynthesis of PQS, one of three main quorum signals produced for virulence factor

regulation [38, 39]. This ligase is discussed in further detail in Chapter 3.

1.3.2 Structure-Function Relationship of Acyl-CoA Synthetases

Given the variety of functional roles that acyl-CoA ligases carry out, it is no
doubt that ligase active sites have undergone a large amount of structural evolution
to accommodate such diverse range of carboxylate substrates. As seen in hot dog-
fold thioesterases, a large degree of sequence degeneracy defines the acyl-CoA
ligases, with little sequence homology outside of key conserved ATP and carboxylate
binding motifs [ref]. Once again, sequence plasticity has allowed for the evolution of
distinct active site shapes and volumes, as seen from the comparison of short,
medium and long-chain ligase active sites. The crystal structure of acetyl-CoA
synthetase (acs) (Figure 1-13A) reveals a short, narrow tunnel, restricting both the
length (parent chain) and width (substituent groups) of the fatty acid substrate.
While the fatty acid binding tunnels in medium chain-ligases are also restricted in
length, they have an increased width compared to short-chain ligases, allowing for
medium-chain fatty acids to wind around (Figure 1-13B). This active site shape also
resembles that of an aromatic ligase, wide enough to accommodate a (potentially
substituted) aromatic ring system. Long-chain ligases, on the other hand, tend to
have long, narrow binding tunnels that not only allow for the accommodation of

long chain fatty acids but help provide substrate specificity as well (Figure 1-13C).
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1.4 Summary

Both the hot dog-fold and acyl-adenylate-forming superfamiles are ancient
collections of enzmes evolved to carry out a variety of biochemical functions. As
seen in both superfamilies, the strict conservation of a robust tertiary structure
combined with the enhanced plasticity of sequence degeneration has allowed for a
wide divergence of function while still keeping maintaing a common catalytic theme.

The work discussed within this disseration will focus on the divergence of
function within both the hot dog-fold and acyl-adenylate-forming superfamilies in
the context of metabolic pathways. The goal of this work is to study members of
both superfamilies to discover how the divergence of function has led to a selective
metabolic advantage. Chapter two will explore the flIK thioesterase from S. cattleya
and an attempt will be made to map its functional divergence as it has evolved to
perform such a remarkable role. In chapter three, I investigate the standalone acyl-
CoA ligases in Pseudomonas aeruginosa in an attempt to discover how such a large
number of ligase may contribute to pathogenesis and enhanced virulence in the
lungs of cystic fibrosis patients.

The goal of this work is to further understand the critical role that
evolutionary divergence of function plays in metabolic pathways and advance our

knowledge of novel chemistries being carried out in biological systems.
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Chapter 2
Novel Thioesterase Activity from the flIK Thioesterase Subfamily Reveals a Basis

For Divergent Biological Function

2.1 Introduction

Fluorine is the most electronegative element in nature and when bonded to
carbon, forms the strongest bond in organic chemistry [1]. While technically covalent,
the large degree of polarization of the C-F bond lends it a significant amount of
electrostatic character and provides the bond (and parent molecule) with an
opportunity at a number of inter- and intra-molecular interactions otherwise reserved
for ionic linkages [1]. Additionally, the atomic radius of fluorine is similar to that of
hydrogen, allowing the presence of a C-F bond to provide significant electronic
alterations to a given molecular structure without costly steric effects [1]. Given the
ability of fluorine to substantially change the way a molecule behaves, its introduction
to the pharmaceutical industry has had a profound effect on rational drug design and
development. Dramatically increasing the efficacy and potency of many disease
therapies, fluorinated pharmaceuticals have been used to treat a variety of diseases
ranging from fungal infections and anxiety to arthritis and cancer [2]. In fact, roughly
30% of all drugs currently on the market contain at least one fluorine atom, including
some of the top sellers (Figure 2-1) in recent history [3, 4]. Thanks to the development

of newer and milder fluorination techniques, more and more synthetic chemists are
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Rosuvastatin (Crestor)

Figure 2-1. Three of the top ten selling drugs in 2011: Lipitor (Pfizer), Crestor

(AstraZeneca) and Fluticasone (GlaxoSmithKline).

trying their hand at fluorine chemistry, continually adding to the already increasing
number of synthetic organofluorine compounds in existence.

In contrast, nature is a much more modest producer of organofluorines. In
general, naturally occurring organohalogen compounds are relatively common -- over
3,700 are known to be in existence [5]. However, despite the fact that fluorine is the
13t most abundant element in the earth’s crust, only 30 organofluorines (less that 1%
of the total number of organohalogens) are known to occur naturally [5]. This shocking
revelation is explained by the fact that the majority of naturally occurring fluorine is
contained as fluorite (CaFz) or other minerals that cannot be easily converted to

molecular fluorine (F2) [5]. Organofluorine compounds are produced from both abiotic
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and biogenic sources, the latter of which (i.e. living organisms) producing mainly
carboxylic acid derivatives (Figure 202) [5]. Of particular interest is fluoroacetate (FAc).

The most common naturally produced organofluorine compound, FAc has been
found to occur in a variety of tropical and subtropical plant species throughout Africa,
Australia and Brazil [5]. Originally discovered in the plant species Dichapetalum
cymosum, FAc acts as a self-defense mechanism to deter animals like rodents and
livestock from feeding on the plant leaves [6, 7]. A small molecule analog of acetate, FAc
is a metabolic poison, highly toxic to all obligate aerobic organisms, especially mammals
and insects [8]. A potent inhibitor of the TCA cycle, FAc is first activated as fluoroacetyl-
CoA (FAcCoA) where it enters the cycle in place of acetyl-CoA (Figure 2-3). The
structurally similar FAcCoA is converted to 4-fluorocitrate by citrate synthase and

subsequently converted to 4-hydroxy-trans-aconitate (HTn) by aconitase [9]. HTn
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Figure 2-3. Effect of fluoroacetate (FAc) poisoning on the TCA cycle. Black arrows
represent normal TCA cycling with acetyl-CoA (AcCoA) while red arrows represent TCA
cycling with FAc. TCA cycle inhibition is represented by a red “X”. Blue arrows denote

energy-generating byproducts.

irreversibly binds the aconitase active site, thereby inhibiting any further generation of
isocitrate and bringing the cycle to a complete halt [9]. The consequence is a lethal
decrease in energy production mainly due to the lack of NADH and FADH2, which drive
ATP synthesis during cellular respiration. Additionally, accumulation of citrate and 4-

fluorocitrate leads to the inhibition of phosphofructokinase-1 (PFK-1) [10]. Regarded as
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the most important step in glycolysis, PFK-1 is responsible for the ATP-dependent
conversion of fructose-6-phosphate to fructose-1,6-bisphosphate. As a result, PFK-1
inhibition leads to the inability to utilize glucose as an energy source. Without the most
effective means of ATP production, the organism cannot sustain and eventually
succumbs to death. In fact, the lethal effects of FAc on mammals are so prominent that
in the 1940’s, it was first marketed and commercially supplied (under the brand name
“1080”) as a rodenticide and predacide, used to remove unwanted populations of
rodents, wild dogs, foxes, wolves and feral pigs [11].

Streptomyces cattleya, a soil-dwelling actinomycete, has long been a known
producer of natural products and has been found to naturally synthesize important
antibiotics such as thienamycin, penicillin and cephamycin [12, 13]. More notably,
however, has been the discovery of a biosynthetic pathway within the bacteria’s
genome inferring the ability to produce FAc as well as 4-fluorothreonine (4-FT) [14].
Extensive research has been conducted to discover the genes directly involved in the
pathway and a mechanism for FAc and 4-FT synthesis has been partially elucidated. The
first step is regarded as the hallmark of the pathway and is responsible for the
formation of the C-F bond (Figure 2-4A). Catalyzed by 5’-fluoro-5’-deoxyadenosine
synthase (flA), the SAM-dependent reaction proceeds via nucleophilic attack of a
fluoride ion on the SAM ribose ring at the C5 position followed by expulsion of L-
methionine to give 5’-fluoro-5’-deoxyadenosine (5’-FDA) [15]. The next step is
catalyzed by 5’-fluoro-5’-deoxyadenosine phosphorylase (flB) and involves the
nucleophilic attack of phosphate on the 5-FDA ribose ring at the C1 position and

subsequent expulsion of the adenosine base to give 5-fluoro-5-deoxy-D-ribose-1-
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phosphate (5-FDRP) [16]. Through the action of an isomerase (Iso), 5-FDRP is then
converted to 5-fluoro-5-deoxy-ribulose-1-phosphate (5-FDRulP) [17]. An aldolase then
catalyzes the conversion of 5-FDRulP to fluoroacetaldehyde (FAh). At this point, the
pathway splits, with FAh acting as the last common precursor for both FAc and 4-FT
[18]. At one branch point, an NADH*-dependent dehydrogenase (Deh) converts FAh to
FAc while at the other, FAh is converted to 4-FT by a PLP-dependent transaldolase
(Tran) [19, 20]. With the exception of the aldolase, all of the genes in the pathway have
been identified and their function’s verified. While four putative aldolases have been
identified in S. cattleya, the one responsible for the conversion of 5-FDRulP to FAh still
remains to be determined [21].

In S. cattleya, the enzymes responsible for the first two steps of the pathway, flA
and flB, are found in the middle of a gene cluster consisting of 12 open reading frames
(Figure 2-4B). While the rest of the cluster does not appear to encode any of the
remaining enzymes directly involved in FAc and 4-FT biosynthesis, a number of
putative auxiliary roles have been identified within. fll has been shown to be an S-
adenosylhomocysteine hydrolase and is thought to relieve S-adenosylhomocysteine
inhibition of flA [16]. flH is designated as a Na*/H* antiporter and was thought to be
responsible for the uptake of cellular fluoride ions into the cell [21]. However, flH
knockout strains showed similar levels of FAc and 4-FT production compared to wild
type, indicating either a different function for flH or the presence of a redundant
fluoride transporter elsewhere [21]. The proteins encoded by flE, fIF, fIG and fIL are all
annotated as DNA-binding regulatory proteins and most likely play some sort of role in

regulating the fluorinase pathway. However, their exact function as not been confirmed.
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Figure 2-4. The fluorinase pathway in S. cattleya. (A) Reaction steps for the synthesis of
4-fluorothreonine (4-FT) and fluoroacetate (FAc). (B) Organization of fl gene cluster
with homology-based functional annotations. The genes encoding Iso, Deh and Tran are

not found in close proximity to the fl gene cluster.
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fIC, with an unconfirmed function as well, appears to be a member of the major
facilitator superfamily (MFS) and is proposed to be involved in the transport of small
metabolites (possibly FAc and 4-FT) [16]. Interestingly enough, attempts to discover
the fluorinase biosynthetic cluster in other organisms have revealed its extremely
limited biological range. To date, orthologous clusters have only been discovered in four
other Actinomycete species: Streptomyces sp. MA37, Actinoplanes sp. N902-109,
Nocardia brasiliensis HUJEG-1 and Streptomyces xinghaiensis [36-38].

Given the lethal toxicity of FAc, the need for a resistance mechanism in FAc-
producing organisms is paramount. In S. cattleya, the protein encoded by fID is
annotated as a putative HAD dehalogenase/phosphatase. Fluoroacetate dehalogenase
has been described before as a mechanism of detoxification in FAc-producing plant
species as well as in the non-fluorometabolite-producing bacteria Burkholderia sp. FA1
[22, 23]. The de-fluorination reaction not only detoxifies FAc by removing the fluoro
group, but creates glycolate in the process, a metabolically useful byproduct [23]. In
comparison to known FAc dehalogenase proteins, however, fID does not share a large
amount of sequence identity. Additionally, fID does not appear able to rescue S. cattleya
from the lethal effects of FAc poisoning, indicating its lack of involvement in resistance
[24]. Instead, the first (and only) line of defense in S. cattleya resistance appears to be a
thioesterase.

Located within the S. cattleya fluorinase biosynthetic cluster is fIK, a gene
encoding a hot dog-fold thioesterase. The fIK thioesterase is of particular interest
because of the highly specialized role it plays in cellular resistance to FAc. While HD

thioesterases are known to function in a variety of metabolic pathways as well as in
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other cellular processes (discussed in chapter 1), this is the first known TE to function
in a resistance capacity. Multiple reports, including experiments within the body of this
work, indicate that fIK is highly active towards FAcCoA hydrolysis [24, 25]. The
hydrolysis of FAcCoA into its constituent FAc and CoASH prevent its entry into the TCA
cycle, thereby blocking the action of FAc poisoning and conferring cellular resistance.
What makes the flK-catalyzed hydrolysis of FAcCoA especially impressive is the
requirement to distinguish FAcCoA from AcCoA, its structurally similar (and
metabolically priceless) relative (Figure 2-3). To this end, fIK exhibits remarkable
substrate specificity, preferring FAcCoA over AcCoA with a >10°-fold difference in
overall kinetic efficiency [24].

The high degree of substrate specificity has attracted a lot of interest in
uncovering flK’s underlying catalytic mechanism and studies have indicated that both
catalysis and molecular recognition play a role in FAcCoA discrimination. Interestingly,
it has been discovered that fIK utilizes two distinct catalytic mechanisms for FAcCoA
and AcCoA hydrolysis, the former of which is dependent on the recognition and
positioning of the fluoro group (Figure 2-5) [26, 27]. Site-directed mutagenesis studies
within the fIK active site have identified a catalytic triad (Glu50-His76-Thr42) to be
critical for turnover in both mechanisms [24-27]. In either case, hydrolysis is initiated
by nucleophilic attack of Glu50 on the substrate carbonyl, forming an acyl-enzyme
intermediate. At this point, the mechanisms diverge, depending on the polarity of the
substrate Cq, substituent. In the case of acetyl-CoA (nonpolar - weakly polar Cq
substituents), it is thought that His76 is responsible for deprotonation and activation of

a water molecule to attack the acyl-enzyme intermediate. The role of Thr42 appears to
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be in coordinating both Glu50 and His76, as it is positioned within hydrogen-bonding
distance of both. Additionally, Thr42 appears to be within hydrogen-bonding distance
of the substrate thiol and may further assist in expulsion of the CoA leaving group. For
hydrolysis of FAcCoA (and substrates with highly polar Cq substituents), His76 is
responsible for deprotonation of the fluoro-containing Cg, resulting in the formation of a
ketene intermediate. Attack of a water on the ketene carbon forms an enolate, which
subsequently collapses to reform the carbonyl and deprotonate the histidinium group.
Once again, this mechanistic pathway is thought to utilize Thr42 to coordinate and align
Glu50 and His76. However, given that a T42A mutant abolishes enzyme activity for both
FAcCoA and AcCoA hydrolysis, it could be acting in a more expanded, yet unknown role
[25].

While a ketene-forming C. deprotonation mechanism has not been described
before in a hot dog-fold TE, analysis of the fIK crystal structure provides further support
and a basis as to how it could utilize two distinct catalytic mechanisms. Interestingly
enough, fIK appears to be somewhat of a chimera, adopting structural traits
characteristic of both the 4-HBT-II thioesterase and MaoC dehydratase subfamilies
(Figure 2-5). fIK adopts the prototypical HD fold: a highly curved, 5-stranded -sheet
wrapped around a central a-helix (Figure 2-6). Glu50 is found positioned on the aHD of
the opposing monomer subunit («¢HD’), roughly corresponding to the same position of
the catalytic Glu/Asp in the 4-HBT-II clade of thioesterases [28]. In both the TE and
dehydratase subfamilies, hydrogen-bonding interactions with the backbone amide of
the terminal aHD residue lead to polarization of the substrate carbonyl, activating it for

attack [29, 30]. Additionally the oxyanion hole created in this space is able to stabilize a
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catalytic mechanism below. The loop between 31 and aHD comprising the lid structure

are colored pink, yellow or green, respectively.

negatively charged enolate or tetrahedral intermediate. fIK is no different, utilizing the
same effect, though the positioned threonine (T42) is different from the conserved

glycine in the 4-HBT-II and MaoC subfamilies. This is not abnormal though, given the
same effect is seen in the 4-HBT-I clade, whose members generally have a conserved
Tyr positioned at the aHD terminus [29-31]. Perhaps the most interesting feature of the
fIK tertiary structure is an extended loop region between (31 and the aHD, termed the
“helical 1lid.” While not a conserved structural motif in either 4-HBT clade or HD
thioesterases in general, an extended loop region is characteristic of the MaoC
dehydratase subfamily [32]. This region generally houses a catalytic histidine that acts
in a Cq deprotonation pathway to initiate loss of water across the C«-Cg bond of 3-
hydroxyacyl-CoA substrates [29, 32]. Furthermore, this extended loop region is known
to house conserved aromatic residues that interact with the catalytic histidine through
mt-stacking interactions [29]. While the fIK catalytic nucleophile H76 is not positioned in
the lid structure, two phenylalanine residues (F33 and F36) are present, potential relics
of a MaoC fold. Additionally, fIK contains active site residues not conserved throughout
either 4-HBT or MaoC subfamily. Arg120 is positioned in the bottom of the active site
within hydrogen-bonding distance of Glu50. Given the polar nature of the C-F bond, it

has been postulated that Arg120 is responsible for the orientation of the fluoro group,
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Figure 2-6. fIK topology diagram and view of tertiary structure. Each monomer subunit

is color coded from N-terminus (blue) to C-terminus (red).

potentially aiding in substrate specificity [25]. However, attempts to probe the catalytic
role of Arg120 through site-directed mutagenesis have resulted in unstable protein.
While its catalytic role remains inconclusive, this result indicates the importance of
Arg120 in a structural capacity [25].

Overall, it would appear that flIK is a highly evolved member of the HD
superfamily, potentially adopting the catalytic scaffolds of at least two separate
subfamilies in order to carry out a highly specialized function. Additionally, given the
limited biological range of the fluorinase cluster, it would appear as if this functional
role is not ubiquitous in nature, but born of necessity through functional divergence.
This chapter will explore the evolutionary path of the fIK thioesterase through the lens
of the structure-function relationship, and using a combined mechanistic, structural and
bioinformatics approach, will attempt to track the divergence of function within the fIK

subfamily. An in-depth bioinformatics analysis is reported in the determination of the
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biological range of the fIK thioesterase and in sequence and gene context analyses of
putative orthologous genes. Additionally, we report an expanded substrate screening
for fIK as well as the isolation and screening of multiple uncharacterized orthologs.
Lastly, we report and utilize the crystal structures of two previously uncharacterized fIK
orthologs. Combining all of the results together, we propose potential divergent

functions being carried out by the fIK scaffold.

2.2 Methods and Materials
2.2.1 Materials

All restriction enzymes, T4 DNA ligase and Deep Vent DNA polymerase were
purchased from NEB. Pfu Turbo DNA polymerase was purchased from Agilent and
custom oligonucleotide primers were synthesized by Invitrogen. Genomic DNA was
purchased from ATCC. DNA sequencing was performed in part by DNA Sequencing
Services at the University of New Mexico as well as by GeneWiz. All protein samples
were purified on an AKTA FPLC system (GE Healthcare) by monitoring UV absorbance
at 280 nm. Protein concentrations were determined using the Bradford method.
Various acyl-CoA compounds were synthesized or purchased from Sigma. Synthesized
acyl-CoA compounds were purified on a Shimadzu Prominence UFLC with a Restek
Ultra Aqueous C18 reverse phase column (250 x 10 mm). All other chemicals were
purchased from Sigma or Fisher unless otherwise specified. Mass spectrometry analysis
was performed by the Mass Spectrometry Facility at the University of New Mexico. NMR

analysis was carried out at the NMR Facility at the University of New Mexico.
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2.2.2 Synthesis of Acyl-CoA Substrates
Fluoroacetyl-CoA and formyl-CoA were synthesized as previously described [24,

33]. Final products were verified by 1H and 13C NMR.

2.2.3 Cloning, Expression and Purification of fIK and orthologs

The gene encoding fIK was amplified by PCR using Streptomyces cattleya
genomic DNA (ATCC 35852D) as the template, custom oligonucleotides as primers and
Deep Vent DNA polymerase. The gene was digested using Ndel and Xhol restriction
endonucleases and ligated into pET-28a(+) expression vector (Ndel/Xhol digested)
using T4 DNA ligase. Vector containing the ligated gene was used to transform E. coli
BL21(DE3) competent cells (Invitrogen). The transformed cells were grown in
kanamycin-containing LB medium (50 ug/mL) at 37 °C until reaching an ODeoo of ~ 0.8.
The cells were then induced with 0.4 mM isopropyl-B-galactopyranoside (IPTG) for 18
h at 25 °C and harvested by centrifugation at 6500 RPM for 10 m. Collected cells were
resuspended in 50 mM HEPES, 200 mM NaCl, 50 mM imidazole, pH 8.0 (lysis buffer)
until completely homogenized, and disrupted by passage through a French press at
1200 PSI. After centrifugation at 20,000 RPM, the resulting supernatant was loaded
onto a 5 mL HisTrap FF column (GE Heathcare) and washed with lysis buffer. Pure
protein was eluted off the column with 50 mM HEPES, 200 mM NaCl, 500 mM
imidazole, pH 8.0 (elution buffer). Fractions containing pure protein were collected,
pooled and dialysed against three changes of buffer (1 L each) containing 50 mM

HEPES, 200 mM NaCl at pH 8.0. Purity was verified by SDS-PAGE. Yield: 8.1 mg/g wet
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cell paste. Various orthologs of fIK were cloned and expressed as described above, each
with some modification to the procedure.

The gene encoding MA0038 was amplified from Methanosarcina acetivorans
(ATCC 35395D-5) genomic DNA and cloned into pET-23a(+) expression vector.
Transformed cells containing MAO038 were grown in LB medium containing ampicillin
(100 ng/mL). Purification of MAO038 was carried out as described above. Yield: 15
mg/g wet cell paste.

The gene encoding BVU_1957 was amplified from Bacteroides vulgatus genomic
DNA (ATCC 8482D-5) and cloned into pET-23a(+). Transformed cells were grown in LB
medium containing ampicillin (100 ug/mL). Harvested cells were resuspended and
lysed in 50 mM MES, pH 6.5 (lysis buffer). After centrifugation at 20,000 RPM, the
supernatant was loaded onto a 10 mL DEAE anion exchange column (GE Healthcare)
and washed with lysis buffer. The protein was eluted using a gradient of 0-100%
elution buffer (50 mM MES, 1 M KCl, pH 6.5) over 90 m. Semi-pure fractions were
collected, pooled and concentrated to a 4 mL aliquot, which was then loaded onto a
HiPrep 16/60 Sephacryl S-200 HR gel filtration column (GE Healthcare) and washed
with 50 mM MES, 100 mM NaCl, pH 6.5 (dialysis buffer) until protein was eluted.
Fractions containing pure protein were collected and pooled. Purity was verified by
SDS-PAGE. Yield: 14.1 mg/g wet cell paste.

The gene encoding TTHA0967 was amplified from Thermus thermophilus (ATCC
BAA-163D) genomic DNA and cloned into pET-28a(+). Transformed cells containing
TTHA0967 were grown in LB medium containing ampicillin (100 ug/mL). Purification

of TTHA0967 was carried out as described above. Yield: 4.14 mg/g wet cell paste.
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The gene encoding Galf 1995 was synthesized by GenScript. Ndel and Xhol
restriction endonucleases were used to cut the gene out of the supplied pUC57 vector
and T4 DNA ligase was used to insert it into pET-28a(+) expression vector (Ndel/Xhol
digested). Expression and purification of protein was performed as described above

using similar buffers at pH 7.8. Yield: 19 mg/g wet cell paste.

2.2.4 Determination of Steady-State Kinetic Parameters

Thioesterase activity was measured using a Shimadzu UV1800 UV Spectrometer
and the 5,5’-dithio-bis-2-nitrobenzoic acid (DTNB) assay. Reactions were monitored at
412 nm (Ae = 13.6 mM-Icm1) and carried out at 25 °C in 500 uL solutions containing
DTNB buffer (50 mM HEPES, 100 mM NaCl, and 2 mM DTNB at pH 7.5), enzyme and
varying concentrations of substrate ranging from 0.5-5x Ky. Initial velocity data,
measured as a function of substrate concentration, were analyzed using Enzyme

Kinetics v1.4 and equation (1):

V'= Vinax[S]/([S]+Km) 1)

where V is the initial velocity, Vmax is the maximum velocity, [S] is the substrate
concentration and K is the Michaelis constant. kcat was calculated from Vimax/[E], where

[E] is the final enzyme concentration.

2.2.5 Crystallization and X-ray Structure Determination of MA0038 and BVU1957

MAO0038 and BVU_1957 crystallization and overall X-ray structure
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determination was performed by Tianjang Ji under the advisement of Dr. Karen Allen at

Boston University [34].

2.2.6 Bioinformatic Analysis
Biological Range of the fl Cluster

The biological range of the fluorinase cluster was determined using an in-house
program called ContextBLAST, which was written using the Biopython package for
Python 2.7 [35]. In short, individual BLAST searches were run using the NCBI database
with each gene in the S. cattleya fluorinase cluster (including Iso, Deh and Tran) as the
query sequences. Sequence matches containing >30% sequence identity over >70%
query coverage were retained. Gene clustering was determined by running a BLAST
search on each neighboring gene out to 10 genes on either side of the query gene. Only
neighboring sequence matches in the same species as the query sequence and
containing >30% sequence identity over >70% query coverage were retained. The
BLAST results for all of the query sequences and neighboring sequences were compiled
together and manually inspected for conserved gene clusters.
Ortholog Biological Range

A sequence similarity network was generated with the Enzyme Function
Initiative Enzyme Similarity Tool (EFI-EST) (http://efi.igb.illinois.edu/efi-est/) using
the BLAST-based method with the S. cattleya fIK sequence as the BLAST input, a
minimum length of 0, a maximum length of 50,000 and an E-value cutoff of 30. A

multiple sequence alignment was generated from the curated list of sequences using
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Clustal Omega from the European Molecular Biology Laboratory’s European
Bioinformatics Institute (EMBL-EBI) (http://www.ebi.ac.uk/Tools/msa/clustalo/)
where specific marker residues were used to filter out non-orthologous sequences. CD-
HIT (http://weizhong-lab.ucsd.edu/cdhit_suite/cgi-bin/index.cgi) was then used to
cluster the remaining sequences into representative groupings at a 90% sequence
identity cutoff. The representative sequences were then used as a filter for the original
sequence similarity network to create a 90% representative node network. Sequence
similarity and representative node networks were visualized using Cytoscape 3.2.
Multiple alignment files were visualized using ESPript 3.0

(http://espript.ibcp.fr/ESPript/ESPript/).

2.3 Results and Discussion
2.3.1 Biological Range of the Fluorinase Cluster

Given the seemingly limited biological range of the fluorinase cluster, we
attempted to discovered further functional clusters using an in-house program,
ContextBLAST. Beyond the four organisms already discovered, our searches revealed
only one other potential cluster in Streptomyces albulus PD-1. However, upon closer
analysis of the remaining hit, alignments of the individual genes with their respective S.
cattleya counterparts showed very little sequence identity overall. Ultimately this
indicates that S. albulus does not actually contain a fluorinase biosynethetic cluster,

though it is impossible to say for sure given the lack of experimental data.
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2.3.2 Biological Range and Sequence Analysis of fIK Orthologs

An attempt to discover orthologous flIK sequences outside of fluorometabolite
producers was made by tracking the biological range of the gene. To identify potential
fIK orthologs in other bacterial species as well as other domains of life, a BLAST search
of the S. cattleya fIK sequence generated a list of over 1,500 potential fIK orthologs. To
define a protein as orthologous with as much accuracy as possible, marker residues
were selected based on experimental evidence of their involvement in FAcCoA
hydrolysis and/or substrate specificity. Based on previous works (mentioned earlier),
the active site residues comprising the catalytic triad (Thr42, Glu50 and His76) were
selected as the markers. A multiple alignment file of the BLAST results was generated
and sequences lacking any of the three marker residues were discarded from further
evaluation. Some mutational exceptions were made, including E50D (functional
interchangeability) and T42S (based on experimental evidence that a T42S mutation in
S. cattleya fIK still retained FAcCoA hydrolysis activity, albeit lower) [24]. Noteworthy
residues included Arg120, which has a proposed function in positioning the substrate
fluoro group [25]. However, the lack of experimental evidence indicating its necessity
for FAcCoA hydrolysis or selectivity made it unwise to use as a definitive marker
residue.

After filtering non-orthologous sequences based on the three defined marker
residues, over 1,200 putative orthologs from more than 600 different species were
identified. While the majority of orthologous sequences were found in Bacteria, a few
are spread throughout Archaea and lower Eukaryotes as well. In Bacteria, putative fIK

orthologs appear to span a large biological range, with members discovered in 13
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different phyla. While fIK orthologs have been identified throughout Acidobacteria,
Chloroflexi, Cyanobacteria, Deinococcus-thermus, Fusobacteria, Planctomycetes,
Spirochaetes and Verrucomicrobia, they only account for roughly 10% of the total
number of identified orthologs. The remaining 90% are found in Actinobacteria,
Bacteroidetes, Firmicutes and Proteobacteria, indicating the true range to be narrower
that previously thought.

Overall, despite sharing the same tertiary structure (the HD fold), the putative
orthologs share very modest sequence homology (Appendix A-1-1). Though given the
inherent sequence plasticity seen throughout all members of the hot dog-fold
superfamily, this was not completely surprising. A large discrepancy can be see in
overall sequence length, with most sequences ranging between 120 and 160 amino
acids. Some outlying sequences even range between 200 and 600 amino acids in length,
indicating the presence of a fusion domain. However, the largest discrepancy between
the flIK sequence and the majority of putative orthologs is seen in the length of the lid
structure and may possibly hold a clue in identifying a divergent function. Only a
handful of lid sequences align with the flk lid motif, though there is still little to no
sequence homology throughout this motif. The remaining sequences appear to have a
truncated lid sequence (compared to flK), lacking on average six residues in the
extended loop. When depicted in a representative node network (RNN), it is evident
that sequence homology is quite variable between phyla (Figure 2-7). Within some, the
lack of any significant sequence homology can be seen through the existence of many
separate, non-connecting clusters. While in others, larger, more inter-connected

clustering is evident of conserved sequence homology.
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The biological range in Actinobacteria, the only phylum with fluorometabolite-
producing organisms, is surprisingly limited with putative orthologs only found in 51
different species (8% of the total number identified). Despite the fact that almost all of
the sequences exclusively belong to the order of Actinomycetales, a very modest degree
of homology is shared throughout, seen again in the RNN by the many distinct
Actinobacteria clusters. Within this small population of orthologs, very little
conservation of sequence length is noticed, with monomers ranging anywhere from 119
to 156 amino acids, and even one at 197 amino acids in length. Additionally, the same
large discrepancy in the length of the lid sequence can be tracked within Actinobacteria,
with the majority of putative orthologs containing a truncated lid structure (Appendix
A-1-2). Unexpectedly, the closest fIK orthologs (with the exception of S. xinghainesis and
S. sp MA37) are not members of Actinobacteria, but rather part of Proteobacteria.
Altogether, it would appear is if the fIK thioesterase has not been traditionally evolved
throughout Actinobacteria. Rather, it would appear as if S. cattleya and the other
fluorometabolite-producing organisms acquired the TE from Proteobacteria through
horizontal gene transfer (HGT). As for the remaining orthologs, the limited range and
lack of sequence homology with any other bacterial members give little clues as to the
biological roles they may be playing. Putative orthologs within the Bacteroidetes
phylum are found primarily within the Bacteroidales order, evenly distributed
throughout the Bacteroidaceae, Porphyromonada, Prevotellaceae and Rikenellaceae
families. Orthologs in this phylum account for only 12% of the total number, and while
conservation of sequence length is modest (about the same as in Actinobacteria), the

RNN shows a large grouping of inter-connected clusters, indicating that the overall
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Figure 2-7. Representative node network of putative bacterial flK orthologs.
Representatives are color-coded by phylum: Acidobacteria (Dark Green),
Actinobacteria (Orange), Bacteroidetes (Blue), Chloroflexi (Yellow), Cyanobacteria
(Lavender), Deinococcus-Thermus (Purple), Firmicutes (Green), Fusobacteria (Pink),
Planctomycetes (Salmon), Proteobacteria (Red), Spirochaetes (Teal), Verrucomicrobia
(Grey). Cloned orthologs are indicated by arrows: (1) flIK, (2) BVU_1957, (3) cgp_0542,

(4) Galf_1995, (5) TTHA0967.
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sequence homology within Bacteroidetes is much higher. Additionally, a multiple
sequence alignment indicates the majority of residue positions are moderately-to-
highly conserved within the phylum (Appendix A-1-3). Furthermore, the truncation of
the lid structure appears to be a defining feature within Bacteroidetes, as every putative
ortholog is lacking residues in the extended loop. Given the higher overall sequence
homology within Bacteroidetes, it is more likely that these sequences were all derived
from a more common ancestor, and therefore, a common function.

In Proteobacteria, the second largest grouping of fIK orthologs (25%), sequences
are distributed predominantly throughout the Alpha and Beta classes, modestly
throughout the Delta and Gamma classes and weakly in Epsilon. As seen in
Actinobacteria, there is a large degree of sequence diversity within the phylum (Figure
2-7). Furthermore, a multiple sequence alignment indicates a very low overall shared
homology (Appendix A-1-4). However, further inspection shows the presence of
distinct groupings that share moderate sequence identity within, and based on the lid
motif alone, three distinct groupings were identified. Roughly 60% of the sequences
within Proteobacteria contain a truncated lid sequence while 40% contain a full-length
lid as seen in the fIK sequence. Interestingly enough, the sequences containing the full
lid motif are further divided into two distinct groupings. While the motifs in either
group appear to be similar in length, sequence homology is wholly unconserved. The
larger of the two groupings shows fair conservation within its motif and the sequences
align more or less with the fIK lid. The smaller grouping indicates no conservation
beyond a similar sequence length. While it would appear that the majority of sequence

homology within Proteobacteria is class-dependent (Figure 2-8, clusters 2 and 4-8), the
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Figure 2-8. Representative node network of putative bacterial fIK orthologs within
Proteobacteria. Representatives are colored by class: Alpha (red), Beta (blue), Delta

(green), Epsilon (yellow), Gamma (pink).

closest orthologs to the original flK sequence are spread throughout all 4 classes
(Figure 2-8, cluster 1).

Firmicutes contains the largest number of ortholog-containing species (over
55%). Given that the number of compared sequences (over 350) is significantly larger
than in any other phylum, sequence conservation within the Firmicutes is fairly high.

While separate groupings of low sequence homology do exist with the phylum, the
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majority of sequences are clustered together, indicating a possible common function
(Figure 2-7). Within Firmicutes, the majority of sequences belong to the Clostridia class
with moderate groupings in Bacilli and Negativicutes. Furthermore, over 50% of the
sequences within Clostridia are found in the genus Clostridium. Interestingly enough,
the majority of Firmicutes sequences are clustered with the majority of Bacteroidetes,
indicating a large degree of inter-phylum homology. Additionally, this could point to a
potential common ancestor in the evolution of a divergent function. Analysis of the
sequences within Firmicutes indicates that the majority contains a truncated lid
structure, not surprising given the close clustering of the Firmicutes with the
Bacteroidetes (Appendix A-1-5).

While the orthologs within Deinococcus-Thermus (DT) only account for roughly
3% of the total number identified, they contain some interesting sequence
modifications not seen across other phyla. Orthologs within this phylum contain the
largest degree of sequence homology, with the majority of residue positions highly or
completely conserved. This can be seen in both the RNN by the tight clustering of the
phylum (Figure 2-7). Interestingly enough, while members of DT contain a semi-
truncated lid motif (as compared to flK), it appears to be distinct from the lid truncation
seen throughout Bacteroidetes and the majority of orthologs (Appendix A-1-6).
Additionally, the most distinct sequence variation is in the highly conserved active site
Arg residue. Throughout all of the orthologs within DT, this residue is mutated to GIn.
Given the proposed (though unverified) function of this residue in fIK, this mutation
could have a profound effect on the active scaffold, altering its chemistry and substrate

specificity.
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Overall, sequence analyses of the fIK orthologs indicate three distinct sequence
motifs centered on the helical lid structure. Given its proximity to the active site,
discrepancies in its overall shape could potentially alter substrate specificity and
overall functionality, and may provide a basis for functional divergence. The full-length
lid (flK-like) motif has been found to be fairly limited within the fIK subfamily, and may
indicate that its function is not widespread throughout. As well, the semi-truncated lid
motif seen in DT is limited within its phylum, potentially a result of specific
functionality within this group of bacteria. Conversely, the truncated lid motif seen in all
Bacteroidetes species has a wide biological range, as it is found in the majority of
orthologous sequences. If the truncated lid sequence has indeed resulted in a divergent
function, the majority of flK orthologs would be performing a biological role that is
different from the FAc resistance function performed by fIK.

The human gut microbiome is a complex community of bacterial species that
have been found to play significant roles in human health. Thought to be composed of
over 1,000 species of bacteria, the gut microbiome is estimated to contain over 100-fold
more genes than the human genome, and is often referred to as a “hidden organ.” [43]
Given the staggering number of inhabiting species, the biological range of the gut
microbiome could be considered fairly limited, as its inhabitants (primarily) are
members of Firmicutes and Bacteroidetes. Within Firmicutes, the dominant species are
members of the genus Clostridium whereas in Bacteroidetes, the dominant species are
members of Bacteroides and Prevotella genera [43]. To a lesser degree, the gut is also
populated by species within Actinobacteria, Fusobacteria and Verrucomicrobia [43].

Overall, this biological range is consistent with the biological range of flIK orthologs.
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Additionally, as the majority of sequences within these phyla contain the truncated lid
motif, especially in Firmicutes and Bacteroidetes (the two major factions of gut
microbiota), it is possible that the fIK scaffold may have evolved throughout the gut

microbiome to perform a role specific to this environment.

2.3.3 Cloning and Isolation of fIK Orthologs

To test for alternative functionality within the fIK subfamily, specific ortholgous
sequences were selected for cloning, isolation and testing. In total, ten (previously
uncharacterized) orthologs (S. cattleya fIK included) were chosen (Table 2-1).
Unfortunately, only six of the ten selected (MA0038, cgp_0542, fIK, BVU_1957,
TTHAQ0967 and Galf_1995) were successfully isolated. The remaining orthologs were

successfully cloned but were unable to be isolated due to stability issues.

2.3.4 Substrate Specificity of fIK Orthologs

All of the cloned and isolated orthologs were assayed for thioesterase activity by
measuring individual steady-state kinetic parameters for the hydrolysis of various acyl-
CoA substrates (Table 2-2). To start, each protein was assayed for FAcCoA and AcCoA
hydrolysis activity in order to measure the amount of substrate discrimination
exhibited between the two. High-level discrimination is the hallmark of the fIK reaction
and the basis for its biological function in allowing normal TCA cycle in the presence of
FAc. Discrepancies in this trend may indicate alternative functionality. For accurate
comparison, FAcCoA and AcCoA hydrolysis activity was also measured with the original

S. cattleya fIK under the same conditions. As expected, fIK displays high activity towards
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Kingdom Phylum Class Order Family Genus Species Gene ID

Archaea Euryarchaeota Methanomicrobia  Methanosarcinales Methanosarcinaceae = Methanosarcina Methanosarcina acetivorans MA_0038
Bacteria Actinobacteria Actinobacteria Actinomycetales ~ Corynebacteriaceae  Corynebacterium Corynebacterium glutamicum cgp_0542
Bacteria Actinobacteria Actinobacteria Actinomycetales Streptomycetaceae Streptomyces Streptomyces cattleya fIK
Bacteria Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae Bacteroides Bacteroides vulgatus BVU_1957
Bacteria Deinococcus-Thermus Deinococci Thermales Thermaceae Thermus Thermus thermophilus TTHA0967
Bacteria Firmicutes Bacilli Bacillales Paenibacillaceae Paenibacillus Paenibacillus larvae ERIC2_c10050
Bacteria Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus Enterococcus faecalis EFS1.1315
Bacteria Firmicutes Clostridia Clostridiales Peptococcaceae Syntrophobotulus  Syntrophobotulus glycolicus Sgly_2172
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Bradyrhizobiaceae  Bradyrhizobium Bradyrhizobium japonicum BJ6T_15640
Bacteria Proteobacteria Betaproteobacteria Gallionellales Gallionellaceae Gallionella Gallionella capsiferriformans Galf_1995

Table 2-1. Taxonomic information of fIK orthologs selected for cloning and isolation.

FAcCoA while exhibiting an almost 105-fold decrease in AcCoA activity. This large
discrepancy in activity between the two substrates is mainly due to the >2000-fold
decrease in Kkear for AcCoA, though Ky is also increased by >100-fold. Overall, this
activity measured for FAcCoA and AcCoA hydrolysis by fIK is in good agreement with
previously reported steady-state parameters [24, 25].

While all isolated orthologs displayed activity towards FAcCoA hydrolysis, not all
were able to discriminate between FAcCoA and AcCoA at a high level. In fact, only
MAO0038 and TTHA0967 displayed fIK-like discrimination (10* and 103-fold differences,
respectively) between FAcCoA and AcCoA hydrolysis. Given the Arg/Gln mutation in
TTHA0967 (member of Deinococcus-Thermus), this result indicates that Arg120 in the
fIK active site is not critical for FAcCoA hydrolysis. The loss of substrate discrimination
in BVU_1957 and Galf_ 1995 was due exclusively to lower FAcCoA activity as both
showed AcCoA activity at comparable or lower levels to that of fIK. While BVU_1957
displayed a Km value comparable to flK, the measured Ky, for Galf 1995 was almost 10-
fold lower. In both cases, the main contribution for the decrease in activity was seen in

the measured kca: value, which was about 103-fold lower that of flK, indicating that
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turnover, not binding, is the major factor. With cgp_0542, nearly a complete loss of
FAcCoA/AcCoA discrimination was seen, as FAcCoA activity was only increased 2.6-fold
compared to AcCoA. Both a decrease in FAcCoA activity and an increase in AcCoA
activity contributed to this loss. cpg_0542 displayed faster turnover and tighter binding
with AcCoA (as compared to flK) while FAcCoA activity suffered mainly due to a
decrease in turnover, not binding affinity. The large difference in fIK and cgp_0542 was
an odd result, given that the two proteins share a fairly large sequence identity for this
subfamily (Figure 2-11). While it seems unlikely, it is possible that slight structural
variations have given rise to this dramatic variation in substrate specificity.

Aside from measuring FAcCoA and AcCoA hydrolysis activities, an expanded
substrate screening was performed on fIK and all five orthologs. With the exception of
BVU_1957, all orthologs (including flK) displayed moderate acetoacetyl-CoA (AacCoA)
hydrolysis activity, with kinetic efficiencies measuring in the range of 102-104 M-1s1.
Interestingly enough, cgp_0542 displayed slightly higher activity towards AacCoA than
FAcCoA, the only ortholog to do so. Also, all orthologs tested (including fIK) were shown
to be active towards formyl-CoA (HCoA). As with flIK, MA0038 and TTHA0967, HCoA
hydrolysis activity did not exceed FAcCoA hydrolysis -- their kinetic efficiencies ranged
from 101-102%-fold lower. In the case of BVU_1957, cgp_0542 and Galf_1995, HCoA
hydrolysis was favored as they each exhibited the highest overall kinetic efficiencies
with this substrate. Furthermore, BVU_1957 exhibited the highest overall kinetic
efficiency towards hydrolysis of HCoA of any other ortholog/substrate pair. The
measured 107 kinetic efficiency is due exclusively to a nanomolar K, indicating HCoA

has very tight binding interactions in the BVU active site. Given that BVU_1957
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Substrate Keat () Km (UM) Keat/Km (M1s™) Keat (5) K (UM) Keat/Km (M71s™)
fIK BVU_1957
Formyl-CoA (2.4£0.08)x10™ 7.6+0.8 3.1x10* 3.40.01 <1.0 5.7x107*
Acetyl-CoA (9.0£0.5)x10° (8.6+1.1)x10° 1.0x 10! <0.00001 - -
Fluoroacetyl-CoA (2.0£0.06)x 10" (6.0+0.9)x 10" 3.3x10° (6.0£0.1)x102 (9.6 0.6)x 10" 6.3x10%
Acetoacetyl-CoA (16 £0.3)x 102 17+ 1.0 9.4x10° <0.00001 - -
Benzoyl-CoA <0.00001 - - <0.00001 - -
Phenylacetyl-CoA <0.00001 - - <0.00001 - -
3-hydroxybenzoyl-CoA <0.00001 - - <0.00001 - -
Gentisyl-CoA <0.00001 - - <0.00001 - -
1,4-DHNA-CoA <0.00001 - - <0.00001 - -
cgp_0542 Galf_1995
Formyl-CoA 7.7 £0.06 14 £0.4 5.5x10° (37£0.1)x10" (1.5%0.2)x 10’ 2.5x10*
Acetyl-CoA 0.26 +0.01 (2.5+0.3)x 102 1.0x10° (3.5+0.03)x 102 (2.3+0.07)x 10? 1.5x10°
Fluoroacetyl-CoA (6.0+0.2)x 1072 2327 2.6x10° (4.0+0.1)x 107 95+1.1 42x10°
Acetoacetyl-CoA (31+0.9)x10" 58+5.1 5.3x10* (9.8+0.4)x10?% (2.8%0.3)x10? 3.6 x 10?
Benzoyl-CoA <0.00001 - - <0.00001 - -
Phenylacetyl-CoA <0.00001 - - <0.00001 - -
3-hydroxybenzoyl-CoA <0.00001 - - <0.00001 - -
Gentisyl-CoA <0.00001 - - <0.00001 - -
1,4-DHNA-CoA <0.00001 - - <0.00001 - -
MA0038 TTHA0967
Formyl-CoA (24£0.08)x10™ 7.6+0.8 3.1x10* (3.0+0.1)x10?% (6.4 +0.3)x10* 4.7 x10?
Acetyl-CoA (9.0+0.5)x10% (8.6+1.1)x10° 1.0x 10! (24+03)X10?% (1.2+0.3)x103 2.0x 10"
Fluoroacetyl-CoA (2.0£0.06)x10" (6.0+0.9)x 10" 3.0x10° (62+02)x10" (1.6+0.2)x10" 3.8x10*
Acetoacetyl-CoA 0.14 +0.01 90 +3.9 1.6x10° (1.7+0.07) X102 (1.4+0.2)x 102 1.2x10°
Benzoyl-CoA (43£0.1)x103 47 £2.0 9.1x10" (21+0.02)x10% (9.6 £0.5)x 10" 2.2x10*
Phenylacetyl-CoA <0.00001 - - (1.7£02)x10" (852 0.5)x 10? 2.0x 102
3-hydroxybenzoyl-CoA (74+02)x10° 3103 2.4x10° <0.00001 - -
Gentisyl-CoA (9-0£0.1)x10° 4125 2.2x10° <0.00001 - -
1,4-DHNA-CoA <0.00001 - - <0.00001 - -

Table 2-2. Steady state kinetic constants for fIK and ortholog-catalyzed hydrolysis of

various acyl-CoA substrates. *kcat/Km calculated from an estimated Ky, of 60 nM.
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exhibited the smallest substrate range, (only active with HCoA and FAcCoA), this
supports the notion that the truncated lid motif has resulted in an altered substrate
specificity profile, and potentially a different biological function.

Additionally, both MA0038 and TTHA0967 exhibited slight activity towards
aromatic acyl-CoA substrates. While MA0038 displayed only slight to moderate activity
towards benzoyl, gentisyl and 3-hydroxybenzoyl-CoA, the measured Kn values for all
three substrates were very competitive with (and in some cases, lower than) the
respective Ki, values for formyl-, acetyl-, fluoro- and acetoacetyl-CoA. This indicates that
while turnover is low, the active site is able to easily accommodate aromatic substrates.
TTHAQ0967 displayed low level activity for benzoyl-CoA and phenylacetyl-CoA. While he
measured kca: for phenylacetyl-CoA was reasonable compared to other substrates, its
high Ky, value indicates that the TTHA0967 active site is not set up to accommodate this
substrate. On the other hand, the measured Ky, for benzoyl-CoA was competitive with
other measured substrates while kcar was much lower, highlighting the effect that the

phenylacetyl-CoA methylene group plays in substrate binding and specificity.

2.3.5 Structural Analysis of fIK and Isolated Orthologs

With the substrate screening results indicating the potential for divergent
function, a structural analysis of available ortholog crystal structures was carried out to
identify a structural basis for these results. To date, only the crystal structures of fIK
and TTHA0967 had been solved [24, 25, 39]. However, attempts to crystallize MA0038
from M. acetivorans and BVU_1957 from B. vulgatus were successful. Additionally, a

crystal structure of BVU_1957 with coenzyme A (CoASH) co-crystallized was also
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Figure 2-9. Crystal structure overlays of fIK (PDB: 3KV8) (blue), MA0038 (pink),
BVU_1957 (green) and TTHA0967 (PDB:2CWZ)(orange). Insert shows conservation of

key catalytic residues.

obtained. Unfortunately, attempts to crystallize Galf_1995 for X-ray structure
determination were unsuccessful.

In general, all four of the crystal structures overlay very well, indicating an
overall conservation of the core fold (Figure 2-9). Additionally, the active site marker
residues (Thr, Glu and His) are all in relatively identical positions, indicating the same
mode of catalysis (Figure 2-9). Given the conservation of catalytic residues, the

differences in activity must be due to changes in active site topology. To further analyze
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the active site architectures of the four orthologs, active site volumes were generated
using the CASTp server [40]. Overall, it appears as if two structural features define the
active site spaces of flK and the other orthologs: the size and flexibility of the lid motif
and the positioning of the (mostly conserved) arginine residue. According to its
substrate specificity profile, fIK shows a fairly limited range, only active towards
substrates with relatively small acyl (R) groups. Both the positioning of the lid over the
active site and Argl20 along the bottom restricts the available volume within.
Furthermore, a number of hydrogen-bonding interactions between the lid and core
domains were found to render the lid fairly inflexible, effectively locking the size and
shape of the active site [34]. As discussed earlier, the largest discrepancy in sequence
between the fIK thioesterase and the majority of putative orthologs is in the lid motif,
with fIK containing a larger lid segment than most other orthologs. Of the available
crystal structures, MA0O038 shares the highest sequence homology to fIK with 50%
sequence identity overall. Additionally, MAOO38 appears to contain a full lid motif
similar to fIK (Figure 2-10). The positioning of Arg121 is in good alignment with fIK as
well, resulting in a very similarly sized active site (Figure 2-10). According to CASTp
calculations, the size of MA0038'’s active site is actually slightly larger than that of fIK
and may explain why it is able to accommodate benzoyl-CoA and a few of its
hydroxylated derivatives. From a structural basis, the slightly larger active site could be
due to more lid flexibility as MA0038 was found to have fewer lid-core interactions than
fIK [34].

Alternatively, the BVU_1957 (BVU) crystal structure highlights the profound

effect of a truncated lid motif (Figure 2-10). As seen in the substrate screening, BVU was
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Figure 2-10. Structural comparison of fIK (teal) (PDB: 3KV8), MA0O038 (magenta),
BVU_1957 (green) and TTHA0967 (PDB: 2CWZ) (red). The helical lid motif is colored in

yellow. Active site volumes are colored by electrostatic potential.

not active for any substrates larger than FAcCoA, a direct contrast to the other
orthologs tested. Additionally, the high HCoA activity indicated that the active site might
be set up to bind this substrate the best. Although the core structure and catalytic
residues align very well with fIK and MA0038, the BVU active site is almost half the size
of either, as calculated by CASTp. Given that Arg110 is in the same position as R120 and
R121, the lid motif is solely responsible for this loss in active site volume. In comparison
with both flK and MA0038, the truncated lid in BVU appears to shorten the length of the
active site, limiting the size of acyl group that could be accommodated. Additionally, the
BVU lid motif (despite its size) appears to have more hydrogen bonding interactions
with the core, further limiting its flexibility and potentially, substrate specificity [34].

These structural features help to explain why BVU was not active with any substrates
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Figure 2-11. Multiple alignment of fIK and cloned flK-orthologs. Completely conserved
residues are highlighted in red and highly conserved residues are highlighted in yellow.

Secondary structure was overlaid using the flIK crystal structure (PDB: 3KV8_B).

larger than FAcCoA and may also help provide a structural basis for the high level of
HCoA activity.

In looking at the TTHA0967 (TTHA) sequence (Figure 2-11), it would appear
that its lid motif falls somewhere between truncated and full length. A look at its crystal
structure (Figure 2-10) confirms this observation, as it appears larger than BVU but

smaller than fIK or MA0038. This semi-limitation on the TTHA active site could explain
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why it was still able to discriminate between FAcCoA and AcCoA, albeit to a lesser
degree than fIK or MA0038. Furthermore, while this semi-truncation should technically
limit the volume of the active site (as seen in BVU with the truncated lid), CASTp
calculations indicate the active site to be generally around the same size as flK and
MAO0038. The reasoning for this can be found in the bottom of the active site. Where flK,
MAO0038 and BVU all have identically positioned arginine residues, TTHA has a
glutamine residue, positioned away from the active site. This residue swap opens up a
large portion of the lower TTHA active site and may explain why it is able to

accommodate the aromatic substrates phenylacetyl-CoA and benozyl-CoA.

2.3.6 Gene Context Analysis

With sequence, activity and structural analyses indicating a divergence of
function in the fIK scaffold, we turned to a gene context analysis in the hopes that
neighboring genes may provide further clues in identifying such a function.
Unfortunately, compared to the number of organisms with orthologous sequences, the
available gene context data is pretty sparse, limiting the power of this analysis.
Nonetheless, we were still able to pull a few clues from the data. Starting with the
cloned and isolated orthologs, MA0038, TTHA0967, BVU_1957, Galf_1995 and
cgp_0542, we found that they really shared no conservation of gene context
whatsoever. Though with the majority of genes in the MA0038 cluster unannotated, few
clues were provided about the putative function of this particular ortholog. Galf_ 1995
appears to be clustered with genes involved in arginine and proline metabolism, given

its proximity to an acetylornithine and succinylornithine aminotransferase (Galf_1990),
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localization with genes involved in folate biosynthesis (red box) and the one carbon

pool by folate (blue box).

an ornithine carbamoyltransferase (Galf 1995) and an arginosuccinate synthase
(Galf_1996). While arginine is considered one of the most versatile amino acid as its
metabolism provides precursors for a number of processes such as the biosynthesis of
proteins, nitric oxide, creatine and urea, it is unclear what role a hot dog thioesterase
might play in this metabolic pathway [41].

The gene neighborhood surrounding cgp_0542 reveals to be localized around a

gene cluster for the synthesis of menaquinone, or vitamin k. Menaquinone biosynthesis,
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known as the men pathway is a 9-step synthetic route, converting chorismate to
menaquinone. The cluster is loosely localized as cgp_0533 is an O-succinylbenzoyl-CoA
ligase (MenE), cgp_0548 is a naphthoate synthase (MenB), cgp_0551 is an O-
succinylbenzoyl-CoA synthase (MenC) and cgp_0552 is a 2-succinyl-5-enolpyruvyl-6-
hydroxy-3-cyclohexene-1-carboxylate synthase (MenD). Interestingly enough, the men
pathway has been shown to utilize a hot dog-fold thioesterase in the hydrolysis of 1,4-
dihydroxy-2-naphthoyl-CoA (DHNA-CoA) to its corresponding fatty acid [42]. However,
cgp_0542 did not exhibit any hydrolysis activity towards DHNA-CoA, making it unlikely
to function in this role.

TTHAQ0967 appears to be clustered in an operon for phenylacetic acid (PAA)
degradation. Its gene neighbors include Paal: phenylacetyl-CoA thioesterase
(TTHA0965), PaaK: phenylacetyl-CoA ligase (TTHA0966), PaaDCBA: ring-1,2-
phenylacetyl-CoA epoxidase (TTHA0969-TTHA0972) and PaaX: TetR transcriptional
regulator (TTHA0973). As a common intermediate in the breakdown of various
aromatic compounds, the PAA pathway is critical pathway in the utilization of aromatic
carbon sources [39]. Interestingly enough, a broader look at the available gene context
of all putative flIK orthologs shows quite a few instances of fIK orthologs clustered in
close proximity to a PAA degradation operon. While this appears to be fairly conserved
throughout Deinococcus-thermus (the phylum containing TTHA0967), various genes
throughout Actinobacteria, Firmicutes and Proteobacteria share a similar gene context
as well. Like TTHA0967, Paal is a hotdog-fold thioesterase that catalyzes the conversion

of phenylacetyl-CoA (PA-CoA) to phenylacetate (PA). While TTHA0967 did exhibit PA-
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Figure 2-13. Gene context within A. metalliredigens (Firmicutes) showing fIK ortholog

(red) co-localization with a gene operon for de novo purine biosynthesis and salvage.

CoA hydrolysis activity, it was not on a biologically relevant scale, indicating its function
elsewhere.

A look at the BVU_1957 gene neighborhood shows it to be near aconitase
(BVU_1959), isocitrate dehydrogenase (BVU_1960) and citrate synthase (BVU_1961).
All three of these enzymes play critical roles in the citric acid cycle, mediating the
multistep conversion of oxaloacetate and acetyl-Coa to a-ketoglutrate. Given the high
formyl-CoA activity and narrow substrate range exhibited by BVU_1957, it is uncertain

if this gene context is relevant. Further downfield from BVU_1957 is a dihydrofolate
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reductase (BVU_1949) and thymidylate synthase (BVU_1950). Both genes are involved
in one carbon metabolism by folate (Figure 2-12). Folate and folate derivatives act as
single carbon donors and play critical roles in various cellular processes such as DNA
methylation and repair, purine synthesis and carbon fixation [44]. A wider look at the
rest of the available fIK ortholog gene context discovered a large amount of orthologs
co-located with formate-tetrahydrofolate ligase, the enzyme responsible for the
conversion of formate and tetrahydrofolate (THF) to Nio-formyl-THF in the one carbon
pool. Additionally, a number of orthologs were found to co-localize with genes involved
in de novo purine synthesis and salvage (Figure 2-13). Furthermore, many orthologs
were found in close proximity to other genes involved in carbon fixation or one carbon

metabolism like carbon monoxide dehydrogenase and malate dehydrogenase.

2.3.7 Divergence of Function

The human gut microbiome plays a large role in overall health and wellbeing, as
disruption of gut flora has been shown to have significant effects of a variety of
intestinal conditions such as obesity, malnutrition, diabetes, ulcerative colitis and
Crohn’s disease [43, 45]. Living in a symbiotic relationship with the human body,
organisms in the gut microbiome can essentially be broken down into two major classes
based on their function: fermenters and hydrogenotrophs [46, 47]. The role of
fermenters is in the breakdown of undigested dietary components, such as proteins and
carbohydrates. In the process, a number of fermentation products such as short-chain
fatty acids (acetate, propionate, butyrate) and gases (COz and H;) are formed [46, 47].

Responsible for the removal of CO; and H; from the intestinal tract, hydrogenotrophs
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(hydrogen consumers) are capable of utilizing these gases as carbon sources through

the process of carbon fixation [47]. Given the mostly oxygen-limiting environment of
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the gut, carbon fixation is performed under anaerobic conditions. One such group of
hydrogenotrophs is acetogenic bacteria, which are capable of producing acetyl-CoA
through carbon fixation [48]. Primarily in Clostridium species, acetogens are capable of
utilizing the Wood-Ljundahl pathway to convert CO2 and H; to acetyl-CoA in a THF and
cobalamin-dependent reaction (Figure 2-14). In short, THF is converted to Nio-formyl-
THF by the action of formate-tetrahydrofolate ligase. In a series of redox reactions, N1o-
formyl-THF is converted to (6S)-Ns-methyl-THF, where it acts as a methyl group donor.
Utilizing the carbon monoxide dehydrogenase/acetyl-CoA synthase (CODH/ACS)
complex, the methyl group is transferred, along with carbon monoxide to coenzyme A,
forming acetyl-CoA. Given the apparent role of BVU_1957 as a formyl-CoA hydrolase, it
is possible that this version of the fIK scaffold (truncated lid) within Clostridium might
function within the gut microbiota in the anaerobic fixation of COz and Hz by providing
an alternate source of formate for conversion to Nio-formyl-THF. As formylated-
derivatives are required for a variety of other cellular processes (like de novo purine
synthesis and salvage), it is possible that the non-acetogenic orthologs may utilize
formyl-CoA hydrolase activity in a similar manner, providing formate for the one

carbon pool (Figure 2-14).

2.4 Summary

Given the highly specific role of the fIK thioesterase in providing resistance to
FAc poisoning in the fluorometabolite-producer, S. cattleya, it was evident that the fIK
scaffold was highly evolved, doubtless the result of functional divergence within the HD

superfamily. In an attempt to track this functional divergence, we initiated a combined
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bioinformatics, mechanistic and structural analysis to uncover novel functionality with
the fIK subfamily.

While the fluorinase cluster was found to be extremely limited in biological
range, the fIK scaffold was found in orthologs through many different phyla, indicating
an alternative function for the species that without the ability to synthesize
fluorometabolites. Additionally, the fIK biological range was similar to the biological
range of the gut microbiome, indicating a potentially functionality within the human
and mammalian digestive tract. Sequence analyses of flK orthologs indicated three
distinct versions of the helical lid structure, supported from the analysis of the crystal
structures from fIK, BVU 1957 and TTHAO0967. The alterations in the helical lid,
resulting in distinct reshaping of the TE active site, was found to play a role in substrate
specificity and activity, as BVU_1957 was highly active and specific for formyl-CoA. The
truncated lid (BVU-like) structure was found to be the most prevalent amongst the fIK
orthologs, as all of the Bacteroidetes and the majority of Firmicutes and other species
conserved this motif, and indicated that the majority of flK orthologs function more
closely to BVU_1957 and fIK.

With additional support from gene context analyses, a novel divergent function
was proposed for BVU_1957 (and the “BVU-like” orthologs) in providing formate for the
one carbon pool. Additionally, given the prevalence of fIK orthologs co-localized with
the PAA degradation pathway (especially in Deinococcus-Thermus), and taking into
account, the low-level PA-CoA hydrolase activity seen in the TTHA0967-like scaffold, we

have proposed a potential evolutionary path for the fIK subfamily.
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The original fIK thioesterase (TTHA0967-like) may have evolved from the Paal
thioesterase as a result of gene duplication events. Through lateral gene transfer, the
entire PAA operon (TTHA0967-like ortholog included) was acquired by organisms
within Proteobacteria, Firmicutes and Actinobacteria. Over time, further structural
divergence led to the evolution of the BVU-like ortholog (truncated lid) and the flIK-like
ortholog (full lid). The fIK ortholog was utilized for the role of FAc detoxification in S.
cattleya, other fluoroacetate producers and possibly in other bacteria requiring this
resistance pathway. Alternatively, the BVU-like thioesterase evolved the role of formyl-
CoA thioesterase within the gut microbiome and was traditionally evolved throughout

its co-habiting species.
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Chapter 3
Characterizing the Contribution of Multiple Acyl-CoA Synthetases Towards

Enhanced Virulence in Pseudomonas aeruginosa

3.1 Introduction

Cystic fibrosis, also known as mucoviscidosis, is an autosomal recessive
genetic disorder primarily affecting the respiratory and digestive systems [1]. The
most common lethal genetic disease in Caucasian populations, cystic fibrosis (CF)
affects mainly children and young adults, with more than 75% of people diagnosed
at age two or younger [1, 2]. With an estimated 30,000 children and adults affected
in the United States (70,000 worldwide) and about 1,000 new diagnoses each year,
CF is characterized by mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR), a membrane-bound protein expressed in epithelial and blood cells
[1-3]. An ABC-class ion transporter, CFTR is an ATP-gated anion channel responsible
for the soluble transport of chloride, thiocyanate and bicarbonate ions across the
cell membrane [2]. This transport helps drive the osmotic efflux of water out of the
cell into the surrounding mucus, maintaining its proper fluidity to effectively protect
organs from invading bacteria and foreign particles. While two copies of the CFTR
gene are carried (one from each parent), only one functioning gene is needed for
proper ion transport. In patients with CF, mutation-derived dysfunction occurs in
both CFTR genes, resulting in a total loss of ion transport [4]. While over 1,800 CFTR

mutations have been documented, only a few occur at a frequency greater that 0.1%
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Figure 3-1. Comparison of wild-type (I) and mutant (II/III) CFTR. CF-causing
mutations in the CFTR gene can result in dysfunctional protein (II) or cause CFTR
breakdown before implantation into the plasma membrane (III). Both types of
mutation inhibit ion transport across the membrane and lead to accumulation of

thick, dry mucus.

[5]. The most common mutation in patients with CF is AF508, a single amino acid
deletion of phenylalanine occurring at position 508. Occurring in over 70% of the CF
community, AF508 leads to CFTR misfolding and results in break down shortly after
translation and ultimately failure to reach the cell membrane [6]. The consequence
of CF-causing mutations in CFTR genes is an accumulation of thick, dehydrated
mucus (sputum) that blocks airways and hinders breathing [1]. Additionally, the
warm, nutrient-rich environment of CF sputum leads to a veritable breeding ground

for bacteria adapted to survive under such conditions. Furthermore, decreased
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levels of periciliary fluid preventing the mucociliary clearance of said bacteria
results in the recruitment of inflammatory mediators, leading to inflammation on
top of chronic bacterial infection and ultimately, irreparable decline in pulmonary
function [7]. Although the life expectancy of CF patients has risen dramatically in the
past 30 years (from age 7 to ~40), thanks to an enhanced understanding of its
underlying genetic causes and treatment, most patients eventually succumb to
bacterial airway infection after a shortened lifetime spent in hospitals and on
aggressive antibiotic regimens [7].

One of the hallmarks of cystic fibrosis is the complex microbiome that
inhabits the lung sputum. This unique environment is comprised of a wide range of
microbes and is in constant flux throughout the life of the patient. In some adults
with CF, up to 37 different phylotypes have been discovered, including several
members from Bacillales, Bacteroidales, Burkholderiales, Chlostridiales,
Lactobacillales, Methanosarcinales, Pseudomonadales and Xanthomonadales [2].
The most prevalent species of bacteria include Staphylococcus aureus, the
Burkholderia cepacia complex, Haemophilus influenzae, Mycobacterium sp. and
Pseudomonas aeruginosa [8]. During infancy and early childhood, CF patients suffer
predominantly from S. aureus infections that damage epithelial surfaces and pave
the way for dominating pathogens such as P. aeruginosa [8].

P. aeruginosa belongs to the genus Pseudomonas, whose various groupings
include non-pathogenic species (e.g. P. putida, P. denitrificans, P. knackmussii) as
well as a variety of other animal (P. oryzihabitans), plant (P. syringae) and fish (P.

plecoglossicida) pathogens. Found in soil, water, on plants and in the human gut and
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respiratory system, P. aeruginosa leads somewhat of a dual life. On the one hand, it
acts as a free-living bacterium, capable of surviving and thriving on its own. More
notably, however, is its role as an aggressive opportunistic pathogen, infecting
immuno-compromised hosts [9]. Found on hospital equipment and implanted
devices, such as catheters, P. aeruginosa is responsible for a myriad of deadly
infections, ranging from urinary tract infections (UTIs) to sepsis in cancer patients,
and is one of the most common infections found in patients with nosocomial
pneumonia [10, 11]. In CF airways, P. aeruginosa infections are intermittent
throughout childhood and early adolescence. However, by early adulthood, chronic
infection is established and P. aeruginosa quickly becomes the dominant infecting
species in the CF airway [3]. The underlying mechanism of this success is the ability
to rapidly adapt to a constantly fluctuating environment, and despite aggressive
antibiotic treatment, P. aeruginosa represents the leading cause of morbidity and
mortality in adult CF patients [12].

The key for establishing chronic infection and thriving in a pathogenic
environment is the ability to effectively utilize host and co-habitant-derived energy
sources while successfully fighting off the constant barrage of antimicrobial agents
released by both parties. To theses ends, P. aeruginosa employs an impressive
arsenal of virulence factors, signaling molecules, xenobiotic efflux pumps and other
various chemical warfare agents to exploit both host and co-habitant alike.
Additionally, P. aeruginosa is armed with an extensive metabolic suite, allowing it
utilize a wide variety of carbon sources from many types of environmental

conditions. Perhaps the most important concept in P. aeruginosa pathogenesis is
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extensive biofilm formation. Biofilms are composed of a complex polymer matrix of
polysaccharide, DNA, protein and other macromolecules [13]. Housed within are
populations of bacteria that form large, fully networked communities. These
communities have significant survival advantages over single colonies in that they
are able to communicate by quorum sensing, a process of emitting small molecule
signals in response to fluctuating environmental conditions. This system of
communication allows the organized population to perform group-wide actions
such as extending or limiting biofilm production, inducing the transcription of
virulence factors and utilizing communal energy sources. In P. aeruginosa, the
primary polysaccharide component of biolfilm is alginate. Over the course of
intermittent infection, the bacterium has been shown to deregulate enzymes
directly involved in alginate production (such as mucA and algD) to undergo
conversion to a mucoid phenotype [7]. This overproduction of alginate leads to a
thicker, stickier biofilm which renders antibiotic penetration much more difficult
and also increases resistance to phagocytosis by host macrophages [7, 14].
Additionally, this enhanced biofilm structure prevents clearance of the bacterium
from host airways and generally marks the establishment of chronic infection.

In P. aeruginosa, the quorum sensing process is governed by three
interconnected regulatory systems. When responding to environmental
fluctuations, affected members of the (biofilm-contained) bacterial community
release autoinducer molecules, which at high enough concentration, initiate
community-wide transcription of genes involved in adaptation and virulence factor

production [15]. The las and Rhl systems are both two-component (LuxI/LuxR-
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type) regulatory systems consisting of an autoinducer synthase (Luxl-like) and a
cognate transcriptional activator (LuxR-like). Both are mediated by an N-
acylhomoserine lactone (HSL) autoinducer, specifically N-3-oxo-dodecanoyl
homoserine lactone (30C12-HSL) and N-butyryl homoserine lactone (C4-HSL),
respectively [16, 17]. The third regulatory system, known as the pgs system, is a
biosynthetic pathway for the production of 4-heptyl-3-hydroxy-4-quinolone (PQS).
An autoinducer for the pgs system, PQS is a member of the 4-quinolone class and
has been shown to enhance biofilm formation through changes in swarming
motility, inhibition of host T-cell proliferation and production of antibacterial agents
[18-20]. The carefully coordinated regulatory cascade of the las-Rhl-pgs system
(Figure 3-2) is thought to control up to 11% of the P. aeruginosa genome and not
only serves as a form of inter-regulation but also allows for the redundant release of
important virulence factors such as elastase, pyocyanin, siderophores,
lipopolysaccharides, rhamnolipids and various proteases [21-23]. These virulence
factors play a large role in P. aeruginosa pathogenesis and are directly linked to its
survival. For example, P. aeruginosa has been found to modify the O-antigen or lipid
A components of lipopolysaccharides (LPS) to either avoid immune detection or
trigger inflammation, cytokine release and toxic shock, depending on its
environment [15]. The non-ribosomal peptide synthase (NRPS)-produced
siderophores pyochelin and pyoverdine allow P. aeruginosa to survive under iron-
depleted conditions by chelating and transporting host-derived iron into the cell.
Furthermore, pyocyanin is thought to be able to scavenge oxygen from biofilm

boundaries during anaerobic conditions in addition to inducing apoptosis in host
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Figure 3-2. Quorum signaling regulatory cascade in P. aeruginosa consisting of the
las (1), Rhl (II) and pgs (IIl) systems. Black arrows denote autoinducer synthesis
(straight) and binding (curved). Transcriptional activation is denoted by blue

arrows (+) and repression is denoted by red arrows (-).

and co-habitant cells [15, 24-26]. Additionally, rhamnolipids facilitate in the uptake
and release of hydrophobic compounds, help dictate biofilm morphology, inhibit
macrophage function and have been shown to possess antimicrobial activity [27].
Biofilm formation in the CF lung relies on high-density cell (HDC) replication
[28]. Like all cellular growth processes, HDC replication is dependent on a readily

available source of energy. In CF sputum as well as in extensive biofilm formations,
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growth conditions are completely heterogeneous and can range from aerobic to
oxygen-limited to completely anaerobic [29, 30]. This steep oxygen gradient
provides a constantly changing environment that demands a versatile metabolism
for energy acquisition and survival. P. aeruginosa is known mainly as a facultative
aerobe, preferring to utilize any one of five terminal oxidases (varying in oxygen
affinity, energy coupling and stress tolerance) to catalyze the conversion of
molecular oxygen to water [31]. In response to constantly changing oxygen levels
during pathogenesis, P. aeruginosa is able to utilize nitrate and nitrite as terminal
electron acceptors (denitrification) when oxygen is limited [31]. Additionally,
phenazines like pyocyanin can also act as electron acceptors [32]. Under strictly
anaerobic conditions, P. aeruginosa has been shown to utilize arginine and pyruvate
fermentation pathways to produce ATP, genes of which are linked to virulence, long-
term survival and biofilm formation [33-35].

Variable growth conditions inevitably lead to a broad range of energy
sources and relative abundances. Under nutrient-poor conditions, the catabolite
repression control (CRC) system is responsible for tuning P. aeruginosa metabolism
and optimizing nutrient utilization in vivo. A signaling cascade under the control of
the Crc gene, the CRC system is intricately linked to P. aeruginosa pathogenesis,
affecting over 360 separate genes involved in carbohydrate metabolism, biofilm
formation, antibiotic resistance and virulence [36, 37]. The CRC system also
regulates amino acid import and utilization with research showing amino acid
degradation genes, proteases and peptide transporters to be upregulated in CF

growth conditions [28]. This indicates host-derived amino acids to be an important
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energy source in vivo. Another valuable source of host-derived energy is lung
surfactant, composed primarily of dipalmitoylphosphatidylcholine (DPPC). P.
aeruginosa contains lipases and phospholipase C to cleave DPPC into its constituent
components: palmitate (x2), glycerol and phosphocholine--all of which can be
metabolized for energy [38]. In fact, genes involved in long-chain fatty acid
activation and (-oxidation are upregulated in CF models and mutant strains in
mouse lungs displayed decreased production of virulence factors and retarded
growth [28, 39]. This points to a potentially significant role of host-derived long
chain fatty acids toward P. aeruginosa virulence and energy acquisition.

In addition to utilizing host-derived energy sources, P. aeruginosa may be
able to utilize small molecule carbon sources excreted by co-habiting bacterial
species. In the mostly anaerobic recesses of the CF lung, co-habiting bacteria
utilizing a variety of fermentation pathways release a myriad of small molecule
fermentation products including short-chain fatty acids, ethanol and CO2 [47]. One
such product, 2,3-butanedione, has been shown to be present in nearly all CF
respiratory tracts [44]. Additionally, studies have shown that utilization of
exogenous 2,3-butanedione by P. aeruginosa leads to increased biofilm density and
virulence factor production, enhanced levels of pyocyanin, HSL and other quorum
sensing signals, and increased antimicrobial activity [24]. With the ability to exploit
co-habiting bacteria by feeding off of their excreted fermentation products and then
instigating an immune response and engaging in chemical warfare to become the

dominant pathogenic species, it comes as no shock that over a patient’s lifetime, the
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diversity of the CF microbiome dramatically decreases, with P. aeruginosa
consistently found as the main pathogenic species in adults [24].

Perhaps the main reason why P. aeruginosa is such a capable and virulent
pathogen is the size of its genome. At roughly 6.3 million base pairs (Mbp), this
unusually large genome far exceeds the size of many other notable pathogens such
as E. coli (4.7 Mbp), S. aureus (2.8 Mbp), H. influenzae (1.8 Mbp) and M. tuberculosis
(4.4 Mbp) [42, 43]. Analysis of the P. aeruginosa genome reveals a much larger
number of distinct gene clusters, implying that its size is not due to genomic
duplication but rather due to adapted evolution for increased genomic complexity.
In fact, with over 5,000 open reading frames (ORFs), the genetic complexity of P.
aeruginosa is thought to more closely resemble that of the simple eukaryotic yeast S.
cerevisae than other actual bacteria [43]. With increased numbers of regulatory
genes, nutrient-uptake transporters, xenobiotic efflux pumps and secretory systems,
P. aeruginosa appears to be evolutionarily adapted to survive and thrive in a
number of niche environments. Of particular interest are the large numbers of genes
associated (-oxidation and other metabolic pathways and indicates a potential
ability to utilize a wide-range of organic substrates as carbon sources.

As discussed in chapter 1, Acyl-CoA synthetases are the enzymes responsible
for the activation of carboxylic acids into their respective acyl-CoA substrates. Best
known for their role in long-chain fatty acid activation in (-oxidation, acyl-CoA
synthetases (ligases) are critical components are cellular metabolism throughout all
domains of life. In addition to long-chain fatty acyl-CoA ligases, prokaryotic

organisms (which grow under a variety of conditions) are known to employ short
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and medium-chain as well as various aromatic ligases [62, 63]. Given the enhanced
size of the P. aeruginosa genome, it is not totally surprising to discover a large
number of standalone acyl-CoA ligases. Given the importance of acyl-CoA ligases in
energy utilization, secondary metabolite production and virulence factor
production, we hypothesize that the increased number of standalone ligases in P.
aeruginosa contributes to its enhanced virulence in the CF lung environment. In this
chapter we explore the potential activation of host and co-habitant-derived organic
fatty acids by the multiple standalone acyl-CoA synthetases expressed by P.
aeruginosa. The work within defines the parameters and results for a novel high-
throughput substrate screening coupled with steady-state kinetic verification of
activity. Along with in-depth bioinformatic analyses, the results and the conclusions
we draw from them allow us to gain a better understanding of the potential energy
acquisition pathways employed by P. aeruginosa during pathogenesis in the CF

airway.

3.2 Methods and Materials
3.2.1 Materials

All restriction enzymes, T4 DNA ligase, and Deep Vent DNA polymerase were
purchased from NEB. Pfu Turbo DNA polymerase was purchased from Agilent and
all custom oligonucleotide primers were synthesized by Invitrogen. Genomic DNA
was purchased from ATCC. Protein samples were purified on an AKTA FPLC system
(GE Healthcare) by monitoring UV absorbance at 280 nm. Protein concentrations

were determined using the Bradford method. Various carboxylate substrates and all
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other chemicals were purchased from Sigma or Fisher unless otherwise specified.
Mass spectrometry analysis was performed by the Mass Spectrometry Facility at the

University of New Mexico.

3.2.2 Bioinformatics Analysis

Standalone ligases in P. aeruginosa were identified using the SupFam
database (http://supfam.cs.bris.ac.uk/SUPERFAMILY/index.html). BLAST searches
of individual standalone ligases were conducted throughout all of the sequenced
genomes deposited in the NCBI database using the Standard Protein BLAST server
(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearc
h&LINK_LOC=blasthome). Protein sequences were aligned using Clustal Omega
(http://www.ebi.ac.uk/Tools/msa/clustalo/) and visualized in CLC Sequence
Viewer 7. Each ligase was selected as the query sequence using the default
parameters. Additionally, the search parameters were set to filter regions of low
complexity and select for the top 5,000 hits. Each ligase was subjected to three
separate BLAST searches: (1) within Pseudomonas (excluding Pseudomonas
aeruginosa), (2) within Proteobacteria (excluding Pseudomonas) and (3) within
Bacteria (excluding Proteobacteria). To distinguish between orthologs of each
ligase, pairwise sequence identities were calculated for each one and a sequence
identity cutoff was selected based on the results. Putative orthologs were identified
by those sequences containing 250% sequence identity for 280% coverage with the
exception of PA0996, PA1617 and PA2893 where the sequence identity cutoff was

lowered to 240% sequence identity for 280% coverage. Gene neighborhood analysis
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was performed by looking at available gene context data in the NCBI Gene database

(http://www.ncbi.nlm.nih.gov/gene/) and the KEGG Sequence Similarity DataBase

(http://www.kegg.jp/kegg/ssdb/).

3.2.3 Cloning, Expression, and Purification of P. aeruginosa Ligases

The gene encoding PA0887 was amplified by PCR using Pseudomonas
aeruginosa PAO1-LAC genomic DNA (ATCC 47085D-5), custom oligonucleotide
primers and Pfu Turbo DNA polymerase. The gene product was digested with Ndel
and Xhol restriction endonucleases and ligated into pET-23a(+) expression vector
using T4 DNA Ligase. The resulting ligation product was then used to transform E.
coli BL21(DE3) pLysE chemically competent cells and the transformation was plated
on LB media containing ampicillin (100 pg/mL). A single colony containing
overexpressed protein was used to inoculate 2 L. TB media and incubated at 37
°C/200 RPM until reaching an ODeoo of approximately 0.6. Cells were induced by
addition of IPTG (0.4 mM) and allowed to incubate overnight at 18 °C/200 RPM.
Cells were harvested by centrifugation at 4 °C/6500 RPM; cell paste was collected
and resuspended in ice-cold lysis buffer (50 mM HEPES, 200 mM NaCl, 50 mM
imidazole, pH 7.5). Cells were lysed by passage through a French press at 1200 PSI
and then centrifuged at 4 °C/20,000 RPM. The collected supernatant was then
loaded onto a 5 mL HisTrap FF column (GE Healthcare) and washed with lysis
buffer. Pure protein was eluted off the column with elution buffer (50 mM HEPES,
200 mM NaCl, 500 mM imidazole, pH 7.5) and fractions containing pure protein

were collected, pooled and dialyzed against three changes of dialysis buffer (50 mM
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HEPES, 200 mM NacCl, pH 7.5). Purity was verified by SDS-PAGE. Yield: 4.5 mg/g wet
cell paste.

The gene encoding PA0996 was cloned, expressed and purified as described
above with some modification to the procedure. The PCR-amplified gene product
was digested with Ndel and BamHI restriction endonucleases and ligated into pET-
28a(+) expression vector. The ligation product was used to transform E. coli T7
Express 4 chemically competent cells and the transformation was plated on LB
media containing kanamycin (40 pg/mL). A single colony containing overexpressed
protein was used to inoculate 1 L. TB media and incubated at 37 °C/200 RPM until
reaching an ODsoo of approximately 0.8. Yield: 5.5 mg/g wet cell paste.

The gene encoding PA1997 was cloned, expressed, and purified as described
above with some modification to the procedure. The PCR-amplified gene product
was digested with Ndel and EcoRI restriction endonucleases and ligated into pET-
28a(+) expression vector. The resulting ligation product was then used to transform
E. coli BL21(DE3) pLysE chemically competent cells and the transformation was
plated on LB media containing kanamycin (40 pg/mL). A single colony containing
overexpressed protein was used to inoculate 1 L. TB media and incubated at 37
°C/200 RPM until reaching an ODeoo of approximately 0.8. Yield: 10.4 mg/g wet cell
paste.

The gene encoding PA2555 was cloned, expressed, and purified as described
above with some modification to the procedure. The PCR-amplified gene product
was digested with Ndel and HindlIII restriction endonucleases and ligated into pET-

28a(+) expression vector. The ligation product was used to transform E. coli T7
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Express 4 chemically competent cells and the transformation was plated on LB
media containing kanamycin (40 pg/mL). A single colony containing overexpressed
protein was used to inoculate 1 L. TB media and incubated at 37 °C/200 RPM until
reaching an ODeoo of approximately 0.8. Pure protein was eluted off the column with
elution buffer (50 mM HEPES, 200 mM NaCl, 500 mM imidazole) and fractions
containing pure protein were collected and pooled. Protein was dialyzed by loading
onto a HiPrep 16/60 Sephacryl S-200 HR gel filtration column (GE Healthcare) and
washing with dialysis buffer (50 mM HEPES, 200 mM NaCl). Yield: 7.3 mg/g wet cell
paste.

The gene encoding PA2557 was cloned, expressed, and purified as described
above with some modification to the procedure. Cells were harvested by
centrifugation at 4 °C/6500 RPM and the resulting cell paste was collected and
resuspended in ice cold lysis buffer (50 mM Bis-Tris Propane, 200 mM NaCl, 50 mM
imidazole, pH 7.0). Pure protein was eluted off the column with elution buffer (50
mM Bis-Tris Propane, 200 mM NaCl, 500 mM imidazole, pH 7.0) and fractions
containing pure protein were collected, pooled, and dialyzed against three changes
of dialysis buffer (50 mM Bis-Tris Propane, 200 mM NaCl, pH 7.0). Yield: 11 mg/g
wet cell paste

The gene encoding PA3568 was cloned, expressed, and purified as described
above with some modifications to the procedure. The PCR-amplified gene product
was digested with Ndel and BamHI restriction endonucleases and ligated into pET-
28a(+) expression vector. The ligation product was used to transform E. coli T7

Express 4 chemically competent cells and the transformation was plated on LB
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media containing kanamycin (40 pg/mL). A single colony containing overexpressed
protein was then used to inoculate 1 L. TB media and incubated at 37 °C/200 RPM
until reaching an ODegoo of approximately 0.8. After dialysis, pure protein was loaded
onto a HiPrep 16/60 Sephacryl S-200 HR gel filtration column (GE Healthcare) and
washed with dialysis buffer (50 mM HEPES, 200 mM NaCl) to remove impurities.
Yield: 2.9 mg/g wet cell paste.

The gene encoding PA3860 was cloned, expressed, and purified as described
above with some modifications to the procedure. The PCR-amplified gene product
was digested with Ndel and Xhol restriction endonucleases and ligated into pET-
28a(+) expression vector. The ligation product was used to transform E. coli BL21-
ArcticExpress chemically competent cells and the transformation was plated on LB
media containing kanamycin (40 pg/mL). A single colony containing overexpressed
protein was then used to inoculate 1 L. TB media and incubated at 37 °C/200 RPM
until reaching an ODeoo of approximately 0.8. Cells were then induced by the
addition of IPTG (0.4 mM) and allowed to incubate overnight at 12 °C/200 RPM.
Cells were harvested by centrifugation at 4 °C/6500 RPM and the resulting cell
paste was collected and resuspended in 70 mL ice-cold lysis buffer (50 mM HEPES,
200 mM NaCl, 50 mM imidazole, pH 7.5) containing 500 pL protease inhibitor
cocktail P8849 (Sigma 072M4052). The collected supernatant was loaded onto a 1
mL HisTrap FF column (GE Healthcare). Yield: 1.6 mg/g wet cell paste.

The gene encoding PA3924 was cloned, expressed, and purified as described
above with some modifications to the procedure. The PCR-amplified product was

digested with Ndel and Xhol restriction endonucleases and ligated into pET-28a(+)
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expression vector. The ligation product was then used to transform T7 Express 14
competent cells. A culture containing overexpressed protein was used to inoculate 1
L TB media containing kanamycin (50 mg/mL) at 37 °C/200 RPM until reaching an
ODsoo of approximately 1.0. Yield: 4.6 mg/g wet cell paste.

The gene encoding PA4198 was cloned, expressed, and purified as described
above with some modifications to the procedure. The PCR-amplified product was
digested with Ndel and Xhol restriction endonucleases and ligated into pET-28a(+)
expression vector. The ligation product was then used to transform T7 Express 14
competent cells. A culture containing overexpressed protein was used to inoculate 1
L TB media containing kanamycin (50 mg/mL) at 37 °C/200 RPM until reaching an

ODsoo of approximately 1.0. Yield: 1.4 mg/g wet cell paste.

3.2.4 High-throughput Substrate Screening

High-throughput substrate screening was performed using the DTNB
method. Reactions were carried out in a 96-well plate and monitored at 412 nm
using a Molecular Devices SpectraMax i3 multiplate reader. Each reaction contained
buffer consisting of 50 mM HEPES, 5 mM MgClz, 2 mM ATP, 750 uM CoASH, and 10 U
commercial pyrophosphatase. Individual substrates were added to achieve a final
concentration of 500 pM. Reactions were initiated by the addition of ligase (5 uM
final) or H20 in the sample and control reactions, respectively. After incubation at
25 °C for 30 m, reactions were quenched by the addition of 2 mM DTNB. The
decrease in absorbance attributed to the formation of an acyl-CoA product was

measured by subtracting each sample absorbance from its corresponding control
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absorbance. Activity was measured as the percent change of the sample from the
control absorbance and all reactions were carried out in duplicate. The total relative
activity was recorded as an average of the two trials. Note: Any duplicate sample

trials with a deviation of activity greater than 10% were discarded and retested.

3.2.5 Determination of Steady-State Kinetic Constants

Ligase activity was measured using a Shimadzu UV1800 UV Spectrometer
and a coupled assay involving adenylate kinase (AK), pyruvate kinase (PK) and
lactate dehydrogenase (LDH). Reactions monitored the decrease in absorbance at
340 nm (Ae = 6.2 mM-lcm1) as a result of the oxidation of NADH and were carried
out at 25 °C in 500 uL solutions containing assay buffer (50 mM HEPES, 5 mM
MgClz, 3.5 mM ATP, 1 mM CoASH, 200 uM NADH, 3 mM PEP, 5 mM KCl], 11 U AK,9 U
PK and 9 U LDH at pH 7.5), enzyme and varying concentrations of substrate ranging
from 0.5-5x Km. Initial velocity data, measured as a function of substrate

concentration, were analyzed using Enzyme Kinetics v1.4 and equation (1):

V'= Vinax[S]/([S]+Km) 1)

where V is the initial velocity, Vimax is the maximum velocity, [S] is the substrate

concentration and K is the Michaelis constant. kcar was calculated from Vimax/[E],

where [E] is the total enzyme concentration.
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3.3 Results and Discussion
3.3.1 Selection of Standalone Ligases

In order to select standalone ligases for biochemical characterization, we
searched for all of the AMP-adenylate-forming domains in P. aeruginosa PAO1. We
identified 27 ligase domains, 10 of which appeared to be part of multi-domain NRPS
or PKS clusters due to their large sequence length (> 800 amino acids) (Table 3-1).
PA1215, PA1221 and PA4228 (pchD) were also classified as part of NRPS or PKS
clusters based on previous literature [40, 41]. After filtering, 14 stand-alone ligase
domains remained as potential acyl-CoA synthetases involved in fatty acid and
organic acid metabolism. The characterization of some P. aeruginosa standalone
ligases (PA1617, PA3299 and PA3300) have been described previously [39, 42] and
thus allowed us to exclude them from our investigation. Of the ten remaining genes
that were targeted, PA2893 proved too unstable to obtain pure protein for high-

throughput screening or kinetic testing.

3.3.2 Determination of Ligase Substrate Specificity Profiles

The substrate specificity profiles of the purified P. aeruginosa ligases were
determined via high-throughput screening (HTS) and verified by measuring the
steady-state kinetic parameters of each reaction. Given the solubility limits of long
chain fatty acids and the inherent risk of micelle formation, substrates with carbon
chains longer than C14 (myristate) were not tested under the HTS assay conditions.
However, ligases indicating potential long chain activity from the HTS were

individually tested with longer chain fatty acids (> C14) by measuring their steady-
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GI Number Accession Number Gene ID Alias Gene Length Domain Length
15596084 NP_249578.1 PA0887 acsA 651 17-642
15596193 NP_249687.1 PA0996 pgsA 517 14-505
15596412 NP_249906.1 PA1215 428 2-424
15596418 NP_249912.1 PA1221 618 23-536
15596814 NP_250308.1 PA1617 555 8-540
15597193 NP_250687.1 PA1997 651 19-643
15597498 NP_250992.1 PA2302 ambE 2124 414-906,1192-1269
15597501 NP_250995.1 PA2305 ambB 1249 208-752
15597595 NP_251089.1 PA2399 pvdD 2448 465-1038
110645305 NP_251090.2 PA2400 pvd] 2157 1499-2071
15597598 NP_251092.1 PA2402 5149 474-1031
15597620 NP_251114.1 PA2424 pvdL 4342 1094-1653
15597751 NP_251245.1 PA2555 555 28-543
15597753 NP_251247.1 PA2557 564 16-552
15598089 NP_251583.1 PA2893 AtuH 608 18-572
15598495 NP_251989.1 PA3299 fadD1 562 18-557
15598496 NP_251990.1 PA3300 fadD2 562 21-561
15598523 NP_252017.1 PA3227 2352 413-969
15598764 NP_252258.1 PA3568 628 3-623
15599055 NP_252549.1 PA3860 632 22-570
15599119 NP_252613.1 PA3924 560 29-546
15599273 NP_252767.1 PA4078 991 6-522
15599393 NP_252887.1 PA4198 540 13-538
15599421 NP_252915.1 PA4225 pchF 1809 506-968,1345-1425
15599422 NP_252916.1 PA4226 pchE 1438 543-991,1286-1333
15599424 NP_252918.1 PA4228 pchD 547 21-541
15599927 NP_253421.1 PA4733 acsB 645 11-637

Table 3-1. Ligase domains in Pseudomonas aeruginosa PAO1. PKS/NRPS complexes

are highlighted in red and previously characterized genes are highlighted in gray.

state kinetic parameters. The various ligases produced by P. aeruginosa exhibit a
broad spectrum of substrate ranges and specificities (Figure 3-3). While some
appear to be specific for just short-chain fatty acid or aromatic acid substrates,
others appear to exhibit more promiscuous behavior, activating a range of fatty acid
substrates from shorter-chain to long-chain. The results described within imply that

chain length is the major contributing factor to specificity and activity while the
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Carbon Chain Length

Figure 3-3. Substrate specificity of alkyl fatty acid-activating ligases. Bars indicate
range of biologically relevant activity of each ligase in terms of fatty acid carbon
length. Colored regions are defined by carbon length as short (green), medium

(blue) and long (red) chain fatty acids.

addition of substituent groups (hydroxyl, methyl, unsaturated bonds) -- for the most

part -- have only modest effects on overall activity.

Acetyl-CoA Synthetase Activity
Annotated as an acetyl-CoA synthetase (acs), PA0O887 (acsA) displays high
sequence identity to other previously characterized acs enzymes in other species,

including E. coli and S. enterica [40, 43]. Crystal structures obtained from S. enterica
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acs show a very small binding pocket, defined by W414, which blocks the rear of the
active site and restricts substrate accommodation to short chain fatty acids up to C3
in length [40]. This is consistent with our HTS data (Table 3-2) as it revealed
PA0887 to display narrow specificity, preferring parent chain lengths of only C2-C3.
The measured steady-state kinetic parameters verified this activity, indicating that
PA0887 could only activate acetate and propionate with any biological relevance.
While the turnover numbers (kcat) measured for PA0887-catalyzed hydrolysis of
acetate and propionate were essentially identical (Table 3-3), the Kn value for
acetate is roughly 3.5-fold lower than the K, measured for propionate, indicating a
more ideal fit in the acsA active site. This discrepancy in substrate binding leads to a
5-fold higher overall kinetic efficiency (kcat/Km) with acetate, indicating it to be the

physiological substrate of acsA.

Short-Chain Activity

From the HTS and kinetic data, five ligases (PA1997, PA2555, PA2557,
PA3568 and PA4198) were shown to exhibit preferences for short-chain fatty acid
substrates. Interestingly, while all indicate a similar overall trend in activity, each
ligase displays a different substrate specificity range and physiological substrate,
indicating each one’s potential involvement in distinct biological roles. PA3568
appears to exhibit a short-chain preference similar to acsA, albeit with a slightly
wider range. Able to activate acetate and propionate, the HTS also indicated
moderate to high activity with a variety of butyrate derivatives, as well as valerate

(Table 3-2). However, steady-stat kinetics verified physiologically relevant activity
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only with acetate, propionate, butyrate and isobutyrate (Table 3-3). The greatest
discrepancies between substrates were seen in their respective K values, with a
10-fold difference between the lowest (isobutyrate) and the highest (acetate). The
trend in Kn value would indicate that the PA3568 active site is set up to best
accommodate fatty acids with a C3 parent chain, ideally with branched substituents.
This result is not entirely surprising given that PA3568 shares 44% sequence
identity with the propionyl-CoA synthetase (prpE) from S. typhimurium, a ligase
shown to function in the catabolism of propionate [44]. Slight discrepancies in
turnover number appear to be proportional to the significantly differing Ki, values,
leading to only slight differences in overall kinetic efficiency for each substrate.
While PA3568 is able to activate propionate and butyrate with high efficiency as
well, the results suggest that isobutyrate is its physiological substrate. HTS analysis
of PA1997 indicated it to be moderately promiscuous, as it appeared to be active
with acetoacetate, butyrate and other C4 derivatives ((D/L)-B- hydroxybutyrate,
crotonoate, butenoate) (Table 3-2). Outside of C4 substrates, some moderate
activity was also seen with the saturated C5 and C6 fatty acids, valerate and
hexanoate. Annotated as an acetoacetyl-CoA synthetase, kinetic analysis showed the
highest overall efficiency with acetoacetate, verifying it to be the physiological
substrate for PA1997. Furthermore, the data reveals that only the C4 derivatives,
acetoacetate and (L)-B-hydroxybutyrate, can be activated by PA1997 with any
biological relevance, as they displayed a 102-fold higher overall efficiency than all of
the other substrates tested. While all of the measured kca: values (except (D)-B-

hydroxybutyrate) appear to be competitive with each other, the major contributing
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Ligase High-Throughput Screening

Substrate PA0887 [PA0996 [ PA1997 [PA2555 [PA2557 [PA3568 | PA3860 [PA3924[PA4198
Formic Acid 0.052 | 0.000 | 0.000 | 0.000 | 0.026 | 0.000 | 0.090 [ 0.001 [ 0.000
Acetic Acid 0.057 | 0.000 | 0.000 | 0.342 0.079 | 0.009 |N0547

Propionic Acid 0.001 | 0.000 | 0.089 0.087 | 0:396
Butyric Acid 0.133 | 0.000 [W0%G83M0'550 0.090
Valeric Acid 0.047 | 0.000 | 0.424 | 0.499 0.107
Hexanoic Acid 0.067 | 0.000 | 0.400 | 0.000 0.296
Octanoic Acid 0.073 | 0.000 | 0.025 | 0.000
Decanoic Acid 0.163 | 0.000 | 0.000 | 0.025
Lauric Acid 0214 | 0.018 | 0.000 | 0.020
Myristic Acid 0.154 | 0.021 | 0.034 | 0.016
Isobutyric Acid [(M6e15 0.000 | 0.000
Isovaleric Acid 0.085 0.000 0.000
Citronellic Acid 0.085 0.000 0.138
Crotonoic Acid 0.130 0.033 0.263
3-butenoic Acid 0.217 0.000 0.146
Hexenoic Acid (trans-3) 0.146 0.000 0.152
Octenoic Acid (trans-2) 0.137 0.006 0.004
Decenoic Acid (trans-2) 0.108 0.027 0.018
a-hydroxybutyric Acid 0.094 0.044 0.003
(D)-B-hydroxybutyric Acid 0.138 0.012
(L)-B-hydroxybutyric Acid 0.077 0.000 0.496
Gluconic Acid 0.164 | 0.004 | 0.075 | 0.000 | 0.068 | 0.000 | 0.085 | 0.039 | 0.042
Glyoxylic Acid 0.157 | 0.025 | 0.053 | 0.033 | 0.049 | 0.022 | 0.094 | 0.046 | 0.023
Pyruvic Acid 0.099 | 0.021 | 0019 | 0.010 | 0.089 | 0.005 | 0.082 | 0.066 | 0.045
a-ketobutyric Acid 0.089 | 0.061 | 0000 | 0.000 | 0.052 | 0.017 | 0.051 | 0.025 | 0.049
Acetoacetic Acid 0117 | o0.018 [0S0 o0.040 | 0.075 | 0.019 | 0.051 | 0.015 [N0546
Malic Acid 0.059 | 0.000 | 0.000 | 0.057 | 0015 | 0.000 | 0.095 | 0.035 | 0.005
Fumaric Acid 0.048 | 0.000 | 0.000 | 0.000 | 0.035 | 0.000 | 0.096 | 0.045 | 0.000
Glutaconic Acid 0.095 | 0.000 | 0.000 | 0.000 | 0.036 | 0.000 | 0.096 | 0.000 | 0.000
Malonic Acid 0.013 | 0.000 | 0.000 | 0.000 | 0.016 | 0.000 | 0.078 | 0.026 | 0.024
Methylmalonic Acid 0.123 | 0.000 | 0.000 | 0.000 | 0.041 [ 0.000 [ 0.098 | 0.133 | 0.004
Succinic Acid 0.138 | 0.041 | 0.054 | 0.000 | 0.058 | 0.000 | 0.101 | 0.023 | 0.016
Oxaloacetic Acid 0.054 | 0.000 | 0016 | 0.000 | 0.023 | 0.000 | 0.067 | 0.060 | 0.003
Oxalic Acid 0.109 | 0.001 | 0.045 | 0.000 | 0.048 | 0.000 | 0.059 | 0.026 | 0.013
Glutaric Acid 0.118 | 0.013 | 0.000 | 0.005 | 0.027 | 0.000 | 0.082 | 0.057 | 0.036
a-ketoglutaric Acid 0.076 | 0.011 | 0.000 | 0.000 | 0.028 | 0.000 | 0.040 | 0.016 | 0.017
Citric Acid 0.032 | 0.000 | 0.000 | 0.000 | 0.029 | 0.000 | n/a | 0.040 | 0.031
Aconitic Acid 0111 | 0.022 | 0.000 | 0.036 | 0.038 | 0.008 | 0.061 | 0.007 | 0.009
Isocitric Acid 0110 | 0.028 | 0.023 | 0.012 | 0.054 | 0.007 | 0.084 | 0.034 | 0.053
Benzoic Acid 0.057 [0S 0.060 | 0.000 | 0277 | 0.010 | 0.095 | 0.034 | 0.034
1-naphthoic Acid 0.086 | 0.181 | 0031 | 0.000 | 0.029 | 0.000 | 0.110 | 0.023 | 0.000
2-naphthoic Acid 0.046 | 0.000 | 0.058 | 0.000 | 0.016 | 0.000 | 0.071 | 0.062 | 0.000
Phenylacetic Acid 0.083 | 0.010 | 0.000 | 0.000 | 0.043 | 0.000 | 0.099 | 0301 | 0.010
Phthalic Acid 0.057 | 0.040 | 0.020 | 0.000 | 0.022 | 0.000 | 0.081 | 0.073 | 0.027
2-methylbenzoic Acid 0.058 0.024 | 0.000 | 0018 | 0.000 | 0.040 | 0.077 | 0.000
3-methylbenzoic Acid 0.096 0.000 | 0.051 | 0.063 | 0.000 | 0.087 | 0.065 | 0.037
4-methylbenzoic Acid 0.089 | 0.043 | 0014 | 0.016 | 0.032 | 0.000 | 0.066 | 0.081 | 0.078
4-ethylbenzoic Acid 0.104 | 0.000 | 0.004 | 0.000 | 0.072 | 0.000 | 0.109 | 0.300 | 0.097
2-hydroxybenzoic Acid 0.027 | 0.027 | 0011 | 0.043 | 0.000 | 0.000 | n/a | 0.082 | 0.023
3-hydroxybenzoic Acid 0.094 |J0BZN o.000 | 0.001 | 0.015 | 0.012 | 0.088 | 0.000 | 0.006
4-hydroxybenzoic Acid 0.123 | 0.000 | 0019 | 0.000 | 0.022 | 0.008 | 0.054 | 0.024 | 0.040
2,3-dihydroxybenzoic Acid 0.047 | 0.012 | 0.033 | 0.000 | 0.035 | 0.000 | 0.144 | 0.052 | 0.031
2,4-dihydroxybenzoic Acid 0.045 | 0.009 | 0.000 | 0.000 | 0.012 | 0.000 | 0.074 | 0.000 | 0.000
2,5-dihydroxybenzoic Acid 0.026 | 0.018 | 0.048 | 0.000 | 0.000 | 0.000 | 0.087 | 0.035 | 0.001
2-methoxybenzoic Acid 0.146 | 0.038 | 0.000 | 0.000 | 0.071 | 0.000 | 0.128 | 0.135 | 0.008
3-methoxybenzoic Acid 0.052 |WOB78M 0.024 | 0.000 | 0.035 | 0.000 | 0.080 | 0.143 | 0.018
4-methoxybenzoic Acid 0.085 | 0.026 | 0.040 | 0.000 | 0.000 | 0.000 | 0.084 | 0.074 | 0.036
Anthranilic Acid 0.151 |WO%O0M 0.048 | 0.000 | 0.069 | 0.001 | 0.099 | 0.032 | 0.067
3-nitrobenzoic Acid 0.048 | 0.008 | 0.000 | 0.003 | 0.035 | 0.003 | 0.079 | 0.047 | 0.050
2-cyanobenzoic Acid 0.065 | 0.016 | 0.000 | 0.000 | 0.063 | 0.041 | 0.096 | 0.047 | 0.040
3-cyanobenzoic Acid 0.017 | 0.000 | 0.000 | 0.014 | 0.000 | 0.000 | 0.065 | 0.035 | 0.023
4-cyanobenzoic Acid 0.127 | 0.002 | 0.000 | 0.000 | 0.032 [ 0.000 [ 0.063 | 0.006 | 0.192
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Ligase High-Throughput Screening (Con't)

Substrate PA0887 | PA0996 | PA1997 | PA2555 | PA2557 | PA3568 | PA3860 | PA3924 | PA4198
2-bromobenzoic Acid 0.110 | 0.202 | 0.000 | 0.004 | 0.054 | 0.008 | 0.106 | 0.029 | 0.028
3-bromobenzoic Acid 0.020 | 0166 | 0.019 | 0.000 | 0.023 | 0.000 | 0.093 | 0.068 | 0.054
4-bromobenzoic Acid 0.013 | 0.000 | 0.000 | 0.000 | 0.020 | 0.000 | 0.097 | 0.092 | 0.027
2-chlorobenzoic Acid 0.037 | 0447 | 0.000 | 0.000 | 0.046 | 0.000 | 0.105 | 0.047 | 0.009
3-chlorobenzoic Acid 0.052 | 0542 | 0040 | 0.011 | 0.038 | 0.000 | 0.109 | 0292 | 0.000
4-chlorobenzoic Acid 0.066 | 0.000 | 0.007 | 0.000 | 0.008 | 0.014 | 0.107 | 0.140 | 0.043

2,4-dichlorobenzoic Acid 0.043 | 0000 | 0010 | 0.000 | 0.000 | 0.000 | 0.073 | 0179 | 0.013
2,5-dichlorobenzoic Acid 0.071 | 0018 | 0.000 | 0.000 | 0.042 | 0.000 | 0.090 | 0.002 | 0.008
2,6-dichlorobenzoic Acid 0.062 | 0.000 | 0.034 | 0.000 | 0.046 | 0.000 | 0.091 | 0015 | 0.061
3,4-dichlorobenzoic Acid 0.018 | 0.000 | 0.000 | 0.000 | 0.017 | 0.000 | 0.077 | 0.053 | 0.057
2,4,6-trichlorobenzoic Acid | 0.010 | 0.000 | 0.000 | 0.009 | 0.005 | 0.000 | 0.085 | 0.039 | 0.002
4-fluorobenzoic Acid 0.020 |JOBEEH o.000 | 0.000 | 0378 | 0.000 | 0082 | 0.015 | 0.111
4-(trifluoromethyl)-benzoic Acid | 0.118 | 0.048 | 0.048 | 0027 | 0.033 | 0.000 | 0.089 | 0.131 | 0.225
2-iodobenzoic Acid 0.010 | 0000 | 0021 | 0.000 | 0.018 | 0.000 | 0.103 | 0.090 | 0.005
3-iodobenzoic Acid 0.022 | 0047 | 0041 | 0.000 | 0.003 | 0.000 | 0.113 | 0039 | 0.000
Glycine 0.034 | 0039 | 0052 | 0.013 | 0.005 | 0.000 | 0.095 | 0.020 | 0.009

Alanine 0.040 | 0030 | 0.000 | 0.017 | 0.015 | 0.009 | 0.097 | 0246 | 0.017

Serine 0.045 | 0049 | 0.000 | 0.002 | 0.000 | 0.000 | 0.079 | 0.089 | 0.000
Threonine 0.069 | 0.000 | 0.000 | 0.000 | 0.009 | 0.000 |[T04147| 0.203 | 0.014
Cysteine 0.091 | 0.000 | 0.000 | 0.000 | 0.053 | 0.006 | 0.174 | 0.040 | 0.043

Valine 0.075 | 0.000 | 0.000 | 0.021 | 0.030 | 0.004 | 0074 | 0.007 |N0584

Leucine 0.014 | 0000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.029 | 0.060 [ 0.002

Isoleucine 0.018 | 0.005 | 0.000 | 0.000 | 0.004 | 0.000 | 0.073 | 0.043 | 0.000

Methionine 0.051 | 0.000 | 0.000 | 0.007 | 0.020 | 0.000 | 0097 | 0.019 | 0.019

Proline 0.012 | 0018 | 0.000 | 0.000 | 0.003 | 0.000 | 0.065 | 0.126 | 0.042
Phenylalanine 0.040 | 0000 | 0.000 | 0.000 | 0.023 | 0.000 [10:3937 0.148 | 0.013
Aspartic Acid 0.096 | 0.000 | 0.132 | 0.000 | 0.023 | 0.000 | 0.064 | 0.060 | 0.044
Glutamic Acid 0.049 | 0007 | 0088 | 0.035 | 0.004 | 0.000 | 0.107 | 0.020 | 0.008

Asparagine 0.091 | 0.000 | 0.063 | 0.000 | 0.008 | 0.000 | 0.099 | 0.024 | 0.017

Glutamine 0.000 | 0.000 | 037 | 0.000 | 0.000 | 0.000 [[0:387 | 0.000 | 0.000

Histidine 0.070 | 0.000 | 0.012 | 0.000 | 0.000 | 0.000 0.028 | 0.000

Lysine 0.097 | 0000 | 0.042 | 0.021 | 0.000 | 0.000 0.005 | 0.000

Arginine 0.103 | 0.000 | 0.045 | 0.075 | 0.000 | 0.000 0.010 | 0.000

Table 3-2. High-throughput screening of P. aeruginosa ligases with various fatty
acid and amino acid substrates. Activity is colored on a gradient scale from red (high

activity) to white (no activity). Untested substrates are denoted by “n/a.”

factor comes from the difference in substrate binding, with acetoacetate and (L)-(3-
hydroxybutyrate displaying K values 18-70-fold lower than the other substrates
tested (Table 3-3). This result indicates the potential importance of a 3-positioned
oxygen substituent (hydroxy or keto) for tight substrate binding. Additionally, the

32-fold difference in Kn between (D) and (L)-B-hydroxybutyrate is indicative of a
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highly stereospecific active site arrangement. Overall, the results defining PA1997
as an acetoacetyl-CoA synthetase (AACS) are in good agreement with previously
characterized AACS enzymes in other organisms, including the stereospecific
preference for (L)-B-hydroxybutyrate, which has been described previously in the
nitrogen-fixing bacterium, S. meliloti [45].

Located only two genes apart, PA2555 and PA2557 exhibit similar yet
remarkably different substrate specificity profiles. The HTS results indicated a
narrow substrate range for PA2555, showing it to prefer saturated and, to a lesser
extent, unsaturated C4 and C5 derivatives (Table 3-2). Unfortunately, due to protein
stability issues, we were not able to obtain enough pure protein to measure any
steady-state kinetic parameters and can not accurately speculate on which activities
may or may not be biologically relevant. However, given the overall reliability of the
HTS, we feel confident in the conclusions we can draw from it. By far, it appears that
isobutyrate is the physiological substrate, as PA2555 exhibited twice as much
activity in the HTS as butyrate and valerate. This is interesting considering the
negligible activity seen with (the structurally similar) propionate and hints at the
significance of the branched methyl group for substrate accommodation and
binding. Additionally, the low level activity seen with crotonoate and 3-butenoate,
mostly likely attributed to large K values, indicate the binding of unsaturated
substrates to be unfavorable and suggests the importance of substrate flexibility as
well in the PA2555 active site. An opposing trend was seen with PA2557, as it
displayed a large degree of promiscuity for a variety of short chain fatty acids. In

general, PA2557 appeared to be highly active with both linear and branched
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PA0887 PA2557
Substrate K (s™) K, (uM) Keoo/Kin (M's™) Substrate Kee (s™) K, (uM) Keoo/Kin (M's™)
Acetate 4.1+0.1 26+1.9 1.6x10° Acetate 2.0 £0.06 (3.0+0.4)x 10" 6.6x10"
Propionate 41%0.2 90+ 11 46x10* Propionate 12.7 0.7 (1.5+03)x10° 8.5x10°
Butyrate 0.5+0.01 (24+0.1)x10° 2.2x10% Butyrate 19+05 21617 8.7x10*
Isobutyrate 11201 (4.7+0.9)x 10° 2.4x10° Isobutyrate 17+04 787 £ 74 2.1x10*
3-butenoate 0.2+ 0.05 (1.0+0.1)x 10* 2.2x10" Crotonoate 22+05 549 + 38 39x10*
3-butenoate 18.7+0.7 (1.6+0.2)x 10° 1.2x10*
D-B-HB 31+0.1 (1.1+0.1)x10* 2.8x10°
PA0996 L-B-HB 45£0.13 (43+0.4)x10° 1.0x10°
Substrate Keat (s) K., (1M) Kea/Kn (M7's?) a-HB (6.0£0.2)x10%[(1.3+0.1)x 10° 4.7x10"
Benzoate 2.7+0.1 41+53 6.5x10* Acetoacetate (1.4£0.1)x10" [ (6.2 +0.8) x 10° 23x10"
2-methylbenzoate 14+0.1 78+ 14 1.8x10* Valerate 18+0.8 190 +27 9.4x10*
3-hydroxybenzoate 2.6+0.1 51+3.1 5.1x10* Isovalerate 19.4%0.3 23+1.2 8.4x10°
3-methoxybenzoate 2.0+0.1 114+12 1.8x10* Hexanoate 1.3£0.06 547 +72 24x10°
Anthranilate 1.7+0.1 16 +1.6 1.0x10° Hexenoate (63+0.2)x10° 539453 1.2x10?%
2-bromobenzoate (1.2£0.03)x 10" 181+ 12 6.4x10° Myristate >0.0001 n/a n/a
2-chlorobenzoate (51+0.1)x10" 315+26 1.6x10° Palmitate >0.0001 n/a n/a
4-fluorobenzoate 29+0.1 280+ 15 1.1x10* Oleate >0.0001 n/a n/a
Linoleate >0.0001 n/a n/a
Linolenate >0.0001 n/a n/a
PA1997 Arachindonate >0.0001 n/a n/a
Substrate Kee (s) K, (uM) Keoo/Kin (M's™) Benzoate 0.16 £0.01 140 £11 1.1x10°
Butyrate 25+02 (5.0 +1.0)x10° 49x10* 4-fluorobenzoate 0.23 +0.03 58 + 24 39x10°
(L)-B-HB 20+0.1 100 +12 2.0x10°"
Crotonate 0.2£0.01 (1.4+0.1) x 102 1.0x 102 PA3924
(D)-B-HB 0.3+0.01 (32+0.4)x 10 1.0x10
Acetoacetate 24+0.1 75+12 3.1x10* Substrate Kea () K., (M) Kea/Kn (M7's ™)
Valerate 3.0+0.2 (5.3+0.8)x10° 5.6x10% Propionate >0.0001 n/a n/a
Hexanoate 2.7+02 (2.4+0.5)x10° 1.1x10°% Butyrate 11+0.3 (3.7+0.3)x10° 29x10°
Hexenoate >0.0001 n/a n/a 3-butenoate >0.0001 n/a n/a
(D)-B-HB 7.7+005 |(31:01)x10*| 25x10?
(L)-B-HB >0.0001 n/a n/a
PA3860 Valerate 30+1.4 150+ 20 1.9x10°
Substrate Ke (s) K, (1M) Kea/Km (M7's™) Hexanoate 16 1.0 22+3.7 7.0x10°
Octanoate (4.0+0.07)x10" 522+30 7.6x10% Hexenoate 34x21 63+11 5.4x10°
Decanoate 1.8+0.03 6135 29x10* Octanoate 45+15 22£27 2.0x10°
Laurate 3.4+0.08 26+2.1 1.3x10° Octenoate 51+1.5 2021 2.5x10°
Myristate 1.1+0.02 55+0.3 1.9x10° Decanoate 21£1.0 51+08 4.1x10°
Myristoleate 3.2+0.1 14+13 2.3x10° Laurate 7.1+0.1 <1.0 1.0x 107
Palmitate (4.3£0.05)x10"|(3.4£0.2)x10* 1.3x10° Myristate 10+0.5 45+58 23x10°
Palmitoleate (9.9+0.1)x 10" 1.0 £ 0.04 9.9x10° Myristoleate 55+0.2 20£2.2 2.7x10°
Oleate (5.4+0.1)x 10" 1.7 £0.14 3.1x10° Palmitate 6.4+0.2 30+£3.0 2.2x10°
Linoleate 1.1+0.04 34+04 3.1x10° Palmitoleate 3.4+0.05 12.5+£0.7 2.7x10°
Linolenate (6.7+0.1)x 10" 35+0.2 1.9x10° Oleate 4.6+0.1 17+12 2.8x10°
Arachidonate 1.4 +0.04 7.1+0.6 1.9x10° Linoleate 62+0.3 163 +2.3 3.8x10°
Linolenate 4.0+0.1 42427 9.5x10*
Arachidonate >0.0001 n/a n/a
PA4198 Phenylacetate | (5.1+0.3)x10"[(5.3+0.9)x10° 9.5x10"
Substrate Keat () K., (1M) Kea/Kn (M7's™)
Acetate 6.3+0.07 (4.5+0.16) x 10* 1.4x10*
Propionate 3.4 +£0.04 12010 3.0x10* PA3568
Butyrate 19+ 1.0 87+7.0 2.2x10° Substrate Kea (s7) Kn (1M) Keat/Kn (M7's™)
Isobutyrate 2.2+0.08 (3.0+0.3)x10° 7.4x10% Acetate 1.3+0.1 530 + 85 2.5x10%
Crotonate 4.0+0.2 100+ 10 4.0x10* Propionate 32+01 130+ 10 24x10*
3-butenoate 18+0.5 57+5.4 3.1x10° Butyrate 35402 200 £20 1.8x10*
(D)-B-HB 3.9+0.1 (32+0.3)x10° 1.2x10°% Isobutyrate 2.6+0.1 54+7.4 49x10*
(L)-B-HB 43+£0.1 (3.3+.3)x10° 1.8x10° Crotonate 3.0+03 (21 £0.5)x10° 1.4x10°
Acetoacetate 2.0£0.1 (83+0.9)x10° 2.4x10? 3-butenoate 8405 (1.2 £0.2)x 10° 6.8x10°
Valerate 11206 108+ 16 1.0x10° Valerate 1.020.01 (2.2+0.1)x10° 4.6x10°
Hexanoate (4.9+0.03)x107 890 + 20 55x10"
Valine >0.0001 n/a n/a

Table 3-3. Steady-state kinetic constants for P. aeruginosa ligase-catalyzed

activation of various fatty, aromatic and amino acids. Substrates highlighted in grey
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indicate Ky, values too high for biologically relevant activity. Substrates highlighted

in red represent the highest overall kinetic efficiency. (HB): hydroxybutyrate.

saturated fatty acids ranging from propionate to hexanoate, as well as with a variety
of other C4 derivatives including crotonoate, 3-butenoate, (D/L)-B-hydroxybutyrate,
a-hydroxybutyrate and acetoacetate. Slight activity was also seen with acetate,
hexenoate and the medium and long chain fatty acids, laurate and myristate,
respectively. The steady-state kinetic parameters displayed a much narrower range
of biologically relevant activity for PA2557, indicating only high-level activity for
butyrate, isobutyrate, crotonoate, valerate, isovalerate and hexanoate (Table 3-3).
While all of the substrates tested once again exhibit competitive turnover numbers,
acetate, propionate and the other C4 derivatives display millimolar-level K, values.
Isovalerate appears to be the physiological substrate, with its 10> overall kinetic
efficiency at least 10-fold higher than any other substrate tested. The higher degree
of efficiency is directly attributed to the measured K, value for isovalerate, as it is 8-
fold lower than the Kn for valerate. As with PA2555, this again indicates the
significant role of a branched methyl group in substrate binding and orientation.
Interestingly enough, PA2557 also displayed activity for benzoate and 4-
fluorobenzoate, the only ligase found to be active with both aliphatic and aromatic
acid substrates. While the kinetic efficiencies measured for both are 102-fold lower
than that of isovalerate, the lower Ky, values indicate favorable binding interactions

in the PA2557 active site, possibly arising from m-stacking (both) and/or
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electrostatic (4-fluorobenzoate) interactions from the aromatic ring and para-
substituted fluoro group, respectively.

According to the HTS, PA4198 displayed a range of activity (modest to high)
with all of the C4 derivatives tested (Table 3-2). High activity was also seen with
valerate, along with moderate activity towards acetate and the amino acid, valine.
Some low-level activity was indicated for hexanoate as well. The steady-state kinetic
parameters revealed the range of physiological activity for PA4198 to be specific for
linear substrates from C3-C5 in length (Table 3-3). Substrates active in the HTS such
as (D/L)-B-hydroxybutyrate, a-hydroxybutyrate, acetoacetate and isobutyrate all
displayed millimolar Ky, values, indicating the presence of a small, narrow binding
pocket in which any interactions from branching substituent groups are
unfavorable. While PA4198 exhibited the highest turnover rate with acetate, it also
exhibited the least favored binding interactions with a Ky, in the 104 range. Only C3-
C5 derivatives had measured Km values within a physiological range. Overall, 3-
butenoate has the most favorable binding interactions and paired with a fairly high

keat value, has the highest kinetic efficiency with PA4198.

Medium-Chain Activity

PA3924 exhibited the largest range of HTS activity, activating linear fatty
acids from propionate to laurate (C3-C12). PA3924 also displayed high activity
toward a variety of C4 derivatives as well as the medium chain derivatives,
citronellate, hexenoate, octenoate and decenoate. From the steady-state kinetic

parameters, we found that the low-level propionate activity seen in the HTS was just
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an artifact, as PA3924 was unable to activate propionate with any physiological
relevance. Of the C4 derivatives, only butyrate and (D)-B-hydroxybutyrate were
activated at all, and with low-level kinetic efficiency due to millimolar Kn values.
After testing long chain substrates, we found that PA3924 can activate saturated and
unsaturated fatty acids from valerate (C5) to oleate (C18) with physiological
relevance. We noticed an emerging trend of increasing kinetic efficiency with
increasing chain length that maxed out with laurate, As chain length increased
further, the kinetic efficiency decreased and remained relatively the same. For the
short-medium chain fatty acids leading up to laurate, this trend is described mainly
through substrate binding and accommodation. While the calculated kca: values are
relatively competitive with each other, the Ky, decreases over 150-fold from valerate
to laurate, where PA3924 exhibits a sub-micromolar value. Beyond laurate, the
largest discrepancies in Ky arise from comparing saturated and unsaturated
derivatives. This can be explained from the decreased flexibility of the long chain
substrates that most likely need to wind around in the active site in order to be
properly accommodated. Overall, the data points to PA3924 as the most
promiscuous of the P. aeruginosa ligases with optimal efficiency toward medium-

chain substrates.

Long-Chain Activity
The only ligase characterized in this study to be active for long-chain
substrates was PA3860. While previous works have characterized PA3299, PA3300

and PA1617 as fellow long-chain ligases, the substrate specificity profile of PA3860,

113



to date, has yet to be determined [39, 42]. From the HTS, PA3860 exhibited
moderate activity with medium to long chain fatty acids from hexanoate to laurate
(C6-C12). Interestingly enough, derivatives between C6 and C12 in length such as
citronellate, hexenoate, octenoate and decenoate displayed no activity, indicating
the specific nature of the PA3860 active site for linear, saturated fatty acid
substrates. Upon determination of the steady-state kinetic parameters, PA3860 was
found to be even more active for long-chain fatty acids, catalyzing thioester
formation of substrates all the way up to C20 in length. As with the trend displayed
by PA3924, a similar trend was also noticed for PA3860 activity. The measured Kcat
values remain fairly constant and competitive between all substrates tested while
Km values steadily decreased by over 1500-fold from hexanoate to palmitate. While
the Km increased with increasing carbon length over C16 (albeit very slow), it was
noticed that unsaturated derivatives of long-chain fatty acids were also
accommodated by the PA3860 active site. The sub-micromolar Ky, measured for
palmitate resulted in the highest overall kinetic efficiency, indicating it to be the

physiological substrate for PA3860.

Aromatic Activity

PA0996, annotated as pqsA, was the only standalone ligase found to be
associated with aromatic carboxylate derivatives. The HTS results indicated high
activity with benzoate and a variety of derivatives including anthranilate and
methyl-, hydroxy- and methoxybenzoate moieties, as well as various halogenated

derivatives (Table 3-2). Steady-state kinetic data indicates anthranilate to be the
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physiological substrate, due mainly to a 3-20-fold lower K value than other
substrates tested (Table 3-3). Besides anthranilate, PA0996 displayed the higher Kn
values (and lower efficiencies) with all benzoate substituents when compared to
just benzoate. This indicates that the active site is setup specifically for an ortho-
positioned amine substituent. Additionally, the halogenated derivatives 2-bromo, 2-
chloro and 4-fluorobenzoate displayed the highest respective Ky, values and lowest
overall efficiencies. These results are in good agreement with previous
characterization of PA0996 as an anthraniloyl-CoA ligase where the highest activity

was observed with anthranilate and benzoate in both cases [46].

3.3.3 Biological Roles of P. aeruginosa Ligases
Utilization of Fermentation Products

Fermentation is the metabolic process utilized by all anaerobic bacteria (and
some aerobic bacteria) to generate energy in the absence of oxygen and represents
the primary means of ATP production under these conditions. The principal
byproducts produced by carbohydrate and amino acid fermentation are acetate,
propionate, and butyrate but ethanol, malonate, 2,3-butanediol, valerate, hexanoate,
isobutyrate, and isovalerate are also produced in varying amounts [47]. SCFA
fermentation has largely been studied in the human colon and butyrate has recently
received much attention as a product of microbial metabolism and mucosal
immunity modulator. However, as more sophisticated techniques become available
to profile bacterial populations, it has become clear that many fermenting species

also colonize the CF lung.
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In bacterial systems, the Crc regulatory system is responsible for controlling
the uptake and utilization of various short-chain carbon sources. This is
accomplished by binding the mRNA of certain genes necessary for short-chain
carbon utilization and repressing their translation. Under anaerobic conditions
when the utilization of poor carbon sources is necessary for survival, a two-
component regulatory system, CbrAB, is activated and induces the transcription of
CrcZ, an sRNA. CrcZ-mediated repression of Crc leads to the de-repression of the
target genes, allowing them to function in the uptake and utilization of poor carbon
sources. Many target genes have been identified, including estA (esterase), acsA
(acetyl-CoA synthetase) and aroPZ2 (aromatic amino acid uptake protein) [37].

PA0887, shown to be an acetyl-CoA synthetase (acsA), has been the focus of
extensive study. Its role was originally described in the utilization of acetate,
whereby acetate is activated by acsA and inactivated by sequential phosphorylation
and dephosphorylation (Ack-Pta pathway) [48]. Further studies revealed that acsA
is critical for activation of acetate at low cellular concentrations (nutrient-poor
conditions), similar to conditions found in the CF sputum environment [49].

Located in the middle of a large open reading frame, PA0887 is sandwiched
between two distinct metabolic operons (Figure 3-4A). Downstream from acsA is
small gene cluster responsible for the degradation of itaconate (Figure 3-4C) [50].
Produced by activated macrophages in response to infection, itaconate is a potent
inhibitor of isocitrate lyase, the key enzyme of the glyxoylate bypass (Figure 3-4B).
This diverted pathway converts isocitrate to succinate by way of glyoxylate and

allows bacteria to synthesize succinate under nutrient-poor conditions when only
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Figure 3-4. (A) Gene neighborhood of PA0887 (yellow) showing the proximity of an
itaconate degradation operon (blue) as well as arginine uptake (teal) and utilization
(red) operons. (B) The citric acid cycle (black) showing the glyoxylate bypass (red).

The key enzyme Isocitrate lyase (ICL) is shown in blue. (C) P. aeruginosa genes

simple (poor) carbon sources like acetate are available [51]. Various pathogenic
species have been shown to degrade itaconate to pyruvate and acetyl-CoA, not only
helping the bacteria survive phagocytosis but also producing useful metabolites

[50]. Near acsA is the aot/argR operon (aot/QM) responsible for arginine uptake and



regulation. Along with acsA, the aot-argR operon is under the control of the CbrAB
regulatory system, likely explaining their proximity and indicating the importance of
arginine uptake and utilization during nutrient-poor conditions [49]. While it
remains unknown if the pathway for itaconate degradation is under the control of
the CbrAB regulatory system as well, it would not be surprising considering its
function to protect a metabolic cycle that is used during nutrient-poor conditions.
While its paralog, acsA, has been extensively studied, research into the
individual role of acsB (encoded by PA4733) has been largely ignored. Both genes
share high sequence similarity to verified acetyl-CoA synthetases in other organisms
but searches through the current literature reveal little about the individual role of
acsB [43]. Due to the high pairwise similarity of acsB to acsA (63%), it is easy to
postulate that the two are acting in a similar manner. Additionally, the acsB gene
appears to be just upstream from and in the same reading frame as CbhrA and CbrB,
and while it has not been determined if acsB is a target for crc transcriptional
regulation, this further supports an acsB functional role similar to that of acsA.
PA2555 and PA2557 are located only two genes apart, and while their
specificity profiles show significant overlap, they share very low sequence identity
with each other. Interestingly enough, PA2557 has a moderate biological range,
highly conserved throughout Pseudomonas, Gammaproteobacteria and within the
Actinomycetales class of Actinobacteria. PA2555, on the other hand, seems to have a
very limited biological range, as putative orthologs were found only within
Proteobacteria. This supports of model of convergent evolution, and may also

indicate a specialized role for PA2555 pathogenesis given its limited range
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throughout Bacteria. Analysis of the PA2555/PA2557 gene context implies their
involvement in a fatty acid -oxidation operon, given their proximity to the putative
B-oxidation operon fadBA3 (PA2553 and PA2554) [38]. Additionally, PA2550 and
PA2552 encode putative acyl-CoA dehydrogenases while PA2554 encodes a
putative short-chain dehydrogenase and PA2553 encodes an acyl-CoA thiolase.
Given these findings along with the substrate specificity profiles, it is proposed that
PA2555 and PA2557 may be able to scavenge medium-chain C4 and C5 fatty acid
derivatives for use in a short-chain 3-oxidation pathway.

Similar to PA2555/PA2557, PA3568 is also located near a putative f3-
oxidation operon (fadBAZ2: PA3589-PA3590) involved in short chain fatty acid
oxidation [38]. PA3589-PA3591 and PA3593 encode an acetyl-C-acetyltransferase,
hydroxybutyryl-CoA dehydrogenase, enoyl-CoA hydratase and an acyl-CoA
dehydrogenase, respectively. Adjacent to PA3568 are two genes involved in valine
degradation, mmsB and mmsA. Encoded by PA3569, mmsB functions as a 3-
hydroxyisobutyrate dehydrogenase while mmsA (encoded by PA3570) is a
methylmalonate semialdehyde dehydrogenase. During valine degradation,
isobutyryl-CoA is converted to (S)-3-hydroxybutyrate by way of methacrylyl-CoA
and (S)-3-hydroxybutyryl-CoA. Catalyzing the subsequent step, mmsB converts (S)-
3-hydroxybutyrate to (S)-methylmalonate semialdehyde, which is then converted to
propionyl-CoA by mmsA. Given its activity with propionate, it is entirely possible
that PA3568 could be functioning in propionate metabolism as well, activating free

propionate for degradation.
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Additionally, the activated medium- and branched-acyl-CoAs formed from
SCFA fermentation products can be incorporated into PHA polymers, degraded via
B-oxidation or amino acid degradation pathways, or feed into secondary metabolite
synthesis (discussed below). Butyryl-CoA, in particular (produced by PA4198),
could provide a precursor for synthesis of the N-butanoyl-L-homoserine lactone
quorum signal [51]. In addition, activated SCFAs may provide building blocks for
rhamnolipid synthesis. Rhamnolipids are composed of a rhamnose sugar linked to a
3-(3-hydroxyalkanoyloxy)-alkanoic acid moeity [27]. RhIA is responsible for
synthesizing the fatty acid group and utilizes 3-hydroxyacyl-CoA or 3-hydroxyacyl-
ACP intermediates drawn from fatty acid synthesis and -oxidation pathways [27,

52].

Utilization of Branched-Chain Amino Acids

Amino acids can provide an important source of carbon and nitrogen for P.
aeruginosa during pathogenesis. In fact, some reports have shown higher levels of
amino acids -- particularly leucine and isoleucine -- in CF sputum as compared to
non-CF sputum, attributed to the evolution of auxotrophic strains in the CF lung
[53]. In P. aeruginosa, leucine is degraded via the liu pathway (Figure 3-5B).
Additionally, the degradation products of acyclic terpenes (like citronellol and
geraniol) and the branched-chain fatty acid isovalerate can feed into the liu pathway
as well. liuA has been characterized as an isovaleryl-CoA dehydrogenase and has

been shown to be required for growth on isovalerate, and leucine [54]. Given the
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Figure 3-5. (A) Gene neighborhood surrounding PA1997 (red) showing proximity
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degradation. Genes involved in short-chain fatty acid utilization are shown in
purple. (B) Reaction diagram showing late-stage steps of leucine and tyrosine
degradation as well as carnitine metabolism. All pathways utilize atoB to produce

the critical TCA cycle metabolite acetyl-CoA (yellow).

specificity of both PA2557 and PA3568 for isovalerate, it could also be involved in
the catabolism of isovalerate, leucine, and other methyl-branched compounds

Figure 3-5B).

Acetoacetate Utilization

Analysis of the PA1997 gene neighborhood further supports its role as an
acetoacetyl-CoA synthetase. PA1997 is found near four separate gene clusters that
all function in the utilization of short-chain fatty acid derivatives (Figure 3-5A). Just
upfield from PA1997 are two genes involved in acetoacetate utilization: atoE and
atoB (PA2001 and PA2002, respectively). The protein encoded by atoE is an
uncharacterized short-fatty acid transporter potentially involved in the uptake of
exogenous acetoacetate. Once in the cell, PA1997-activated acetoacetate
(acetoacetyl-CoA) can then be converted to two molecules of acetyl-CoA by atoB, an
acetyl-CoA C-acetyltransferase. Acetyl-CoA can then feed into the TCA cycle or
glyoxylate bypass, depending on cellular growth conditions. Additionally, PA1997
may also be involved in the utilization of intracellular acetoacetate, a product of

both tyrosine and leucine degradation pathways. Found further upfield from atoB
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and atoE are gene clusters for both of these pathways. The genes encoding mai4,
fahA and hmgA (PA2007-PA2009, respectively) represent the final steps of tyrosine
metabolism. In the last step, fahA-mediated conversion of 4-fumarylacetoacetate to
fumarate produces acetoacetate, which can then be activated by PA1997. The liu
gene cluster (PA2011-PA2016) -- just upfield from hmgA -- catalyzes the final steps
of leucine metabolism. The terminal step produces acetyl-CoA and acetoacetate, the
latter of which can be activated by PA1997. Additionally, sitting adjacent to PA1997
are three genes directly involved in carnitine metabolism. A quaternary amine
essential for 3-oxidation in animals, carnitine is required for the soluble transport of
long-chain fatty acids into the mitochondrial matrix (the carnitine shuttle). Due to
the physiological importance of the carnitine shuttle, high cellular concentrations of
carnitine are found in fat-metabolizing tissues as well as in circulating and
extracellular fluids [55]. While many bacteria can utilize carnitine as an
osmoprotectant during times of osmotic stress, some pathogenic species like P.
aeruginosa are able to metabolize the small molecule, utilizing it as both a carbon
and nitrogen source during pathogenesis [56]. The genes encoding dhcA and dhcB
(PA1999 and PA2000, respectively) are the a and 3 subunits of a 3-ketoacid-CoA
transferase and have been shown to catalyze the activation of dehydrocarnitine
[55]. The gene directly adjacent to PA997, dhcR (PA1998), is the divergently
transcribed transcriptional regulator of dhcAB. The reaction step following dhcAB is
the formation of glycyl-betainyl-CoA by atoB, forming acetyl-CoA in the process.

Further catabolism results in glycine-betaine and ultimately glycine. While this
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pathway is not directly related to PA1997 functionality, the common reliance of all
three pathways on atoB further supports the role of PA1997.

In nature, orthologous sequences of PA1997 are mainly concentrated within
the alpha and gamma classes of Proteobacteria with the majority of putative
orthologs contained within the genus Pseudomonas. Outside of Proteobacteria, a few
sequences were identified with only modest sequence identity (50-58%) within

Clostridia (Firmicutes) as well as Spirochaetes.

Polyhydroxyalkanoate (PHA) Cycling

Given their relative substrate activity profiles and relative gene neighbors,
many of the P. aeruginosa ligases may play a role in polyhydroxyalkanoate (PHA)
cycling. PHA polymers are linear polyester chains made up of hydroxyalkyl
monomers. Found to play a critical role in carbon and energy storage, PHAs are
produced as a result of bacterial fermentation under conditions of cellular
deficiency (N, O, P-limiting) or during times of excess carbon (energy) sources.
Interestingly enough, PHA synthesis has been found to be under the control of the
Crc regulator in P. putida. Repressed when carbon/nitrogen levels are balanced, this
indicates a potential role of PHA polymers in providing carbon sources under
nutrient-poor conditions [57]. PHA polymers can be composed of short-chain (C4-
C5, PHAscL) or medium-chain (C6-C14, PHAwmcL) fatty acid derivatives depending on
the bacterial environment. PHA polymers are quite diverse, with over 150 types of
hydroxyacids identified as potential PHA building blocks, including hydroxyvalerate,

hydroxybutyrate and hydroxyisovalerate [58]. Granules are synthesized using
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Figure 3-6. Potential involvement of P. aeruginosa acyl-CoA ligases in

polyhydroxyalkanoate (PHA) cycling.

hydroxyacyl-CoA monomers, and depolymerized to hydroxycarboxylic acids for use
(Figure 3-6). When cells are lysed, PHA polymers are released and members of the
community can utilize the stored fatty acids by secreted PHA depolymerases. There
is evidence that PHA granules in vivo are partially or completed surrounded by a

layer of PHA-associated proteins (PGAPs) [59]. Not surprising, proteins detected on
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granules include phaC and phaZ as well as numerous other proteins involved in PHA
synthesis and breakdown.

The most common PHA polymer produced is polyhydroxybutyrate (PHB).
Under starvation conditions, PHB depolymerases cleave off individual (D)-3-
hydroxbutyrate subunits, which are then converted to acetoacetate by (D)-3-
hydroxbutyrate dehydrogenase (encoded by PA2003). From here, PA1997 may
function in the activation of acetoacetate for utilization as a carbon source. This
function is consistent with an acetoacetyl-CoA synthetase from S. meliloti, which was
shown to activate acetoacetate released from PHB [45]. Additionally, the specific
(L)-3-hydroxybutyrate activity measured for PA1997 indicates that it may also be
able to activate (L)-3-hydroxybutyrate as a carbon source.

The synthesis and catabolism of PHAsci, require acyl-CoA synthetase activity
with C4 and C5 branched compounds. Through B-oxidation cycling, an acyl-CoA
precursor can be sequentially converted to (L)-3-hydroxyacyl-CoA, enoyl-CoA and
then 3-ketoacyl-CoA. When PHAwmc. synthesis is required, the stereospecific
hydratase (PhaJ) and reductase (FabG) can convert enoyl-CoA and 3-ketoacyl-CoA
to (D)-hydroxyacyl-CoA, respectively (Figure 3-6) [57]. Given the proximity of
PA2555, PA2557, PA3568, and PA4198 to putative [-oxidation genes and the
presence of their physiological substrates in PHA polymers, it is possible that these
enzymes are involved in activation of branched-chain carboxylic acids during PHA
polymerization and breakdown. Conversely, PHA breakdown products like

isovalerate and isobutyrate may feed into amino acid degradation pathways.
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PHAwmcL polymers consist of monomer units C6-C14 in length. Rare in nature,
PHAwmcL polymers are produced mainly by fluorescent Pseudomonads [60]. As one of
the few capable bacteria, P. aeruginosa uses PHA synthases phaCl and phaC2. 3-
hydroxyalkanoates for PHAwcL synthesis are derived from -oxidation or fatty acid
synthesis, depending on growth conditions. PHAmc. plays an important role in
pathogenesis as it helps bacteria survive during starvation conditions and regulate
carbon flow. Although never characterized in P. aeruginosa, PA3924 has previously
been described as an (R)-3-hydroxyalkanoate ligase capable of synthesizing PHAwmcL
polymers when co-expressed in E. coli with PHA synthase genes [61]. PA3924 was
shown to enable the production of PHAwmc. polymers with C8, C10, and C12

hydroxyalkanoate constituents.

Fatty Acid Degradation

Long-chain fatty acyl-CoA synthetases are the primary activators of fatty
acids for degradation via the (-oxidation pathway (Figure 1-1) and have been
characterized in many species, including E. coli, P. putida and P. aeruginosa [39, 62,
63]. PA3299 (fadD1) and PA3300 (fadD2) are associated with the fadBA5 -
oxidation operon and are the major contributors to long chain fatty acid degradation
[39, 64]. FadD1 and fadDZ2 are also induced by the presence of palmitate, their
preferred fatty acid substrate [48]. In addition, fadDZ2 knockout strains have
decreased virulence factor production and decreased survival in mouse lungs,
implying long-chain ligase involvement in pathogenesis[38]. However, P. aeruginosa

contains multiple fadD homologs within the genome, the functions of which have yet
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to be determined. PA1617 (fadD4) has been proposed to be not only the third major
contributor (after fadD1 and fadDZ2) to fatty acid degradation but also solely
responsible for acyclic terpene degradation [64]. Previous characterization of
PA1617 shows specificity for long-chain substrates, in good agreement with these
proposed functions [42]. Adjacent to PA1617 is a thioesterase (PA1618), and while
it preferentially hydrolyzes aroyl-CoA substrates, its predicted to function as a CoA
scavenger so PA1617 can synthesize necessary acyl-CoA intermediates [42].

PA3860 (fadD3) and PA3924 (fadD6) were previously identified as fadD
homologs but were shown to play minimal, redundant roles in fatty acid
degradation as neither was able to support growth on long-chain fatty acids [64].

The final fadD homolog, PA2893, was identified as atuH (fadD5). Similar to
PA3860 and PA3924, it was found to play a minimal, redundant role in long-chain
fatty acid degradation [64]. Furthermore, given its proximity to the atu gene cluster
(PA2886-PA2892), PA2893 has been hypothesized to be involved in acyclic terpene
utilization as a citronellyl-CoA synthetase [65]. Terpenes are common in plant oils
and pigments. The atu pathway degrades citronellol, geraniol, and their derivatives
to 7-methyl-3-o0xo-octenoyl-CoA, which is capable of cycling through (-oxidation
[49, 50]. However, in contradiction to this classification, mutant strains lacking
PA2893 were still able to survive on acyclic terpene carbon sources [64, 66]. As we
were unable to obtain stable protein samples of PA2893 for screening and kinetic

analyses, its biological function remains to be elucidated.
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Membrane Lipid Synthesis

While most bacterial membranes contain phosphatidylethanolamine,
phosphatidylglycerol, and cardiolipid, only roughly 10% of bacterial species also
produce phosphatidylcholine (PC) [67]. PC-producing bacteria are confined
primarily to Alpha- and Gammaproteobacteria, and include P. aeruginosa. PC can be
made by methylating phosphatidyethanolamine (SAM-dependent methylation
pathway) or by condensing free choline directly with CDP-diacylglycerol
(phosphatidylcholine synthase). P. aeruginosa exclusively uses phosphatidylcholine
synthase (pcs) to produce PC and is thought to rely on the host for a supply of
choline (Figure 3-7) [68, 69]. Interestingly enough, mutants lacking genes to
synthesize PC show a wide range of phenotypes including decreased virulence,
decreased swarming motility, inability to escape macrophages, growth-impairment
under micro-aerobic conditions and reduced survival upon freezing [69].

While the importance of PC for P. aeruginosa remains to be determined, P.
aeruginosa is the only PC-containing bacteria reported to have a PC-specific
phospholipase (pldA) that localizes to the periplasmic space [68, 70]. Considering its
localization, pldA may be involved in lipid maintenance and selectively cleave PC
into lipid signaling molecules (analogous to eukaryotic signaling processes) to
respond to environmental cues [68]. Conversely, another phospholipase D from P.
aeruginosa (pldB), has recently been characterized as a type IV secretion system
effector. Secreted from P. aeruginosa along with three cognate proteins, it has been
shown to invade both prokaryotic and eukaryotic cells and exhibit antibacterial

activity [71]. PIdA may be involved in similar pathways.
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PA3853 (putative acyltransferase), and downstream genes involved in PC synthesis.

The gene encoding pcs (PA3857) falls three genes downstream of PA3860

and catalyzes the condensation of CDP-diacylglycerol and choline to form
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phosphatidylcholine (Figure 3-7). CDP-diacylglycerol is formed by the addition of
two acyl-CoA molecules to glycerol-3P followed by conjugation of the diacylglycerol
to CDP. The fatty acids present in phosphatidylcholine in P. aeruginosa are
(primarily) palmitate, palmitoleate, stearate, and oleate, all substrates that PA3860
can utilize. O-acyltransferases specific for glycerol-3-phosphate and 2-acyl-glycerol-
3-phosphate add the acyl-CoA units to the glycerol backbone followed by addition of
CDP by phosphatidate cytidyltransferase. While PA3860 does not appear to cluster
with any O-acyltransferases or cytidyltransferases, the gene context and previous
studies suggest a possible role for PA3860 in providing acyl-CoA substrates for 1,2-
diacylglycerol synthesis in phosphatidylcholine synthesis.

PA3859 encodes a characterized carboxylic ester hydrolase that has been
reported to have highest activity with C8 and C10 carboxylic esters in vitro but there
is some evidence that it prefers C16 and C18 chain-lengths in vivo and can free fatty
acids from lysophospholipids [72]. Additional research is needed to clarify the
physiological role of PA3859. If PA3859 indeed cleaves lysophospholipids, PA3860
may scavenge the long-chain fatty acids released and may point to the involvement
of both enzymes in membrane maintenance. Furthermore, if P. aeruginosa uses
choline derived from host PC for biosynthesis of membrane molecules, PA3859 may
participate in host PC breakdown.

PA3860 appears to have a narrow biological range as putative orthologs with
moderate to high sequence identity (50-100%) are only found in Pseudomonas.
Within proteobacteria, the majority of putative orthologs are in the genus

Burkholderia genus. Outside of proteobacteria, PA3860 is only identified in three
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other species. Overall, this gene context is consistent with PA3860 functioning in a
specialized role, such as PC synthesis.

Additionally, PA3860 may play a role in the synthesis of unsaturated fatty
acids, given its substrate specificity profile. Producing unsaturated fatty acids to
incorporate  into phosphatidylcholine, = phosphatidylethanolamine, = and
phosphatidylglycerol is essential for regulating membrane fluidity in response to
changes in environment and temperature. All bacteria produce unsaturated fatty
acids anaerobically using the fabAB dehydrogenase/isomerase and fatty acid
synthesis intermediate [-hydroxydecanoyl-ACP as part of type II fatty acid
biosynthesis [73]. In addition, some bacteria contain oxygen-dependent desaturases
that use saturated phospholipid substrates. P. aeruginosa has two desaturases, desA
and desB, and while desA functions similar to other bacterial desaturases (using
phospholipid substrates), desB is unique. Unlike any other bacterial desaturase, desB
selectively converts palmitoyl-CoA and stearoyl-CoA to their monounsaturated
counterparts and provides a way for P. aeruginosa to quickly alter its membrane
fluidity when long-chain fatty acids are available [73]. While fadD1 may be the sole
provider of fatty acyl-CoA to desB, as it is the major contributor to fatty acid and PC

degradation, it is possible that PA3860 could moonlight in this role.

Regulation of Virulence Factor Production
Along with the N-acylhomoserine lactone class (HSL), the 4-quinolone class
of signaling molecules is one of the largest groups of chemically distinct regulators

of biofilm formation and virulence factor production. With over 50 known
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quinolones produced by Pseudomonas aeruginosa alone [74], many of these
secondary metabolites have been shown to exhibit broad-spectrum antibiotic
properties as well as quorum sensing abilities [75-77]. Perhaps the most prolific
example of the latter is PQS. As discussed earlier, PQS plays a major role in
enhancing P. aeruginosa virulence by functioning in the las-Rhl-pqs regulatory
signaling cascade (Figure 3-2). Besides playing a major role in quorum sensing, PQS
has been shown to exhibit both pro and anti-oxidative properties during times of
oxidative stress and is thought to play a further role in enhancing P. aeruginosa
virulence by breaking down weaker members of the bacterial community to form
smaller, separate populations that are able to better cope with and ultimately
overcome antibiotic and oxidative stresses in a “survival of the fittest” manner [78].
Interestingly enough, PQS synthesis has been shown to be upregulated in P.
aeruginosa isolates taken from CF-infected infants, indicating the additional
importance of PQS during the early stages of bacterial pathogenesis in the CF lung
environment [79].

Analysis of the PA0996 gene context reveals it to be the first gene of a pqgs
operon, sitting adjacent to pqsB/C, both p-keto-acyl-ACP, pgsD, a transacetylase
homologous to FabH1 and pqsE, a response effector that is not thought to be
involved with actual PQS biosynthesis [80]. Found directly upfield and in the same
reading frame are the genes encoding phnA and B, the two components of the
anthranilate synthase complex (Figure 3-8A). Along with pgsH (found much farther
upfield), this gene cluster is known to be responsible for the biosynthesis of PQS

(Figure 3-8B) [80]. As previously stated, the starting material for the pqs pathway is
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Figure 3-8. PQS biosynthetic pathway in P. aeruginosa. (A) Organization of the
PA0996 gene cluster in P. aeruginosa PAO1 to show co-localization of pgs
(red/black) and phn pathway genes (blue). (B) Reaction steps of the two routes for
PQS biosynthesis. The “tryptophan” route is catalyzed by the kynurenine pathway
(green) while the “chorismate” route is catalyzed by the phn pathway (blue). Both

pathways converge to utilize the pqs pathway (red/black).

anthranilate, which can be produced from two separate sources. The first source

comes as a byproduct of tryptophan metabolism by way of the kynurenine pathway.
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Previous works have shown that the majority of anthranilate needed for PQS
synthesis is produced through this pathway [81]. However, when tryptophan is
unavailable, anthranilate can also be produced from chorismate through the action
of phnA/B. In direct support of these findings, a variety of knockout growth studies
have verified the role of PA0996 in PQS biosynthesis [80].

In nature, PA0996 appears to be quite rare. In fact, outside of various strains
of P. aeruginosa, we detected no orthologous sequences within the genus
Pseudomonas or outside the Proteobacteria phylum. Within Proteobacteria, only
nine putative orthologs have been revealed, found in the Alpha (1), Beta (5) and
Gamma (3) classes. Within Betaproteobacteria are species from the genus
Burkholderia. This is not completely surprising given that it was once considered to
be part of the genus Pseudomonas, and in fact, is known to contain plant, human and
animal pathogenic species, including B. cepacia, a member of the CF-infecting
Burkholderia cepacia complex [82]. The pqgs/phn cluster appears to be highly
conserved throughout various strains of P. aeruginosa and moderately conserved
throughout just a few species of Burkholderia. This coincides with recent findings
that some pathogenic species of Burkholderia have been found to utilize the PQS
signaling pathway in a similar manner as P. aeruginosa [83]. Given the very limited
biological range and overall necessity of PA0996 for PQS biosynthesis, this data
would support a model in which P. aeruginosa and/or another related pathogenic
species have adapted and evolved the pgsA gene specifically to enhance virulence

for a greater survival advantage within a host environment.
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3.4 Summary

In this chapter, we attempted to the characterize the contributions of nine
standalone acyl-CoA ligases towards enhanced virulence in P. aeruginosa. Through
high-throughput substrate screening and specificity profiling via steady-state
kinetics, we discovered a myriad of acyl-CoA synthetase activities, ranging from
aromatic to short-, medium- and long chain fatty acid activation. As a result, it
appears as if the individual ligases function in a variety of metabolic pathways, some
specific to certain functions while others share an overlapping functionality.

PA0996 (already characterized as pqsA) was verified in its activity as an
anthraniloyl-Coa ligase, functioning in the synthesis of PQS, a critical quorum
sensing molecule. PAO996 appears to be the only ligase functioning in the activation
of aromatic carboxylate substrates, as the remaining eight ligases target alkyl fatty
acids of varying length and saturation. Overall, four ligases (PA0887, PA1997,
PA2555, PA2557 and PA3568) were characterized as short-chain ligases, capable of
activating a carboxylate derivatives in the range of C2-C4, including branched and
unsaturated substituents as well as acetoacetate. This is indicative of a high degree
of scavenging ability, as P. aeruginosa may be capable of utilizing the byproducts of
various fermentation and amino acid degradation pathways, and really highlights a
potential basis for enhanced virulence.

Alternatively, a number of long-chain fatty acids (PA1617, PA2893, PA3299,
PA3300, PA3860 and PA3924) are found in the P. aeruginosa genome as well. While
PA3299 and PA3300 appear to operate in typical 3-oxidation pathways, PA1617 and

PA2893 have been implicated in the utilization of acyclic terpenes. Additionally, the
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results of our activity assays indicate that PA3860 and PA3924 may be involved,
respectively, in phosphatidylcholine (PC) and PHAwmcL synthesis. Both pathways, rare
in bacterial species, are likely to enhance P. aeruginosa virulence as well.

Altogether, the results taken from this work give us a broader understanding
of the potential energy acquisition pathways employed by P. aeruginosa during
pathogenesis in CF airways. While antibiotic treatments are somewhat effective
during intermittent infection early on, they are rendered all but useless once chronic
infection is established. It is our hope that by better understanding the diverse
metabolic pathways available to P. aeruginosa, differential treatments targeting
these survival mechanisms may one day be developed and will provide a more

effective treatment for the thousands affected by this terrible disease.
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Appendix

A-1. Multiple Sequence Alignments

A-1-1. Alignment of fIK (F8JPF9) ortholog representatives based on CD-HIT

Clustering.

A-1-2. Alignment of fIK (F8JPF9) with Actinobacteria representative orthologs.

A-1-3. Alignment of fIK (F8JPF9) with Bacteroidetes representative orthologs.

A-1-4. Alignment of fIK (F8JPF9) with Proteobacteria representative orthologs.

A-1-5. Alignment of fIK (F8JPF9) with Firmicutes representative orthologs.

A-1-6. Alignment of fIK (F8JPF9) and BVU_1957 (A6L1R5) with Deinococcus-

Thermus representative orthologs.

Note: All sequences are listed by UniProt ID. Amino acid positions highlighted in red

denote 100% conservation. Positions highlighted in yellow denote highly conserved

regions. Structural overlay is based on fIK crystal structure (PDB: 3KV8).
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V2GN25 MP ATGYM AlcLOM.|[LREY Aﬂb w;ﬂEo
H5XC58 LPPVILATGFL TICIRV.LAGH..[LD...D.GEQ
ATHFD1 MP|OVIF AT AlFM: AICIEA .MOPH..LD...G./GEQSV[ETG
M1SXE6 RP ATGFL ACVKA.|[IAaSH AﬁD .WPEEQAV[ETF|
DSFEX3 ATGYL TICIQA.[LKPH..LD...WPQEQTVETH
D9SHK4 ATGFM AlCIMA .|[IKPH %D .WPEJEQ Ggt
D5CM24 MPEVFATGF|L AICIKC.|INPH..ID...WPRAEQTV[ETH
STVEVO MPINVIFASGYMI] AICTKA . [VKPH. .LD WPDEQ[TV[EI G
W6M343 MPEVFATGEFM TICIQA.LKPH AﬁD .WPH‘EQ €T B
GTW6GT MP|KV]F|G TG FM: AICTKA JINPH..LD. .. WPNEQTVETD
F2NC79 MPKVILASGFM AICIOA.|[IKPF %D .WPﬁEQ Glfel
I4CEW2 MP/KVILATGFMV] AICIRA.[INPH..ID...WPEEQTV[ETG
W5XXTO ATGYM AlCMEA .[IRPH .ﬂD E.D‘EI
E8WN56 MPEVFATGY|L ACMEA.[LAPY..LE...E.DER
Q2RWF7 IPEVIFATGYMI) Clcvrs.LAPA. .LE .D.|GEG|
V5SDR4 MPGVIFATGFM AICLEV.[LKPH AHD .AgEG
NOB387 MP|TVFAT GFMV] TICLHI.|IDPH..[LD...P.GEG
D6VIRT MPHVIFATGYM AlCMDM.|[IRPH AﬁE EAjEG
JSPI50 MP/KVFATGFMV] TICVRL.MAPH..LD...A.|GEG
D3IB68 DMOVILATPALT] VAMLT .[VRDV . .[LS . . .D.[EVI/TV[EGM
F32ZNz3 DILOVILATPAL ARMLA . VADA AﬁD .PAé‘DTT Glek:l
F3QUN7 DL EVLATPVM AAMLA.[VKEA..LD...E.GMTTV[GH
D1W8UO DLEVLATP RAAMLA .[VANE AHE LE.GOT/TV[EGH
U2MMW3 DMPVILIGTPAML AAMLA.[VAEE. .LD...E.GTT/TV[GH
EONSD9 DILEPVILATP) AAMLA . [VADS . .LP E.[GTT[TV[EGO
S8FGJ3 DMDVILATP AAMWA . [VVHA Aﬂp LE.[gsT/TV[gGS
D5ET49 DMAVILATP) AAMLA [VADA..LP...E.[GSTTV[EGH
R5GHX3 DMEVILATP[AL AAMEA .[VIEE AHD .D.[EQT/TV[EAH
R6ZRJ4 DLEVFATPALY ARKQA.VENY..LP...E./GSTTV[EAQ
R6C452 DMEVIFATPAL ARMNA . VKPY .ﬂ? K.g‘sm‘ GENY
F0QZ92 DMEVFATP[AL MKA.|[VQPE. .[LP...E.GST/TV[EAF
R6CGH3 DMEVFATPAL AAMNA [VKSA. .[LP...E.GST/TV[EAM
B7BGY9 DLEVLATPAL AAMLA . [VAAE. .LP...E.GAT/TVEVK
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R5W6MO DMEVIFATP|A] AAMYA . [VAAD ﬂPA LE.[GsT(T
R6WTD5 DILEVIFATES AAMTA.VAPA..LP...E.GSTT
F2BXC3 SLEVILATE]Y TlcVKA .|SENH. .[LP . . .K.GFT|T
R7L727 D|IPVFATP ARMLA .[ARNI dA. .D.GET|T
E6S7TM9 DILDV|VATER AAFQV./COHS . .VD. . . A . NHT|T
W9GKRO DILEVILATPR ARFEV.|CRPO AT‘D .E.DRT|T
W9GADS5 DILEVILATE|V| AAFTM./CKSS..[IA...A.DRTIT
D3QADS D[VP[V|L[G T B[R] ATvMS . [LTRR..[IP T.|TMT[T
W5THV3 D[VDVILATP|R ATVRA.[IADA..[LS...G.GRTS
XOPXW9 D[VPVILATE|R ATIAC . AAPF..|IG...A.GQTT
D6KEIO D[VPVILATP|R ATVRA.AGAF %EA .A.GRI|T
V6KXP8 D[VP[VILATE|R ATVRA.AARF..[TE...S.GQT|T
R4Z4Z8 SVIEVILIGTPR AlsTsA.LADT AHP A.|GMT[T
E2SCL7 DLDVILIGTE|V| ATCAA.LD....LP...A.EQTS
A3THUS SLPVILATPR ATcTs . UEPL. .|IG...V.GRI|S
R7XZ68 SLPVILGTPR ATCAA.LEGS.AHP LA.GGTS
A1SHD6 DIL[PV|L|GTE|R ATCAA.|IDPS..LP...T.GSTS
B9DSI3 GL/SVIL|S TB|s AAYHLAGETLALQ‘DA .P.[KQS|T
G5KAYO ELEV|LISTE[S AACLL.AKEK.IQN...D.LLTT
F52J64 LEVIL|STE|S TaAYLY . BOET . I[KD s .pYT|T
I7MYH5 TILDVILATP AAYLF.AQES.L;:J. .T.GLT|T
V6QBM2 ELEVVATE|A AICHOL.VD....LA...A.GETS
H3NJZ3 D[LPVILATP|2 ACYTYASQEVLI?JD LP.QQT|S
RILQS4 TVINVILATP|O ARSQC.LN....LN...D.DLTS
F2I7N4 SLEVILIS SP|W| AAVRF .[LKDH. .[LE...E.EETT
U20SW7 DILEVILATES V|SKEY .[LNTF . .[LE...D.GCGS
E5V1L6 DILEV|L|STE|S SIAKNY .|[LNNF . .[LN. . .E.[ELGS
F3ATKO DLAV|L|S TB|S AAKNYALNKF.AﬂP .E.[EMGS
EAT2L8 TILEV|F|GTP|A| TAMKM.L)S.D. .[LP .T.[ESTS
T2NPGL GLAVLATPR TlCWEA .[LEPT HD K.GF T[T
c8zYY8 GILPVILATPR VICFEA.[LESR. .[IA...S.GKTT
R2SKA9 DIL(SV|L[S TP CAKEL.[LSQQ. .[Ls. . .E.QET|S
R3WMJI9 E[LKVLATP T|CMNS . VKNE Aﬁs .D.SET|T
R2TEP8 DILDVILATE) TAKEY .[LHKE. .[LA...S.EETS
SOKCS8 GLAVILATPA TICYEY .|LOOK AﬂN LE.jQoTiT
I3TU50 E[V/SALASAP AICMRA .VAAA. .[LP...P.GHTT
U2HCPO ERHALASE|I] TlcMOA L |TDHL . .[LG A.plLMT
L8F1C4 E[LDV|L|S TE|V| MKV.[IEAA A:qT. .A.PAMT
G2NQF4 DLPVILATE|V| AAMKV . [LGTA..VP...E.GDMT
C3GXB1 DVEVILATE|V| SICMDA .|IKNOQ AHE .E.NYMS
J8I1203 D[VPVILATE|V| SICMKT .|IEQS . ELS . . . T.[NOMT
C8PLZ4 TLEVE|S TP|T| TAALS .WLPF .ﬂE E.GYTM
D4J4P3 LIP|AVIF|S TB|s TICAKL .MDNC..[LE...E.GKGS
U2L2J7 GVIPVIF|S TP|E| T|CRHC .MEPE. .[LE...Q.GLGT
U5RWS7 GVIVMLIS TP|2 TTLHI.VDNV AHPA LK.NYRP
U3QHT6 SILR|I|YATP[E| TICLDF .[LQGY. .[LE...D.GES[S
J3H1U4 DILR|I|YATPR T|CLDY .[LLTF Aab E.GEN[T
R4X4Z9 DLR|I|YATE[K T|CLDY .[LLDF..VD...D.EENS
013A76 TLRV|YATP|E VICREL .|I[LAH. .|[TD. . . P .|GED|S
H65J72 SLRV|YATY|Q ACRDL.|[LLAH AﬂD .5.GWDS
M2Y638 E[SIRV]YATP]Y| T|CREF .[LLEH. .[LA...P.GEDT
M2ZCB4 ERARV)YNTP|A TARDL.[LLEH AS‘DA .A.GEDS
WOSEE6 DIC[RV]Y|S TE[N AICRDL .[LLEH. .]ID...P.GKDS
N6YXRO E[C[RV|Y[s TB|A| ClcRDL.[LLOH. .|Z[c E.|GKD[S
W8U886 GTKV|L|SSB|s AISSKV.|LEPL Aﬁa .E.DERT
F8I584 GVIMV|LATE|M AlsvOA JILPA. .LP...D.[DWISLETH
S6H1GL GVIQV|V|S TP TAGSG .VIQAF Aﬂv .P.GWGTV[ETK
XTFEJ4 GVIK TP|A T[SADA.VIAKD . .[LP .S .[GWVISV[ETH
013BLO MP|AVIFATE|L AISGEA .[VHPK .HP. D.[GWV[TVET G
Q6NAKS MP|AVIF AT B|M: T|SGDA.|IAPK. .[LP...P.GW
U1HEJ6 MpMV] YA T B|M; AlSGDA .[IRGA . .[LQ. . .P.GWV|T
HOTP42 MPMV|Y/A T B|M: T|SGDA.|TjSAA Aﬂp LE.GW
K8P616 MP(PV)YATE| AICTAS .|IAGL..LP...E.GYV]S
10G1C1 MP|EV|Y|G TE|M: ARGSA.|[VOPS Aﬂp A.lGHV[S
A6CFP8 E[T[SVIL|S TB|S AALQF .[LLPW..LD...E.KSIS
LODK57 Mp|s|T|{LATE[W AARAA .IaPC. .[LE...D.HERS
M2WUQS F|P[K/AAs TR[F AICHNI.|VAGE AﬁQ .D.GELT
G7D213 LPQVILATP AALNA.MRPY..[FD...A.GESA
BIMSN7 LP|PVIFATP|M AALNA.[VROY AﬂD .P.GES]A
K8NJU9 L[P|PVIFATP|M AALNA.|IRAY..LE...P.GESA
F7ZKG2 LP|EVIFATP|F AlcAAL . [LGPL..Ls D.GEV|S
KODQR3 F|PNV|L|S TP|W| KA.|[LHPL AﬁQ .D.|GoLls
I5CHG7 Y[P|DVIL|S TP|A| AICAGL .MHDA. .[LR...D.GOLS
G8MI72 Y[PDVIL|S TP AICADA .[LRDA A}js .D.[GoLs
J737X3 Y[P|DVM|S TP|2| ACAEI .MRGE..LE...D.GQOLS
G2LGZ5 Y[IDVIFAT IR VICGRM.|[LERI .ﬂA A.GEL[S
D8NFT6 F|P[PV]YAT S|R: ARARV.MROA..LA...A.GELS
ABET68 Flp[EVFATAR: KM.MLPL. .[LK...D.|GEL[S
D5VOF7 FlPEVFATAR: SAAKI.|LIPF AHE .E.[GoLS
R5PIPO LEVFATP|A TAVHC .[LKGH. .[LE. . .E.GQD|T
R8VSUO LVIAV|YATP|M TAAES .VAPY AﬁE E.GRT[T
R7BPJ2 TILRVIFATP|A TAAQS .WEPL..[LE...K.GOTT
R6KH82 TLNVYATP[A AAYKS . JIESE. .LE E.GQG[S
R6GT38 LILPVIFATP|C TARLS .V[EPY AﬁA .E.[GS|T
J4TCP2 LEVF|STP|T ClCFMS .VDDK. .[LE. ..E.GFT|T
HILX05 LLEVFATP|V SIAFMS . |[VNE I AﬂD LE.GFI|T
R6P4IL GIL/SV|YATP2| SAYES.[VOSL..LE...E.|[GSGT
U2PAAT LEVFIGTE|C TASES .MAPY. .[LE E.GCG[S
F7V6W4 LEVY[GTP TACDS.VAPY Aﬁa LE.|[GSGT
R5BBK6 ATEM T|SRMS .MKPY. .[LE...D.GOET
R6E7S6 LAVFATP TARLS .VAPY AﬁE .E.[GOS|T
R5SHRS E[LAV]YATPA TAYKS .V[TAE..[LE...D.GMGT
R6DLF5 ELMV)YATP TAYTS .VASE .HE E.[GMG[T
W7UZ64 LEVFATP) AACSC.|ITEY..LE...G.DETT
ESRIWO LVIEV|YATP|A TlcLKS .MLPY..[LP...E.GFGT
R5RIN6 VMDVIFATP) TAYKS .MLPY..[LN...E.GCGT
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DV|IFATP TIAFMS .
DV|LATP| I AAWTA .
TP SMI TICKLC
AEV|F|STPDML| 7|
ALPV|FIGTPFMT AAWTS .
TVEVIFATPAMI 7|
GLRVILATPVMC| Al
ELSVILATP I T|
T/LDVILATPR TIAWRS .
TILDVILATPR TIAWKS .
LLPV|YATP I TICAES
ALEVIFATPAMI) IT|
LILDV|YATP I T|
RILCV|LATPALA| IT|
TLSV|FATP) I IITAWRS .
TLSVIFATP I TIAWKS .
TLEVFATPAL IT|
TLDVIFATP I TIAWK S
TLDVIFATPAMI| TIAWTS .
TLDVIFATP) I TIAWKS .
SLDV|IFATP|CM AROMS
ELEVIFATPOMI| AAASS .
ELMVILATP|CMI| RAAWKS .
TLAVFATPAMI| TIAWKS .
TLPVFATP I TIAYKS .
LLPV|YATPAM AASES .
TLDV|FATPAMT TIAWMS .
LLPVFATPAM 7|
LILEVIFATPAM TIAWMS .
LLPVFATPAM TIAWMS .
TVPVILATPRL ARAVARA .
ALDV|IFATPAV AIACYA .
S|VPVIFATP|ML AAINA.
ALPV|FATPMMA| AAMNA .
ALPVIFATP/YMI| AIACNA .
LILPVIFATPQMI| AAVDA .
DLLV|YATPCM AACEA .
SILPV|YATPMM AACVA .
S|LPVIFATPMMA AACNA .
EIEVILATP ARAVNC .
LEVFATPAMI] AALKA .
LEVFATP MM AAVNA .
DILINV|FATPAM AAMSA .
DILAVIFATPAM AAMTA .
DMNV/IFATPAL AAMLC .
DILPV|LATPAM AAMTA .
HVHVLATPVMI AALARA.
S[VDVILATPAMI| AALKL .
T/ADVYATPAMI AAVAA .
LILKVFATP I SAHLL.
ELPV|YATPAMI| AAVARA .
GVEVYATPAMI AALARA.
C ATPAMI| AALNS .
AVDVIFATP|MMI| AAARA .
ATPMMI ASWQA .
ATPAMI AALEL.
ATPAMI AALEL.
ATPAMI| AALEL .
ATPAMI AALSS .
ATPAMI| AALSS .
T/LSVIFATPAM AISCMA .
S|LDVIFATPAMC AAQAR .
T|LDVILATP|T AATRA .
S|LDVIFATP|AL AAVNA .
SLDV|IFATP|S|L AAVGA .
ATPAM AAVNA .
HLEVFATPAM AAVNA .
LEVIFATPAMI| AAVNA .
OLEVFATPAM RAAVNS .
QLEV|FATPAM AAVNA .
DLDV|IFATP I AIACNA .
LHVIFATP SMI| AACNA .
LILDV|FATP) I| AALLC.
AT SVIFATP I AALSA.
DLDV|YATPAMI| SIASSA.
NLDV|EFATP I AASMA .
LIVIT[V|Y|S TAMMI| ITIAVAS
EVRVILATPMMI AAMEA .
TVHVLATP|MMI| T|SAAS.
TVEVFATPTMI] ITATRS .
LLPV|LISTPAMI VICQHS .
ELEV|YATPAML| AAAAC .
L FIGTPFMI| AALTC.
ALPV|FIGTP|Y| ARMTC
[LAVIF|GTPIF| AALTA.
LEVF|GTPF| AAMDC .
GLEV|F|GTP[FM ARMQC
LLPVYATP|SLI TICSET.
SLLV|Y|GTPAML TIAVAL.
SLPV|YATPAMT AAVKL .
SLPVYATPAMI SAVNL .
LILEV|F|S TPMMI| AAYTL .
HLEVFATPAM TIATHC.
HLEV|FATPAM ITIAVKC .
VVDVIFATPMMI TIAVKC .
IVDVIYATPMMI| IT|

CFKL.
CARS.

CWKS .
SWRS .

CWKM .
CMKS .
CWES .

CWMS .

SWKS .
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HIBNL1 1[VisV{YATE[MMI] Alavoc.|tjopF AﬂEA E. s
AlHRR7 AAVFATPML AAIAA.VAGC. .LA P T
F7NH57 GAPVYATPML AATIAA . VSOA..[LO...P. T
M1E923 LVINVILIS TPRIT ARVEA .|JIKNN AﬁA. .5, s
C6QOEOD N|IDV|F|S TP|SMI| T[SKSC.VDLH. .LP WFL T
TON2A7 GIEVYATPAMI TAKSA.VDLH Aﬂs LY. T
I7K9K8 F|IDV|L(S TP|S|L I| AAKNA.VDLH. .LP LT T
R7RUES GIVID[V|Y|STPAMI) AAKEC.LDEF . .[LD E. T
N1ZJT1 TV TVILATPKMI) VISLNA.VLPF..LP...K. T
A6TLR1 GVEV/LATPMMI AALTA.VDPH..[LP...D. T
R4AKGW9 D|T[SVFATPAMI] ARLSS.VDPL AﬁPA .E. T
J6UG66 T|IAVLATPVMI] AALDA.VEDS . .LP .E. S
RIMCNO LEVFATEMMI] AACTL.|[LOEF .ﬂE E. s
BOPBF1 DILDVILATEMMI] ARCGL.LARF..LE...P. s
R7TMIM6 LEVFATPM SACNA.[LADF..ME...N.DET|S
R7H2Y6 SILPVIFATRMMT ARCDA.[VARY AHE LP. T
R5VLBO LRVIFATPMLA| TIACAA.VAEF . .[LE...D. T
D1PPO5 E[LDVILATPAVA AlCWKS . [VAGE AﬂDA M. T
C3J9P1 DLPV|FIGTPAMI| ASVQL.VAPH. .LE .E. T
GYYHCL TAPVYATPAL AAvKa .[IjGDO. . LP 0. T
E22ZCX0 TAPVYATPAL ARVKA.VDSO Aﬂp .E. T
R7MZQ7 K|S|P[V]YATPAL AAINA.ICDPOQ..[LP...E. T
U7UR89 TIAPV[YATPAL ARVHA.VGSO Aﬁp .E. T
FIMNK7 K|SP[V|YATP|AM AATIHA.|IDPL..LP...E. T
D3LTB7 K|SPVYATPAM AATHA.VDPOQ..LP...E. T
T1CHV2 DLAVIF|S TE|S ARLTL.LSKH..LS...A. s
FIN406 T/LPVFATPAM AAYTG.LOGD..[LG...D. s
J5AQJ6 LEVFATEAMC ARQAA.[VOPE AHN .D. T
K9D8BY ALEVIFATPAMC AAVAA.LTGK. .[LP LT T
R6UAG6 SVIOV|YATPMV AASAL.AOOY .ﬂ? E. T
G4Q7Cc4 SLDV|IFATPAL AACNL.VEPL..LD...E. S
D2RNA4 SLDV|YATP Aacs1.wNPC. . E.ETTIS
EONZB5 SLAVYATP ARAEL.[CAAG .E. T
F5RQF3 SLAV|YATPAMA AAAEL.|CQMN .E. T
E4LMB1 SLNV|YATP|C ARAEL.[CORE v. T
CILW87 SILPVIFATPAMT| AAAEL.VDEL .S, S
I0GTL3 SILEVYATRAMT AATET .[LESL E. T
V2XUL5 GAK|I|LISTP|N CALEL.ROEY .E. T
F4X9G0 G|s|K|T|L|S TR[NM AALEL.AKAY LE. T
R5G526 G[S|K|T|L|S TR[NM ARLEL.AKSY .E. T
F2NH42 LP|DAFATP|F|L VISADL .MAKH .5, s
AQLL45 L[PDVILIGTP|I|LG| V|SAEL.[INAH P. s
C3X5Q5 K|s|p|Z|LATPAL TITQKI.|TDGG .E. s
C2MAU3 DMPVILATP[ALI] AAMLL .ARNY LE. 4
R2S8F8 G|IPVILATPAM AICYGE .|[LQKE - s
S1MVB3 ELAVIFATP|SLL| TIAWQS .|TASC WAL T
H6LHKS GAEVLATPRL VAFEG .VEAA P. T
E6MGL5 GLDV|LATP|ALA ARYEM.ADLW .E. T
E3GGD1 GLEVLATP|I|L AAvEM.AELC D. T
R5KLD7 SILPVLGTR[YMI ATCAA.VEPY .E. T
R5XE94 SILRV|LIGTP[FMI] ATCNA . VHEF WF. T
R6JOVY SLEVILGTPF| ATCEA.[VADL ﬂ .D. T
R7BG85 SLPV|YATPMML| ATCQA.V[SPL. . .D. T
W1U6V8 T[T DVICATEVT AAVAA [LAPH. . D. T
H1D2D9 SILPVILATP|VLS ARCKA.[LAPH ﬁ .E. T
R7CTJ9 SLDV/LATP/ILS AACAA .|[IAEA. . LE. T
R6ASL1 SLPVILATP|VLS ARCDA . [VKEG ﬂ .E. T
F4GJM3 LILEVIFATPQMI| SIASSL.LEDY. . -E. S
R6PY32 K[VPVIFASPKLL TAIGT .VAPF ﬂ D.GWE
E4KRB3 QLEV|LATPALI| ITAQDL.[LINGV . . WAL S
K8E3X9 DLAVILATPAL TAKDS .[ILEL. .1 .E. T
R2VCM1 DILEVILATPAL CCKVL.[LssQ ﬂ .s. s
R2PBH5 DILDVILATPAL CAKIL.LAPE. . .5, s
R2R932 DILEVILATPAL CAKRL.[LAPE. ﬂ 5. s
SORW90 DILEV/LATP|AL CAKQL.LAPE. . .S. S
R6GEG5 DIL/D|T|F|s T S|KMI| T[VCKS .[LEKH. . K. T
R5ZKL6 SILDVILATPOMI) ARACLC.[.[.LD ﬁ .D. s
U2R6S0 SLDV|LATP|OMI| AACLC.|.|.LE. . WE. s
B7CCX0 SILDVILATPOMI) AACLCAAALDAAﬂ LQ. s
U2KTG5 GV I|VIF|S TPEML| TICRHC.[VEPH. . .E. T
R5AKF1 DILPVILATPALI] AAKDS . [VASM. . L G. T
K6U6J6 DILEV|YATPAMI] ARKSL.VVNE AI‘ LN T
W6N7S3 DLEV|YATP/SMI| AAKSS . VIAKD . .|[I| .E. T
GTM699 DILEV|YATPAMI] ARKDI.ASPE ﬁ LA T
V8G1J7 DLEV|YATPAMI| VISKSL.VIIEE. . .S, T
D6BCUS SVIEVILATPR|[IMI ASLNL.VOKE ﬂ N. T
E3H923 A[LDVIF|S TPMLI] TRENL.AQKE. . .D. T
C3WALL LEVF|S TPMLI] TAFTL.RAOKE. . .E. T
H1PQ22 LNVFATP LI ASFEL.[VOKE LA T
NOBSB7 APVFASPMLI AAVDC.|[IEAQ .E.
F8J518 N[VPVIFASPMLI] ARAVDC.LDGF Q.
R5RY61 G|LD|I|FATP|F|LI| AAYYY .MKEQ E. s
J1HAQ4 SVDVILATPRL VICARM.[LNTY E. s
B2V410 ATPMVA ARADL.AQTF D. T
RNT78 SLRVILATE|T ASTKL.ADTF E. T
R6NZJ4 GLAVILATPAV AAFEL.|CEEI T
R5DLE4 S|LCVILATP|C/V' AAAAL.ADKV T
B8J205 LVDVIF|S TAMMI, TAVAT . VIQE T T
E2SKL5 I[VNV[YATPMMI] TAASC.|LDOF s
COEF68 DAEVYATPKL VSASLVLEHL s
B5EG61 MPEVFATGYM AICMDA .|[LAPY T
WALKY3 GDIGV|L|S TR|SMI AGIQA.VQPH T
Q01Y99 GARV|LISTPHMI] ITICRET .MIQP L T
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£1K VITET 2 A[TPPGL TV TVTRIELR S . [V Vis@ls . .[pgv. v
E3BLC4 [L| 'T|P|P D|F T\TKVID[IELVE .M IIAH..DGV. . T
W5WVP2 M C|TTGTE[LDIHCEWVTA . A . TSRGG . I
Q8FQC6 |T ATEGAELVVRVTATG . V. E VIEVIT . .]AGE . .
MLUKN7 |1 [ATIEGA TILEV|KVIE G.V EWKWV|IWVT . .|JAGD . L
FAGGF8 |L| I|PPGAEIR|L WVER.[L TFNVRAH. .DSH. A
C5CWG3 I I|PP T|T RLRLRIGWVEG . L TFRVQAY . .DDH. . A
Q2JHG3 [L| AVAGDPIL ALV QF|QVIE|T|T . .|QQE . M v
WICWY1 RVGKHVE[YRVITAGD . |F DF|SFIEVIR . .[NLD. . THRRAV
D2SED2 V| S[WVGDPVRVITAR|CAE . V|. TICEICILAV . .[DAG . TT|VIQVV
I4EWF8 AWVGDMVIQVITAEIC|VE . |L . T|CIACIRA[V . .|AIAD . T|VIQVIV
FORKI4 [T| ALPGMENV|ITVITATLQE .V VICALRAV . .IS[SL . . T|A[S[QLV
H8GSG4 ALPGMRVITVITAITF|TR .|Q HADLFAV . .NEL. T|T|T|QVIV
Q9RR87 V| AILP GLAVRV|ITASLDR . V| YAKLRAV . .NEL. . TTIQVV
K9zXJ5 \V|T| ALPGMOVITVITAVFIER .[R Y . .NEL. A[T|TIQVIV
E8U6UO0 V| ALPGMTV|TVITATLDR . V| Y . .NEL. . T|T|T|QV|T
Q1IWD4 [V| ALPGMTVITVITATFER .M. WVIC|SILRAV . .ISEL . . T|T|GIQILV
C1CY65 ALPGMTV|ITVITATFER .M. L . .NEL. T|T|T|IQMWV
D1C846 V| ALP GERLTVIE|GV|HDR .|T| YVRICRVIV . .[NIQW . . E[T|TIQVIV
D7COM9 ALPGMTVRLEATFVR .|Q Y| . .NEL. T|T|T|QV|T
D3PRJ9 V| ALP GMKV[RIVAEHLR .|T| HAOQC|TAW . .[NEL. . Y|T|E[QV|T
D7BIK7 V| AILP GMRVK|IVAEHVR . T| Y|T| W. . NEL E|T|E|QV|T
F2NK44 AILP GMRVKIVAEHLR . |T| YAAICIRAY . .[NEL . R[T|T|QV|T
B7A757 V| AILPGMRVRIITARHER . |T|. H EAY..NEL. . TIEQIVIT
H5SBP7 |[L| CIPLGVRVDITATVITQ.[C . IiC|s|L R. .AGA. TIQTIQVIV
E6SLA6 V| T/PVGARVRAVAVLEA . V| CRVER[Y . .NDL. . RQVIQVIV
F8I237 [I| TILVGE T|F SATAELLA .|I IARV|TAE . .[NGR Q[F| T|QIVL.
Q8EMG8 |L| SALGTKVKLERAVVTS .|I TKVIITAR. .NES . QST
TOJGA7 [L| SALGTNVKLTAAVSE .|T T|TELIVE . .NDN. . EVIRIQAT
USL8R5 AAEGSLLKVITAEVVS .|L F|T|S|VIKAF . .|HGD . QV|T|QAT
U6BAIl |Lj ARAEGTRLIVITATVITA .M DIAIS|I[EVR . . DGO . . E|V|TIQF T
KOA8N8 |L| ATLGSNIRIEATVISE . L. VAKVIEVIR . .|HGD . EVIKIQIIT
W7LB64 A S|PIEG|S SIT|LIT|TATV|ISK . |Lf Y[SITVITVIH . .[NGE . . OV|T
S2XPF3 L S|PLGSVVSLTANVIE.L KITKVITAR . .[NHL . . EVIMQIVIT
WARK43 C|TEGAEV TV|ITATV|TG .[Lf LI[T| . .|S|NG. EVIKIQVV
I8UG48 A T|PIEGMNLT|ITATV|ITE . L CIKVKMA . .NEK . . EGDV|TIQY(T
A6CP21 M SSEGTTVTITATLTE . L I|TKAERR . .[NEN . I|GEVIKIQV|T
E3IAI3 V| TIAEG|S TVTV|TRITVITE . |L . TIKVERAK . .NEV. . I|GE[V|KIQV|T
c0z567 |I| AVIIGQEWVTFRASICIVO .V . CEMTAD . .[T|TR. LIG|T|F|VIQAT
F5SL03 (1| RPVGKEVTFTAEV|IE .V (C| . .[HDK. AGT|F|V|QAT
D5WXP8 V| APVGKEV|T|F|TAEAVE . V| VICIRVIWAE . .|HDK . . E(GMF|HQAIT
C7QDW7 |F| TPVGGAVTASAEIL RF|TVIAAH . .[DAD . EGE|L|T I
M4zY06 V| T|PIVGAQV/SAERATLEK . |I TIFITV[SV|S . .D|SG . . AIGK|I|TRV|L
D2AZz27 L SPVGTHVEITAELTE .V F|T[F|TAR . .DROQ . . TIGT|VERVWV
W2ELW3 |L| PVGMEVE|I|V|TELTE . |[V|. F|S|VITRA DT . T|G T|T[E|
D6Y6X3 L SIPILGMDVEVITRELTA .|V F|S|E|TRAV . . DRA . . TIGT|I[ER
Q47SH7 [L| TPVGAQVVATARLVR . A FIEV|ISV|T . .|QEG . TVER
R4L8I1 V| T|S|VGRKVVAQATLTG .|T| QFAV|TVIK . .[DGD . . E[VHVERVL
USVXT8 [VIE TPVGRMVTALATLAK .V IFDVIVVIR . .[DIGE . E|VIR|VIERMWV
G8SD04 |T AAVGRTVTAQ TR.V AFDV|TVIR. .D|GA . . E|VIR|IDRAT
A4X9A9 |L| TPIVGR TV E.V LEFAVISVIT. .EDG. . E|GR|VIER|LIL
C4RK94 |L| TPVGRTV TA. V. FEVITVIT. .DAG . RTL
WTW6W1 |L| TPIVGRTVAAHAELVK .[V|. [FIEVITV|T . .D|GP . . Q|GR|VIERAL
I0L862 |L| TVVGRTVRAQALLAT .V FEVT .DGD . DRIL
FAFFD5 |L| TPVGRTVTAQARLTA .V TFEVTV]V. .[EGE. . QIGRVERVV
E6VPY1 V| TPVGMS[FEADVKLVE .|T LIF|T CR..DPEV. .G.LIGE|GTHTRA|IT
I4JL97 M TPVGMTVITATVELVG .|T LFINV|QICR . .[DEH . .G.VIGEGTHRRA|IL
N6ZAE8 V| TIP[VGMKVITAEVELIE .[I LF|KVACR . . DEG. . .G.LIGEGTHRRATI
V2TPW7 L TPIGLRIKAEWVILIN.I. TF|SV|Y|C|T . .DGL . D.IICEGTHERY|T
Q8RS32 [L| ‘TPIVGMQV TAEVELIE .[V|. TFKV|LICR . .DEV . . .D.V[IC| T
D3PYM5 [I| TPVGLTVTATVELIE.V RF|AVIEICR . .[DDR . .D.V[IGK I
V5PXQ4 [F| 'TPAGD TILR[I|R[GTLVD .[V| RFEVIEAW. .DGL . .D.KVSAGTHERV|T
Q47626 |F| TIPPGMT|ITVIKIGQLVE . V| RF|EV|SAW . .D|GE . . .D.K[ITE| HERHA
V2GN25 [F| TPAGMTVTVKGVLTA .|I RFELSAW. .DGE . D . K[IS|E| H
H5XC58 [L| T|PVG|GLILTVQAELSN . V| TF|TIVHAF . .DDA . . .A.TVC| I
ATHFD1 V| TPPGE TVTVDVAVITK . V| TFS|VRAH . .DGV . D.AICEGTHEREWV
M1SXE6 V| TPPGMEV TAKVELTE . V| IFSVERAY..DDA. . .E.LVSK I
DSFEX3 V| TIPPGLEVT VE .V LFEVEVY . .DDV. . .D.LVSRGKHEREV
DI9SHK4 ‘TP|PGLEV|T TI.V TFAV|SAH . .DGV . .D.TIARGTHERYV
D5CM24 V| TPIPGLEVTALVELVE .[V| FIOVERAH . .DGV . . .E.V[ISK T
S7VEVO |L| TPPGE TVTVKVKLTA .V TFAIEAF . .DGI D .RISRGTHEREWV
W6M343 L) 'T|P|P GF TV|TV|KVRLVE . K| KFAVERAH. .DGI. . .D. S[IC|QGTHERFV
G7W6G7 |L| TPPGE TVIT RLEK . |I| LIFHVEAH . .DGV .D.LISEGTHERF|T
F2NC79 L) 'TP|PGHTV|TIRVIELSQ.[V| TFMVIOAA . .[DES . - E.LIS|Q| HERFEF|I
I4CEW2 |L| 'T/P|P GIL LIVITI|H[GKLEQ .[V| F|S|EF|SAE . .DGV . . .D.S[ISEGTHERFV
W5XXTO TVPGSTVITIDVITLEA .|T TFSITAR. .DEY . A . VIISTGTHORGV
E8WN56 V| 'T|PPGMEVITAQVRICVE . V| E[I[EVH. .D|QA. . . D . LI S|K|GTHERF|T
Q2RWF7 [V TIPPGARVVVEAKIIA.T AR . .DEV. .D.LIGEGT|IGRAV
V5SDR4 V| 'T|VIP GQ VIVITVDAITICTS .[V| FDVIVAH. .DGV . .E.VIGK
NOB387 V| TVPGQTVITVIERAEICTK . V| FFEVKAH. .DGT . . .D.LT ORM|T
D6VIR7 TPPGLT|IHVDVECTD .V REFNVIKAH . .DGV . D.V|T Y
J5PI50 V| 'T|P|P GIL TIV|TVDRAEICVA . V] TIFIQV|TAH . .D|GV . . .D.TIGK \4
D3IB68 V| S|PIGAEV RLEK .V QFHLERAF . .|[QGE . K. LIAEGSHLRF|I
F32ZNz3 TPLGEKFTAYAKVVR.[V| E|Y]| TAE. .DGK. . .G.VIGEGTHTRFV
F3QUN7 |3 TALGKTIITATAVLTG .|T TEKVVRAE . .DET . .G . TIGEGEHLRFI
D1W8UO |3 SKVGAMVET|TATLTK .[V| FF|H| AR . .|ODG . . E.VIGE|GDHLRFWV
U2MMW3 |5 SIKIIGAEVERATRATVITR . |I YF|SV[VAR . .[EGT . . . T.VIGEGTHLRFI
EONSD9 |3 TAIGAIVEAEAVLEK .V HFR[I|TVIR . .[Q|GD . K.LIGEGTHLRF|T
S8FGJ3 S| SKIIGTLIAATALLEK .|T TFRVEAR . .|QHG . . . T.VIGE| HVRF T
D5ET49 |3 S|[KVGD TVTATAEVVK . V| EFKVISAY . .[QGD . . V.LIGEG LRFWV
R5GHX3 ‘TPIIGE TVHATAVLTA .V TF|SVKAE . .[DGH . .G.VIGEGTHVRY|T
R6ZRJ4 |T| S|ALGEEVTATAVLEE .V TFRLKAT. .DSQ. . .G.IVGEGTHIRY|T
R6C452 |T S|GLGEV|IISATATILEE . E| TFKV|SAS . .DSK . G.IIGEGIHIRY|T
F0Qz92 |T| SALGEEVSATAVLEN .[V| KVTAS . .[DTK. . .G.VVGEATHIRY|I
R6CGH3 |T| S|AVGE TVKATAVLOE . V| TFSVISAV. .DSQ. . . G.AVGE|C|THVRYWV
B7BGY9 M S|GIGGEEVYAERTLVE .[V]. TFISLVAR . .DSV . .D.VIGEGTHIRY|T
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R5W6MO |T| SAVGAV|IIAAERAELVE .|[T|. FRVAAF . . D

R6WTD5 |T| S|GLGASVITATATILTE .[V| [FINVIGAR . .D

F2BXC3 L S|AVNSE|T AKL . THV. FEATIAK. .E|

R7L727 A SKIGET|VSATATL. VKA. FE[I[EAK . .D|

E6S7M9 [F| S|QVG S EVTVIH B . P I|N| ICIFV|S[I|K . . D|

WIGKRO [I| TPVG A[E|. P I|S| CIFV|TVT . . D

WIGAD5  [F| S|PVD|A VIVITVINIC|AE|. P I]N CIHVITVI . . D|

D3QAD8 |L| [VPLGRMVAARARL( . RGR TFD|ISLV . .D

W5THV3 V| S|LIPGT TILTV|ICARL . VE[V| TFRVVAR . .|A

XOPXW9 |I| TPVGAGVETIAAEPPAAA. TFTVRAI. .D

D6KEIO TAVGGRVE AEPPAAP| . TFRV/KA .|

V6KXP8 V| TP[VGGRV ARSRA TF|VVRAV . .D

R424z8 |[L| S|AIGAV|IRVDIS|SL . DKV TFTVSAH. .E

E2SCL7 V| S|P[VGME|IK|IDAHV|. TSR/ T|FIEV|TIAD . .|D|

A3THUS L S|PVGATVIVITADP . AYRA RILRVISAR . . |H

R7XZ68 |L| S[PVGA VL T[T|. AYV| RF|TVISAR . .|H

A1SHD6 V| S|PIVGQQVIEV|TASA . SY[V|. RF|TIVARR . .[NVGAAGAGK
BIDSI3 || S[KIGDPVTIN|ITDLK .V . DFRIEAF . .[V|.K....DT
G5KAYO |I| SIKITGN S|TTVI|ITE[VT .|N DFIQLEAF . .[V|.G....KE
F52J64 [I| S|KIGOAITI|IITALK. E| DFIRIEAY . .]A.G. EK
ITMYH5 |I SAIGKAVTIVITALK.E DFRIEAF . .A.G. . EQ
V6QBM2 L SRIIPEE|IKVDVKDVT . R/ IFEXR. .DP.S. SH
H3NJZ3 S|P|ITK|GTVIQ IDQVH .|Q HFEMTAY . .[V.Q. DK
RILQS4 V| S|PILGA V|IR|I[VAT|ITNV| EFWVQAF . .|[Q.G....DD
F2I7N4 L) S|LILNE E|IR|I|H[C|ELVD . [H|. HFIOMORY . .|C.Q. DQ
U2QSW7 || 'T|L|II GK TV|LV|K|G|C[VIKE I|T IF|SLEAF . .[E.N. . NK
E5V1L6 || 'T|LIIGK S|T| I V|K[G|TTKE I|T: IFSLEAY . .E.G. DK
F3ATKO |I] 'T|LIT GN S|T|TVRIGK[I|TE V|T| KF|SIIEAY . .[E[. K. .DK
EA4T2L8 S|PVGATVEICTATIITA . T SIFAIKAI . .DAS....GD
T2NPGl |I| S|PVGA T|I|TV|F(T|Q]. QF|D|Y| T..DGA. .00
C8zYY8 |I S|GIT GA T|VIQVIC|CIE[E] EFTERVY . .E.N....DQ
R2SKA9 L S|PVGAV|IIEVQAVIITE . Q. TFETIERAY..D.N. . QR
R3WMJ9 |Li SKVGQEITVE[TEI|SK . K DIF|S|E F..M.K....DV
R2TEP8 A S|KVGAN|I LVIKVKVDS . [Q NF|S|FIDVIE . .[D|.N. . EE
SOKCS8 |L| SKMGAV|I|T LK. |Q TF|AF|SCR . .[D|. N . . EN
I3TUS50 [L| TIPAGV T|IEITARLNR . A LFEVRGT . .DGA . .
U2HCPO (1| TPPDWEVTVDAELIS .V T . .DAA.
L8F1C4 S| ‘TPITGEVVITLTATLRQ .[V|. TFAVEAR. .DRH. .
G2NQF4 |s TPVGDDVTVISATLSR . A . TFDVEAR. .DSH

C3GXB1 M S|L|Y NE KV|T|I|H[SKLIK . V| LFEVERAF . .DES

J8I2Q3 TPMGH T[I|NIESELVE . V. IFK Gly . .[DFH. .
C8PLZ4 TLEGMKVEVETELID.|T TFKAEWVS . .NEK .
D4J4P3 V| 'T|P|C GKKVRICEV[EI|TE .[V]. TFAVINAY . .[DEN. .
U2L2J37 L TPITRMQVIRICIECELTE . (I|. VIFIQVIKL(E . .[DEK .
USRWS7 IPANMKVVVIKVITLIS.|T. . .NEK.
U3QHT6 V| TPILGGEVRIISAEVTA .|I|. TF|ISVITAE . .DAA . .
J3H1U4 |1 TLLGMSVNIVATVTR. T TFNVEVR. .DDV .
R4X4Z9 [T T|LILGM TVR[IEV|SVAS . [T KFDV|[TVIE . .pDI. .
Q13Az6 |T T|LICGMHVD|I|TV|ITVISK . |T TFELRAN. .DAT .
H6SJ72 L TPLGARVN[ITVRVAE . I RFIEAEVR . .DTA. .
M2Y638 T|PLGMW|[VID|I|TV|T ALV TILAF|TAA . .[DAL. .
M2ZCB4 TLLGQWVEITVTVEE .|V . TIF|S|F|TIAK . .[DSL .
WOSEE6 |L) T|LILGMWVE(ITV|TLTA . [V . SFIDE|TRAR . . D[SV . .
N6YXRO |L| TLLGMWIEITVKLVO.V F|E[F|SAR . .DAL .
W8U886 |I| 'TPAGM SV VE.[@A KFNVEVL..DDL. .
F8I584 |L| T|PLG S RVHATSR| 0.V TF|QVIAVIE . .[DEW .
S6H1Gl |T AWP G|I EV|QCEAVILE S . T| S[F|AVISRS . .[QQG .
XTFEJ4 V| AWP YIQEVIRICITA[TLIT S . A QFFVIQRAH . .[QAG . .
Q13BLO |T ALVGHVVR[T RVITA.V. FIEVAC]Y . .|VIGT .
Q6NAKS8 |I| AFVGQTVRIITAVVISA . V. RIF|DV|A|S|F . .|LIGD . .
ULlHEJ6 [I| ALVGATVRTT -V RFEVERAF . .EGT

HOTP42 RPVGATIR[TTAEV|IE.V RFAV|ITAF . .|[HGD .
K8P616 V| TPVGRT Q.|T LFDVERAW. .D|GS . .
I0G1Cl (1| TPVGRTVRATIAQVVA .V LFEVIEAW. .DGN .
A6CFP8 V| T|PVG|A TVN|CITRIQILIF . |H| RFIKVERAY . .|AGD . .
LODK57 [V S|PEGSAVVICRARVIIH .V TF|QVIEAH . .[DDV .
M2WUQ8 [I| SAVGATLTARATLVE .|R| HF|ITVEVIE . .[DGD . .
G7D213 V| TIPVGHEVRATAEVIN.V DF|KVISRAS . .[DDK . .
B1M8N7 'TPVGH G.V QFRVAAW. .DET

K8NJU9 V| TPAGQRVITAYAEVTH .V VIFIAVISAR . .DET . .
F72ZKG2 TIPIGGQISATATFTE .|Q| WEFDVIVAA . .DAA G
KODQR3 [F| TPLGATIFTAYAKFTG.M LFDLWAE . .[DAG. . .G
I5CHG7 |L| TIPPGIDVSATATFEFRG .V WEFD|II|VAA . .[DAG . .G
G8MI72 [L| 'TPIPGVEV/SATATFRG .|T WF|DVIAAS . .[DPG . .G
J7J7X3 L 'TP[VD|AQVISATRASIFIRG . |R| VFDVIVVIH . .D[PK . . -G
G2LGZ5 TPVGATVTATATYLG.N| RFRVEAF . .DPA . G
D8NFT6 V| 'TPIIGVEV/TAERARYVG .|Q| [FIEV|SAR . .DRG . . .G
ABET68 |I| TILEGD TAIIS|ITATFVG .M KF|E|IE . .p|sG. .G
D5VOF7 (1| 'TILISGD VA I|S|ITRATFEG . M KF|SLEV]V. .DSG . .G
R5PI9PO V| 'T|PVGD KVINCIKAKVITE . |T. RFE[IEAE . .DEK. . .G
R8VSUO TPAGMKVHFETELVE .|T TFKVAAY . .DEA . G
R7BPJ2 [T S|PVGAHIRCIE|STILTE .V . TIFIEVIKA[Y . .DNA . . .G
R6KH82 [I| TPIGMEVIAKTELIE.V FKVEEAF . .DER . G
R6GT38 V| TFVGSKVTCETELIE.V FISVKVY..DET. . .E.
J4TCP2 V| TPLGMKVEIIKISDLIK .V TFKVERAY . .DEK . .G.
H1LX05 |T 'TPVGMKV| LK .|T TFKVERAY . .DEK . .G.
R6P4I1 [T T|P[VGMKV T IA.|T TIFK|V|TAE . .[DEV . . -G.
U2PAA7 (1| TPIGMTVRCETELTE .V VIFIKVIAAlY . .DEA . G
F7V6W4 |I| 'TP[VGMQV|TCE[TELVE .[V| FQVKVIT . .DEA. . -G.
R5BBK6 V| TP VG LKVWCESEVIVD . I FIKVARlY . .DEK . .G.
R6E7S6 S|PVGMT|VITICKTELVD .|T F|HVIEC|Y . .DTA . .G
R5SHR8 V| S|PVGME|ITICE[TELTE . V| FITVKA[Y . .DTK. . .G
R6DLF5 S|PIIGMK|IRICIE[SELVE .V TFKVEAY . .DET . G
W7Uz64 V| 'TPIKNMKV|ICAERAELLE .[V| IF|SVKAlY . .[DEA . . .G
E8SRIWO |I| TPIVGMKV|TICIE[STLVE .[V| VFELLAY . .DEK . -G
R5RJIN6 || SPVGMKVIEECDITELIE . [V. FKVIER| .DEK. .G
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S[PIIGMK|ITICDS|ELTA . (I|. VIEAY . .DSK . G
TPIGVEVTCRAELTE .V VITAQ . .DSQ. . .G
TPIGMEVTCECELVE .|(I|. VIRC]Y . .DEL . E
TPLGMKVRCEICELIE.V. VDVY . .[DEQ. . -E
S|PIIGIKV TE.|V| VIARlY . .DEK . .G
TPIGMEVSICK[SELVK .V VIEV]V..DEQ. .G
'T|P|V G]MKV[W|C|K TQ .V VEAY..DET. . .G
TPICGMKVIRICE[T|ELVE . V| ATVE . .DEM . G
T|PVGMKVWCES|LLTG . V| ITVIF . .D|GA. . .G
T|PVGMK|I|W|C|E|T|VILKE . V. LITV]Y . .DET . .G
'T|P|IGMK|[VR|ICIE|SLILKE . V. VNVY..DEK. .G
SAIGKTVMCEATLIE .M V|VIC|S . .[PDEN. . .G
TPVGMNVRC|IISKLVE . V| VIOAF . . DDA . G
T|PVGMK|[V|WICIE[S|RLV O . A AEVF . .DES . . .G
T|P|L GIM T|V[X|C|E|T|E[L/ T E . Al AEVY. .DES. G.
TPVGMTVEK|CETELTG.|T ANVY . .DET . .G
T|PVGMT|V|T|CE|S|ELVA . V. VALH . .DEK. . -G.
T PVGMKVR|ICETELVEK .V . VIEV)Y..DEC. D
'T/PILGM T|I|T|C[E[S|ELVE . (I| VISAK . .DEK. . .G
TPVGMTV|TICESELIOQ.WV RLTAR. .DAA . G
‘TPLGMKV| IE.[I EVIKAF . .DEC. . .G
TPLGMKVWAETELVE . V| DVIKAlY . .[DEC . -G
TP MGMKV|T|C|E[T|VILKE . V] EVKAY . .DET .G
S|PIVGMKV|TICIN[T|TLVE .[V]. VEVE..DET. . -G
TPVGMEV TCETKLVE . V. EVIKAY . .[DAA . G
'TPTGMRV|YCE|STILTE . V| VISAY . .DEC. . .G
'T|P L GIM T|V[W|C|E|T|E[L|VE .[V] DIVIARAY . .[DAK . .G
TPLGMKVWCESELTE .V HV|TIC|Y . .[DEA . .G
TIPAGM I[VIW/CE[SELKE . V| HVERAF . .DES. . -G
TPVGMQVWCESELVE .V KVEAF . .DAK . G
TPVGMEV/TRAVAELVE . V. RVIEAR . .DQV. . -E
S|PIGE T|IT TAKATLKE . |I. DIVITAIS . .DSK . G
TPIDMTVTAHAELVE .V KVITAV. .DDA. . .G
TIPVGMKVWAERATVTA .V TVKAQ . .DAC . .G
‘TPVGMHV|T ELVE .V RVITAE . .DDA . G
'TIPVGMOQV] TA .V AV|ITAY . .DET. . .G
TIPVGLEV TA.V AVRAF . .DEA . G
‘TPIPGMEAHAVAEVTE .[V|. HVVAY . .DRC. . .G
TPVGLTVTATAEITG.V . HVITAE . .DGV . .G
'T|P[P GM TLEG .|V RVIEAY . .[DDR . .E
TP|SGMKVKAEAYLEK . V| KVEAY . .DES. . .G
SPVGALVEAKAKLIS .V LIVEAF . .DEQ . G
S|AVGD TVISAITAVILKE . [V| EVRAQ . .DSK. . .G
S|GLGAE|ITATAVLAE .V NVIGAR . .DAE .G
SALGASVEATAELTE .[V|. RVISAH . .[EGD . -K
TPVGAEVKAEATLTK.V. TIVIKAM . .|QGD . . . T
TPVGMKVEAVAELVE .V EVITAR . .DAM. E
T|P|VGD KVK[VINAVILKE . V| EV|ITAH. .D|SN. . LN
T|P[P GLAV/SATATLLA .V A[IEAR. .DAT. E
TPLGAKVYAEAELIE .|T VVAF . .DEM. . -G.
S|PLGIE| IE.V KVEAA . .DAA . .G.
TPVGMTIVRCERAELTE . V. K| AY..DEA. E.
TPVGMEV IARSELIR.I. KVEAY . .DEK. . .D.
TPPGMKVRATAVLER .V RVIEAF . .[DDR . E
TPVGQNVRAVATLHE . [T OVIEAY . .DER. . -Q
TPLGLGVKAKAELME .|T RVEAF . .DES . -G
'TPVGMRVVARATLTE .|I RVEAT..DET .G
TP[VGMKV I0.T VEAR..DET. . .G
TPVGMEV VE . V. EVISAW. .DEA . G
'TP|IIGMENV VE.[I. RVEAR. .DEQ. . -E
T|ALD|D V[V|TA[TATLDK . |T IVEAK . .DTH. .K
TPLGATVTAKATVSA .V D|IIEAS . .[DGV . .G
TPIVGMKVWAVAEITG .|T KIIEAY . .DEK. . .E
TPIGMKVWAEAVLVE .V E|IDAY . .[DEV . E
TPILGMKVWAVAELLE . |I| KLEAF . .[DEK. . -E
TTIGVKITATAELIE.|T TIVEAS . .DEA . G.
TPLGAKVSATAELIE .|I VEVY..DEV. . .G
TPLGANVFAIAELVE . V| TVEAF . . DDA . .G.
TPIGALVKATAELME .|I NVIEAF . .DEA . G
TPLGAKVFATAELLE . |I| OVIEAIC . .DEA. . .G
TLLGEKIIATAKLIA.V KVIGAIC . .[DDH . G
'T| KKVITAKATLTA .V E[ITAA. .DED. . -K
TPKGMKVKAVAQLIA.|T KVIEAlY . .[DISF . -E
TIPVGMKVRADAELIE.|I KVIRAF . .[DEN . -E
TPIGMKVKAVAELIS . I KVEAF . .DAK. . .E
TPIGMNVAARAELIE .|T VEAF . .DGK. D
'T|P|C GMKV|RF|V[TELTA .[V| NVIARAY . .DEA. . .G
'TIPICGMKVIRFIERKLTA . V| TIVIAAlY . .[DEA . .G
'TP[KGMKV|TFDAELLE .| HVIEAH . .DEC . .G
TP[EGMKVF|IHTELVE . |I TVEAR..DEH. . .G
TPVGMRVKAEICEL. . .V EVRAF . .DET . G
S|PILGATVRATATL. . .[Lf AV|TRE . .DDF . . .G
T PVGMKV ITG .V KVIRAW . .DEK . G
'TP|IGMK ITA .V AVKAW. .DES . . .S
'TPITGMKWV ITG.[V| KV/[SAW . .DER . -G
TPVGMTVRATATVITG .V RVIEAS . .[DDW . .G
T|PIVGMKV/TATAEVTG .|I| KVITAH. .DAD. . .G
S[PVG|S T|I|T|C|E(C|E . NVIIAH . .DDF . G
SPIGCEVSCEVTLT . .|. AVEVK. .DPA. . .G
'TIPVGCQV|TICIQCHLT . .|. QAEIM . .[DNK . .G
'TPVG|G T|T|K[C/E|C[SILT . .|. HVIEV|T . .DNK . .G
TPIGVTVKAVATIT. .|. QVIQAF . .[EED. . .G
TAVGKKVMCKATIWV . E|IIEAT. .DEK. G
TAIGGOISICIOATIT. .|. EIEAW. .DEK. . .G
TPVGMKVITICITATIT. .[.AVERKKISF|SIVAK..DEK. .D
'TPAGMTVITAEVEIT . .[.AVDRKKV|SF/HITAR. .DER. .D
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H1BNL1l |T| TPAGMKVRI[SAETII . S[I]TAQ . .DEK . D. IIGK| v
AlHRR7 V| TPVGMTVRATAELV . AV|SAY . .DDR. . .E.KV Y|T
FTNH57 1| TPVGMSVRAVATLT . AVEAY. .DDL. E.KVGOGOHERY|T
M1E923 [I| TPVGMEK| LI. EVILAR. .DEV. . .E.QVARGTHERF|T
C6QOE0 V| S|P|TGMK|I|RIC|E v . NVERAW. .DEK . .G.KIGEGNHIRYI
TON2A7 |T 'T|PVG|S KVIRICERAVVD . SVIOV[W . .[DGK . .G.LIGEGTHIRY|T
I7K9K8 V| TPIGMKVKAIAELV . KVERAY . .DEM. . . E.K[IME|GTHERFI
R7RUE8 [I| TPIIGMKV IV . KVEAF . .DEV . E.KIGEGIHERY|T
N1zJT1 (I TP[VGMKVIRV ELT . KVEKAY . .DETI. . . D .K[IGS|GIHK T
A6TLR1 V| TPVGMKAYAEAKLI . E|ITAR . .DEE . E.KVGEGTHERY|T
R4AKGW9 'TP[VGGVIVRAOSRLL . EVIQAIS . .DDT . . R.VVGRGTHQRF I
J6UGE6 V]| 'T|P[VGMRV T . RVEAR . .DAV. . .E.TIGAGTHVRVV
RIMCNO TPLGMOVTAAATIT . EVISAR. .DAC G.EIGRGTHTREWV
BOPBF1 |I| 'TP|CGMA|Y|T T . EVWAE . .DET. . .G.EIGF HTRVV
R7MJIM6 |I| 'T|P[E S|MK[V|T T. KVIEAIF . .[DES . G . KIGE|GLHKRF|I
R7H2Y6 (I TPOGMT T. AVITAY. .DEA. .G.OQIGTGTHKRF|L
R5VLBO |L| TPEGMTVTATAETIT . AITAS..DEA. . . G . EVGH|C|THKRFL
D1PPO5 |L| 'T|P|I GMV|V|RIC|D[CIELT . TARVY . .DDV. S .EVAHATHERYT
C3J9P1 V| TAIIGOT TILT . DIIRAE . .D[SQ. . .G .E[IGHGTLERFI
GI9YHC1 |T TPVGMTVKAKAVLI . K|I|E|G|Y . .[DDA . G . SVGEAVHERF|T
E22ZCX0 || ‘TP[VGMDV/ITAKAVLT . K[I]TAC. .DAA. . .G.PVGEGIHERF|I
R7MZQ7 V| TPIGLTVTAKATLV . KIERAH..DEA. . G.LVGEATHDRF|T
U7UR89 TPIIGLTVTAKATLT . KVEAF . .DTA. .G .AVGEAVHERFI
FIMNK7 V| TPILGMKV/ITAKRATWVV . KIERAF . .DEA. . .G.LIGT| I
D3LTB7 SPVGMTVRAEATLT . TIIEAF . .DDA . G.LIGTATHERF|T
T1CHV2 |I SKLGAEITATATVT . DVERW. .DPD. . .G . LIGKGTHERFV
FI9N406 |T| SPLGAT|ITAMATVV . EVIVAK . .[EGE . . K.V IGRGTHERF|T
J5AQJ6 |T PM TIITATATVT . AIEAS . .DGV. .G.VIGK v
K9D8BY [I| S|AVGAQT T. KVATY . .[EGD. . . I.CIGKGTHERFV
R6UAG6 |T TASGAEVYATAELT . AVIEAY . .DNA . G . LIIAK|GTHQRF|S
G4Q7C4 |1 TAVGROVITAKRAVLV . KLTAS . .[DEH. . .G.IIGQ L
D2RNA4 L} TAVGKTVTAKAVLV . .|.GVDGRKLTFKITVS..DNY . G.TIGQGTHERFL
EONZB5 [I| ‘TPVGLDVRAVAEVT. .|.AVDGRAV|TLKVITAY . .DTR. . .E.EIGAGTHTRFA
F5RQF3 I TPITGLTVRAIAEVT. .|. TVDGRAIS|LKVITAY..DER. . E.EIGS|GTHTRFA
E4ALMBl (I TPVGLSVRAVAEVT. .|.AVDERKIN[LKVTAY..DAR. E.EIG THEREFRA
CI9LW87 I TALGR S|VH TFAVKAF . .DEA. . .G .E[IGE|GLHERVIL
IOGTL3 T|IPVGMKV TF TVRAF . .DDA . E.EIG THERFRA
V2XUL5 V| TPVGMOVTATATL WED|I[EV/H . .DEK. . .G.KCGEGSHLRI

F4X9G0 (] TPVGMKVSATARL WEFDLEVE . .DEK . . G.K[CGE[G LRT

R5G526 (C| TPVGMKVTATAKL WEDIEVN..DEK. . G .K|CGE|G/SHLRV|T
F2NH42 L) T|PILGMEVRV|V|T|E|L TFKLEAF . .DEK. . . E.KIGERTHERFI
AOLL45 I T|PLGME[VRVIRIT|E TFRLEAF . .DEA . E.KIGEATHERF|I
C3X5Q5 |L| T|PVGAKV|S|I|HAVL TFEISAF..DES. . .G.IIAE HKRIT
C2MAU3 |T| TIPIGE T|T TV|ITAQL TFATIEAT. .DQT . G.VVAQATHERF|T
R2S8F8 [I| PVGATVT L [F|S[F|TV]Y . .[EGE . .K.LVGK I
S1IMVB3 |L| 'T|PVG|L Q[VIT|C|H|T|N| F|SFIEVY . .[DEV . . .D.LIAKGTHERF|T
H6LHKS |L| S|SVGMK|IRIKATL FD[IDAW . .D|GL . E.KIGEATIHOQRF|I
E6MGL5 |Lj T|PVGMKVRVIKVHLDA . |I| [F|SIIEAY . .[DTA. . - QIAGGTHTRET
E3GGD1 L TIPVGMKVRIKVVLSN.|T F|TVIERAW. .DTV . . KIGEGTHOQRFWV
R5KLD7 V| S|K|TGE TITARAEIRE .[V| F|SVIEAT . .[NEK . . . RIGGGT|IERFA
R5XE94 V| S|GVS|E IVITAFRAKITA . A FISVIYAE . .NES . - VILGK|GV|I|[ERF

R6JOVY I SAIGEVIITAKATILTE .[V|. FHV|ITAR . .[NDK . LVG TVERFWV
R7BG85 |I| S|SMGT TVISAVAKLEE .[V|. [FISV|SAK . .[D]ND . . . VIIGK[GT|IERF

Wivéevs L S|LVGMTLTACAEITA . |H FITVITVR. .DET . . VVAEGTHTRV|L
H1D2D9 [L ‘T|LIPGHV|ITV|ITRATVTE .[V| HITAA..DEN. . . DIIGE[ADHDRF|L
R7CTJ9 |L| TILPGD TV TATAVVITG .V [F|T|IRAE . .[DSA . . G.EVGTADHTRF|T
R6A5L1 |L| TLVGS T TVITV . V| LHLTIAY..DEA. .G.EIGEAEHIRF

F4GJIM3 [T TPEGMDV TI[TATV|TG . T F|AVEAR . .[DAC. . - G.QVG| HTRF|I
R6PY32 [F| TPVGMKVRVVITELTE .V . FAVIKAY . .DEV . D .KICE|GTHGRAL
E4KRB3 |[C S|AIIGS SITIVIKARLIK .[E|. FELERAF . .DGE. . . N.MIAK HOR[A|T
K8E3X9 L SRIISEE|IQCERAELIE . Q| F|TLKAL . .|AGE . . S.ITAEGTHQRAIL
R2VCM1 T|SVGEE|IRIERTLME . V| F|SIIKAY . .DNK . -Q.LIGEATHORVV
R2PBH5 |L| TIAVGS TVKVDAEILE .V Y/S|I|KAF . .DDD . . . Q. VIGEAVHQRV|T
R2R932 |L| TAIGADVKVEAETER . |T [F|LIKAF . .|VDE . Q.LVGEATHOQRV|T
SORW90 [L| S|TVGAE[VK LE .[N| [F|S|IKAF . .D|GK . . . Q. LIGEADHQRVII
R6GEG5 [T T|PVG|T V|I|K|F|E|S|E[LVK . |Ti FEIKAL . .DPF . G . VMGAGIHERTI
R5ZKL6 |T| SALGATISITAKMTE . V| YDVEAY . .DGK. . . T.CIIGKGKHARF|I
U2R6S0 V| S|PILGATIEIHATLLK .|Q| FEV|QRAF . .QNG . . K. S[IGK|GQHERFT
B7CCX0 SPLGQT|ITIEAKMVH.WV YEVIQRAF . .|ODG . K. S|IGK| HSRE'WV
U2KTG5 |L| 'TIPITGMNV|T|ICEEICELIE . I| FINVEELW. .DEG . . . E . KVGKAVHERF|T
R5AKF1 TVVGKTARVIITTLYE .V FRILEAY . .DAA. G. LTI RC|L
K6U6J6 V| SRIIGANIECKATLVK.WV FEVIERAlY . .[DDN. . .G . IIGKGTHTRYI
W6N7S3 V| SPVGANIECKAVLTK.|I FIEVIEAR . .[DDK . . G.VIGKG IRF|T
G7M699 PVGANIECKATILTK .V FDVIEAS . .DDH . .G.TIGKGFHIRY|T
V8GlJ7 V| S|P|T GAN|IK[CK[S|TLITK . [V] FDV[ERAS . .pDQ. . .G . TIGKGSHIRF|I
D6BCUS [I| TILVGKTVKIISVLKE .| FDVEV|L . .[EDG . I.VVGTGTHTRE T
E3H9Z3 [T IN|L|VGD LILK|CERALILTK . I FINVKMT . .[Y|ND . . .E.IVGD|GEHIRY|I
C3WAL1l |T NLIGDELTCTATLDK.|T F|SVIKVIF . . |HGE LTLLV I
H1PQ22 |I| IN|LVGD K|I|K|C| LEK.|T F|SVKVY . .[HGD . . T.LVGE/GKHGRF|I
NOB8B7 V| TPLGENVTATATLK . FDV|IAN..DGI. . .E.QIG HTRVV
F8J518 TPIGYTVTATATVK . FDV[SAT. .DGT . D.RIG THTRIT
R5RY61 V| S|P|IIGAE|ITAKAEL FKVEAY . .DNK. . .G.LIGEGTHERATI
J1HAQ4 |T TVEGVT|ITHLTAKLI . F|IEVIERS . .DNV . G . LIIS|T|C|THERA|IS
B2v410 V| 'TAE GV QV|E F|SLKAF . .DNK . . .G.LIAT C
R7NT78 |I| S|PIGAK|IKVIEISK|L FIEV|ITAlY . .DNA . . G.MIANGTHNRV|S
R6NZJ4 [I| TPLGAE|ISATANVL FEV|SAS . .DAK . .G . I IAKGTHTRV|S
R5DLE4 || TPLGAEVTATAVL FIEVFAE . .[DKK. . - G.EIARGTHTR

B8J205 [I| TIPICGMKV IF|ITAEL FIKV|SAR . .DEV . G.LIGE|GL Vv
E2SKL5 |T| ‘TPAGMEVEAEVE(T FHITIAR..DAK. . .D.TIGTAQHDRF|T
COEF68 |T T|PEGMKVITAEVE|T F|ISVITRAR . .DEK . .D.LICKGTHEREWV
B5EG61 'TPAGMEV TRATV|TL EIERAR. .DEV . LELVIT v
WALKY3 V| T|PKGKNVITVRAEL FIKVIEAH . .DED. . . K.KVGE|GTHRRA|T
Q01Y99 [aplz @M TWTETAEV FRVEAR . .DEK . . KIGEGTHERAL
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FVViPPHK TVRH ESPEFAEF PEVF] RAMAPYLEPGEGSL[ETAICV
VVVISKENVAAT] . LNV AVADELPEGSTTV[EAMMNT
P S P -V, %=1 . LY KAIEPYFDEGENALEAGIEL
KLWVIKETD TRAE[Y| VIE L KFSLP[SNQDTV[EIEVNI
EIVTEELTAS|H| VE LISVIKP YLEEGQETV[ETKV|NV
EIVMTEDLTAS|H| VIFARNPMMIALMARTSRMSVKP YLEDGQETV[ETKV|DV
LIVINEMNTAEA| VIFARNPAMITLMAKTARL|ISVAPFLEDGQSTV[ET LVNV
ITV[TAND TRAE[A VLAJPAMIALMEK TARL|SVAP HLEEGQSTV[ET LVN I
ITVNENNTAE| VEFANPAMIALMEK TARL|SVAP YLEEGQSTV[ET LVNV
KVVINEMTRARN VF/AWP SMIALIWETAWK|SVIAQELEEGMGTV[EI S|LNV
TTVTENNTRAV|A| VIFARPAMIALIMETAWR|SV|VP YLEPGQATV[ETRLD I
IKVITKENTRAARA VIFARPAMIALIMOTAWK|SVIEP YLDEGQGTV[ETKLD I
TKVISDHQTAAY VEGEYPALVAFMIINTAMKMLIS . DLPTESTSV[EI SMNM
MTV|QLKD TAAV VF/AJNP AMVALMEINTAVKIC LE GELEKGSDTV[E I EIDV
ITV/QP KD TRAY| VF/ARWPAMVALMENTAVH|C LKGHLEEGQD TV[EI E[INV
IIVIGPKDTALRA VFARPAMYVGLMENTAIHCLEGMLEPDTDTV[EIEIHY
IIVIGPKDTALA| VIFARPAMVGLMANTAIHCLEGMLEPDTDTVEIEIHV
YIIEPKHSAAD VLARGWPALIAFMNAAMLILARNY TEEGSTTV[ETMITT
YL[IEPKHSRAAE| VLARWPALIAFMIINAAMLLARNY TEEGSTTV[ETMITT
VTLQDHHSAIH VF|GR{PAMIALMYKASVIQLVIAP HLEEGASTV[EI HLD V
TFVINEKNTRAA| VIE TILLSKHLSAEDTSV{EI ALNI
TFVINEKNT) VIF TILLSKHLSAEDTSV{E I ALNI
TKVICKENCRAS|L| VIFARSPAVVAYMHMAACYAVND LLEEGLSTV[ETKID I
IIVEPEHSALS VLARWPALIAFMIANVAMLITVRDVILSDEVTTV[EGMIEV
RIVEKSNLAVT) VILARNPALVAAMBNAAMLAVADALDP TDTTV[EGHIDM
STVITAENTAIA VLAWNPALVALMENAAMEAV/IEELDDEQTTV[EAHIDYV
VVVKPENLAVA VILARPAMVAEFMEINAA VIEDQLPEGNTTV[EAMIOS
VVVIKPENLAVA| VLARPAMVAFMIINAALSAVEDQLPEGSTTV[EAMIOQOT
VVVKPENLAVA VLARGPAMVAFMIINAALSAVEDQLPEGNTTV[EAMIOQT
VVVKPENLRAVA, VLARPAMVAFMINAALSAVEDQLPEGNTTV[EAMIOQT
TVVILPDNFALA VLARWPALVALMINAAMLAVAAELPEGATTV[EVKMDM
TVVLPDNFALA VLARPALVALMINAAMLAVAAELPEGATTV[GVKMDM
TVVQPDNEFAL[T) VLARPALVALMINAAMLAVAAELPEGATTV[GAKMDM
TTV|GADNTALA] VFARPAMVALMSEAAMYAVAADLPEGSTTV[EASMET
AEVTAANTATIA VEARPALVALMYNAAMNAVKSALPEGSTTV[EAMIOQOT
TIVINRNNTAIA VIFARNPALVALMPNAAKOQAVEN Y LPEGSTTV{EAQIOT
VKV|TQANTALA VFANPALVALMINAAMKAVIOPELPEGSTTV[EAFIET
VKVITQANTALA| VIE KAVIQPELPEGSTTV[EAFIET
TTVICKGNTALT) VIF NAVKPYLPEGSTTV[EAMIOQT
TTVCKGNTALT] VIF NAVKPYLPKDSTTV[EAMIOQT
VOVITPTNTALA 3 HAV|QPALPEGSTTV[EAMIOQOT
VQVINS TNTALA i NAVKP VLPEGSTTV[EAMIOT
TTWVITENNTRAAT) VIE LICVAPHLPEGSTTV[ESLIIHT
VTV|SEENIAAT VIE NAVVGELPEGATTVGAMMNT
VTIV|SEENIAAT VIF NAVIVGELPEGATTV[AMMNT
VVV|SKENVAAT) VEARPAMVALMYNAA AVADELPEGSTTV[EAMMNT
VVNV|SKENVAAT) VEARPAMVALMIYNAA AVADELPEGSTTV[EAMMNT
VVV|SKENVAAT] VFARPAMVALMENAAMNAVAGGLPEGS I TV[EAMMN T
VVVISKENVAAT] VFARPAMVALMINAAMNAVAGGLPEGSTTV[GAMMN T
VVVISKENVAAT| VAP AMVALMINAAMNAVAGGLPEGSTTV[GAMMN T
TTVTAANTALY] VFARP SMVALMSEAAMTAVAP ALPEGSTTV[EAEMN T
ATVAAGNTAA VIFARBNPAMVALMANAAMTAVAGELPEGATTV[EAEMNV
ATVAAGNTAA VIFARSPAMVALMPNAAMTAVAGELPEGATTV[ESEMNV
VTVDGGNVAAT] VFARPAMVALMENAAMKAVAD HLPEGSTTV[EAEMN V
TTVTNENTAA VIE T PAGSTTVGAEMNV
TTVINENTAA VIF T PAGSTTV[EAEMNV
TTVTAANTAAT) VFARP SMVALMSEAAMTAVAAALPEGSSTV[EAEMNY
LTVEENKHLATIQ VILARSP VMMALMANAAMLAVKEALDEGMTTV[EGH|ISS
LTVENKHLAIQ VILAP VMMALMBNAAMLAVKEALDEGMTTV[EGHI|S S
LTVENKHELAI|Q VAP VMMALMEINAAMLAVKEALDEGMTTV[EGHI|S S
LVVAREHTAVA| VILAP AMMALMEINAAMWAVVHALPEGSTTV[EGSMT S
LTVTEAYTAQRA| VLGl{PAMLALMENAAMLAVANELDEGQTTV[EGYLGA
LTVTDAQTAQV| VLAHPAMLALMBSNAAMLAVANELEEGQTTV[EGHI|S S
LTVITEAQTAQV| VILAPAMLALMPNAAMLAVANELEEGQTTV[EGH|ISS
LTV|SNAQSRATI|A VLARPAMLALMIYNAAMLAVADSLPEGTTTV[EGOIAS
LMVICNDNSRAI|T VLGlyPAMLALMENAAMLAVAEELDEGTTTV[EGHIES
LVVTDDVTAVK VLAJP AMMALMESNAAMLAVADALPEGSTTV[EGHIAS
LTVTEALTAKA] VILAJP AMMALMSNAAMLAVAPELPEGSTTV[EGHIES
LTVITEALTAKA VILARP AMMALMANAAMTAVAPELPEGSTTV[EGHIES
LIVINSKNTALS VLAWPAMLALMYNAAMLAVADELPEGSSTV[EGH|IEC
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P|L G|V R[VID|T|TAITV|T QCDGNRI|I[C|S|L[S|ARIAIGA . [TETARGTIQTIQVVLP SE|
PILGAKVYAEAELT E[IDNKKLT[F|SVVAFDEM . GEIGRGTHMRY I INPA
PIVG|L KW [C|E|S[EVVEIDRRRI|VFKVARYDEK . GLIGEGTHERFVIDVA
PIVG|L KW [C|E|[S|EVVD[IDRRRI|VFKVARAYDEK . GLIGEGTHERFVIDVA
PIVGMK|T|T|C|R|T|E[LX E[LDRRRLV|F|HVEC/SDEA . GIIGEGEHERFIIDEA
PV GMK|V|T|C[R|S|ELVDIIDRRRLVF|HVEC|TDEA . GLIGEGEHERF I IDE|A|
PV GMT|V|T|C|K|T|EL/V DIIDRRRLVF|HVE/C|YD|T A . GLIGEGDHERF I IDE|A|
PIVGMKVIR(C|E|T|E[LV KVDGRKLD|FKVEV|YDEC . DLIGKGTHSRF IVKND
P|LGM TVK|C|E|[T|E[L{I EADGRKLK[FKAEVYDES . GLIGIGTHERFIITAD
P|VGM TWVK|C|E|T|E[L{T GIDGRCLR[FEANVYDET . GLIGKGVHERFIISSD
PVGA TVIE(C|T/AIT/Z|T AT EGRK Y|S|[F|A/IKA TDASGDLIGEAMHERVIVNID
ATG|G O[T/ |C|ojAlT|T|T QVEGRK I|S|[FE|IEAWDEK . GKIGSARHDRFIIDPE
PIVG|D KVN|C|K[AK[V|T E[I EGRRI|RF|E|TEAEDEK . GQIGYAIHDRFIIDPV
AVGIK KVMC|[K/AIT|T|VE[IDGRRIRFE[IEATDEK . GTIGHAIHDRFIIYPE
AVGIK KVMC|K/AIT|T|VE[IDGRRI|R|IE[IERATDEK . GTIGHAIHDRFIIYPE
P|IGE T|T/ TV T/A/Q/L{S SITEGRKLT|FAIERATDOT . GVVAQATHERFIVSROQ
PITGE T|T/ TV T/A/QL(S SITEGRKLT|FAIEATDOA . GVVAQATHERF IVSROQ
AlIGoT T|LT EVDGRKL IF|D|IRAED|SQ .[GEIGHGT|LERF IVYRD)
KLG|AET/TAIT|AIT|V|T ATDGRKI|S|FDVEAWDPD . GLIGKGTHERFVVNRE
KLGAE[TTAIT|ATVIT ATDGRKI|S|FDVEAWDP D . GLIGKGTHERFVVNRE
P|IGE T|T|TAKAIT|LK EI DGRRLV[FDV TAISD/SK . GEIANGTHERF I IKV[D
PIIGAE KARLEKVDGIKLOF/HLEAF|QGE . KLIAEG|SHLRF IVNRO|
PILGE K|F|T/AlYAKVVRVEGKKIEY|SLIAED|GK . GVIGEGTHTRFVVNRE|
P[LGE T|VHATAVLTAVEGRKLTF/SVKAED|GH . GVIGEGTHVRYIVDRH
ALG|D TV|LV|T/AIT|L{L EVEGRKLT|F|SVVA 0.GKIGEGTHIRYVVDRN
ALGD TV/LV/T|AT|LLEVEGRKLTF|SVVASDSQ . GKIGEGTHIRYVVDRN
ALGD TV|LV TAT/LLEVEGRKLT|F|SVVASDSQ . GKIGEGTHIRYVVDRN
AILGD TV LV TAT/L{L EVEGRKL|T|F|SVVASDSQ . GKIGEGTHIRYVVDRN
GGGEEV|YAEATLVEVEGRKLTF|SLVARD|SV . DVIGEGTHIRYIVDRT
GGGEEV|YAEATLVEVEGRKLTF/SLVARD|SV . DVIGEGTHIRYIVDRT
GEGEE[VHAEATLVEVEGRKLTF/SLVARD[SA . DVIGEGTHIRYIVDRA|
AVGAV|IAAEAELVETEGRRLTFRVARAFDGE . ALIGEGTHVRYIVDRA
AVGE TVKATAVLOEVDGRKLT|F|SV/SAVD SO . GAVGEC|THVRYVVDRE
ALGE EWV TATAVLEEVEGRKLT|FRLKATDSQ . GIVGEGTHIRYIVDIC
ALGEEV|SAIT/AV|LE NVEGRKLAFKVITASDTK . GVVGEATHIRYIVDRE
ALGIE EVISAIT|AV|LE NVEGRKLAF|KV TRASDTK . GVVGEATHIRYIVDRE
GILGEE|I/S|ATALLEEAEGRKLTFKVSASDPK . GIIGEGIHIRYIVDRE,
GILGE V|I|S|ATAILEEEEGRKLTFKVSA K.GIIGEGIHIRYIVDRK|
GILGEEV/TATAELTEVEGRKLTFK ISASDRK . GLVGEGTHTIRYIVDRE,
GILN[EEVITATAELTEIEGRKLTFKVSA K .GLVGEGIHIRYIVDRE|
ALGJA SVEAT/AELT EVDGRKLT|FRVISAHEGD . KLIGEGTHVRFIVDRE
AMG|D TV|SAIT|AV|LK EVEGRKLT|FEVHAKD/SK . GVIGEGMHVRYIVDRE
2AMG|D TV|SAIT|AV|LK EVEGRKLT[FEVHAKDSK . GVIGEGMHVRYIVDRE
AVGD TV|SATAVLKEVEGRKLT|FEVRAQODSK . GVIGEGTHVRYIVDKE
AVGD TV|SATAVLKX EVEGRKLT|FEVRAQODSK . GVIGEGTHVRYIVDKE
AVG|D TV|SAIT|AV|LK EVEGRKLT[FEVRAQD/SK . GVIGEGTHVRYIVDKE
AVG|D TV|SAIT|AV|LK EVEGRKLT|FEVRAQD/SK . GMIGEGTHVRYIVDKE
AVGD TVISATAVLKEVEGRKLT|FEVRAQDSK . GVIGEGTHVRYIVDKE
GILGA S|VIT/AITAIILTEVDGRKLTFNVGARDAE . GLIGEGVHVRYVVDRA|
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ALGK T|T|TAT|AV|LT GTEGRKLT[FKVVAEDET .|GT IGEGEHLRF IVDRK
KT G|T L|T/A A T|AlL|LE KT EGRKLT|FRVERARQHG . TVIGEGVHVRF IVDRE
KLGA TVEAIT|AIT|LT KVD RRKLS[F[EVVAKENG . EVIGEGEHLRF IVDROQ
KV GAMVIEAIT|AIT|LIT KT DRRKLF|F[EVVAKOQDG . EVIGEGEHLRFVVDKOQ
K[VGAMVIE|T|TAT|LT KVD RRKLF|F|HV[VARIOD G . EVIGEGDHLRFVVDKQ
AIGA IVEAEAV|LE KVD GRKLH[F|RI TVIRQGD . KLIGEGTHLRF IVDRE
K|IGAEVEATATVTRIDGKKLYF/SVVARE|GT .[TVIGEGTHLRFIVDRE|
KVGD TV TATAEVVKVDGKKIEFKV/SAYQGD . VLIGEGSHLRFVVDRE
PLGA EVKAEAT|LT KVD GRKLY|[F|TVKAMOGD . VVIGEGTHLRF IVDRE
PVGAEVKAERTLTKVDGRKLY|F|TVKAMOGD . TIIGEGTHLRFIVDRE
GMGEEVEATATLNKVEGRKLYF|HVITAKIQGD .[ITVIGEGEHLRF I IDRE|
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U2BG97 [VG|...... SGLLPVFATP TALMPENARAVDATIQA . S|L[. . E .[EGQG|T . DV
G9YX66 VG...... SGLLPVFATPOMIALMANAAVDATQA. SL. . E.EGQGT . DV
HIC7K7 [VG|...... SGLLPVFATPOMIALMANAAVDATQA . S E.[EGQG|T . DV
D4JRV3 MG|. ..... SGSILKVFATP| IALIPKARICKALEG. QL E.DGQTT . DV
R6RPT5 MG|...... SGSLKVFATPAMIALIRKARACKALEG. QL. .E.DGQT[T . DT
F7K912 [LG[...... SGRLICVILATPALAGLVIART|ICIWE SVEP . LL|. . E . EGET[T - AT|
R6QC10 MG...... SGTLDVIFATPALVALAWKTICWMSVAE . A D .[EGCG|T . EL|
E2ZHD1 MG|. ... .. SGTLEVFATPALVALAKTICWMSVIAD . A G.[EGNG|S . EL|
R7C7Z2 MR[...... SGTLDVFATPAMIALMAKTAWTSVAP . YL. .E.PGEG|T . DI
R6IH13 [VG...... SG|SLDVFATP/CMVGLMYOARQMSVAP . YL,. . G . EGEG[T BT
R5CSLO [VG|. ..... SGELEVFATP IALMROARASSVAG. EL E.[EGQG|T - NV
I5AU99 MG|. ..... SGELMVLATP IAMIPEARAWKS|ISA . E| E.[EGQGS . DV
R6BVQ8 MK|. ..... SGTLAVFATP IALIPETAWKSVAD . E E.EGCVT . NV
G2T231 MG|. ..... SGTLPVFATP IALMPNTAYKSVIAD . E| E.EGAG[T . NV
R5Q2H0 MG|. . .... SGLLPVYATPAMVALMANGARASESVAP .Y E.EGTTT NI
D7GQ38 MG|...... SGTILDVFATPAMTALMIK TAWMSVAD . QL) D .[EGICG|T . NV
R5FXP5 MG|...... SGTLDVFATPAMTALMK TRAWMSVAD . QL D .[EGCG|T - NV
R6RV13 MG|...... SGTLDVFATP IALMAK TAWK SVIAP . Y| E .[EGCG|T - NV
R6ZN81 MG...... SGLLPVFATPAMVALMAOTISWKSVAP . Y| N.EGEGT . N[T|
D6DGHO [VG|. ... .. SGLLPVFATPAMVALMAQTISWKSVAP . Y| N.EGEGT . T|T|
R5M2P2 VG|. ..... SGLLPVFATPAMVALMJOT|SWKSVAP . YT, N.EGEGT LTI
DACH55 [VG|...... SGLLPVFATPAMVALMO T|SWKSVIAP . YI,. . N . EGEG[T LTI
DAMPY0 [VG|...... SGLLPVFATPAMVALMEOT|SIWK SVAP . YL, . N .[EGEG[T .- T|T|
R7B681 [VG|...... SGLLPVFATPAMVALMAK TAWMSVAP . YL N.DGEG|T . E[T|
G5FFC4 [LG|...... SGLLEVIFATPAMVALMAK TAWMSVAP . Y| N.DGEG|T . N[T|
U2D4S0 [LG[. ... .. SGLLEVFATPAMVALMNAK TAWMSVAP . Y| N.DGEG|T . N|T|
R8VSUO [VG|...... SGLVAVYATPMMIAGI[GTRARESVAP . YL .EGRT[T . NV
B8I4CO MG|...... SGNLDVFATPAMIALMKARISMAVOP . Y|I| G.[ES|S S|T - DV
U4R6H3 MG|...... SGSLDVIFATPAMIALMAKAASLAVON . YT D.[ED|S S|T - N[T|
H2JF67 MG. ..... SGSLDVIFATP IALMAKARASMAVION . YT D.[ED|S S|T . N[T|
L1Q3R4 [LR...... SGELKVYATPAMVALMMNEARAYKS|IQD . E E.EGKGS . N[T|
R6KH82 [LR[...... SGTLNVYATPAMVALMIEARAYKS|IES . E E.EGQGS NI
R6FUY0 [LR[...... SGTILNV|YATPAMVALMJE ARYKS[IES . EL) E.[EGQG|S NI
N2BI76 [LG...... SGLILDV|YATPAMIALMJE TICMK SV|QE . E[L, D .[EGCG|T . T|T|
E6LON3 [IG[...... SGLLEVFATPVMIALMOE S|SFMS[VNE . R| D.[EGF T|T . D[T|
HILX05 [IG...... SGLLEVFATPVMIALMAE SAFMSVNE . T D.EGFTT . D[T|
W2VGZ8 [IG...... SGSILEVF[STPMMILLMAE SICEFMSV|ND . T E.EGFTT NV
KO0XJJg2 [IG...... SGSLEVFISTPMMILLMAE S|CFMS[VND . T E.EGFTT . NV
J4TCP2 [IG|...... SG|SILEVF|STP|IMILLMJEC|C[FMSVDD . KL E.[EGF T|T . NV
F3B6CO [IG[...... SGSILEVF|STPVMILLMSES|CIFMSV|SD . KL D.[EGF T|T . DV
R5RIN6 MG|. ..... SGVMDVFATP LALMYNTAYKSVLP .Y N.EGCGT . D[T|
R6LSC1 MG|. ..... SGVMDVFATP LALMKTAFTSVAE .Y N.EGCGS . D[T|
R6VIHO MG|...... SGVMDVFATP LALMAKTAFMSVAD . K N.EGCG[T . E[I|
R7JYS9 MG|...... SGVMDVFATPAMLALMYK TRAFMSVAE . HL N.EG|CGT BT
F7V6W4 [VG...... SGVILEVYGTP[VMIALI[JK TRICDSVAP . YL, E.[EGSGT - T|T|
U2PAA7 VG|...... SGVLEVFGTPCMLALMK TAISE SVAP . Y| E.[EGCGS . T|T|
R5TLI5 [VG[...... SGVILEVFGTP LALMAKTASESVAP .Y E.[EG[CGS . T|T|
R6P4I1 [VG[...... SGGLSVIYATPAMI SLMHK SAYESVIQS . L E.EGSGT . N[T|
COCNB6 MG. . ... . SGTLDVFATPAMIALMAL TAWKSVAP .Y E.EGNGT . DI
R6DLF5 MG|...... SGELMV|YATP| IALMKTA[YTSVAS . EL E .[EGMG|T . NV
R5SHR8 MG|. ..... SGELAVYATPAMIALMYE TAYKSV|TA . EL E.DGMG|T . NV
R52ZA51 MG|...... SGALDVFATP IALMAKTAWE SVIQP . Y| E.[EGSG|T - NV
C4z997 MG. ..... SGTMDVFATP IALMPINTAFESVIAP . E| E.EGSGT . DIT|
E4Q5E0 [FQ[. ..... SGLILDVFATP IALMPMKTALLCVIES.YL. .E.EGYTT . DV
DI9TGD2 [FQ...... SGLLDVFATP IALMPMKAALLCVIES . YL. .E.EGYTT .DV|
BO9MM60 [FQ. ..... SGFLDVFATP IALMPNARLLCVEN . YL E.EGYT|T . DV|
E4SE45 [FQ...... SGLLDVEFATP IALMYKARLLCVEN . YL E.EGYTT . DV
G2PV1l [FQl...... SGLLDVFATP IALMIYKARLLCVEN. YL. . E.[EGYT|T . DIT|
E4S8L3 [FQ[...... SGLLDVFATP IALMIHKARLLCVEN. YL. . E.[EGYT|T . D[T|
E4QCS6 [FQ...... SGLLDVFATP IALMAKAALLCVEN. Y, E.EGYTT . DIT|
BOTBPO [YG|...... SGGVEVIYATPAMIGLMAG L VDP . LL P .EGMAT . AV
D5X9M4 [YG|...... SGGVEVFATPAMIALMYNARLNSVEK . FL. .P .PGHTT . QIS|
F6DMUl [YG|...... S ATPAMIGLMAKAALELADS . YL. .P . EGQTT - N[T|
A4J0S5 [YG[...... SG ATPAMIGLMAYKAALELADO. Y P.EGET|T . N[T|
K8DZX3 [YG[...... SG ATPAMIGLMAYKAALELADOQ.C P.AGQTT . NV
F6B4J8 [YG[...... S ATPAMIGLMIKAALELADQ.YL. .P.EGQTT . NV
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AS5D1P6 [HG|...... S ATPAMIGLMEKARLSSVIDP . LL|. . E.[AGL T[T V. DV
F6CP13 [YG[...... SG ATPAMIGLMKARALSSVDP . LL. . E.PGQI|T V. DV
R7AYY7 [IG[...... SAGIS|OT|LIS TPNMVALMRAARLELAKS . YL, . E.EGOQT[T I|. H[C|
D7GRB2 [IG|...... SAGISKILISTPNMVALMADAALELAKS . YL . .E.EGQTT I|. H[C|
R5G526 [IG[...... SAGISKILISTPNMVALMADAALELAKS . YL . .E.EGQTT I|. H[C|
R7NT78 [VG[...... SGSLRVILATPTVVALMAEASTKLADT .FL. .D.EGLTT V. ET|
R7AWH4 MK|...... SG|SLDVLATPOMIAWMEARICLC|.|. L.EL. .E.EGKTS M. NV
R5RY61 [LG...... SGGLD[I[FATPFLICWMYAARYYYMKE . QL. . P .EGKS|S V]. NV
AlHRR7 [FG[...... N AAVFATPMLVALMAOARATAAVIAG.CL. .A.PGEGT [V|. DV
F7NH57 [FG[...... NAGAPVYATPMLAALMIHOAAIAAVSQ.AL. .Q.PGQG|T L . D|T|
HI1HSX5 VG...... SGTVHVLATPMMIANMAY TISAASVEE . LL. .G.EGKTT V. DV
I7K9K8 [YL|...... INGF|IDVLISTP|SLIGFLIYJCARKNAVDL . HL(. . P .|[TGY S|T V. DV
R7RUE8 [YA[...... SG|GVDV|Y|S TP]AMIGLMC ARKECLDE . FL,. . D .[EG|Y ST L. N|T|
N1zJT1l [FG...... SGTVITVLATPKMIAWMGV[SLNAV|LP . FIL,. . P .|[KG|YD[T V. ET
R7B8BO [FG[...... ND|KVIPVFASPKLLSWIPGTAIGTVAP.FL..P.DGWET El. D[]
R6PY32 [FG...... NDKVPVFASPKLLSWIGTAIGTVAP.FL..P.DGWE|T [F|. DIF|
R5AF40 [FG...... NDKVPVFASPRLISWIGTAIGTIVAP.FL..P.EGWE|T IF|. DL
M1E923 [YG...... SGLVINV|L|STPRIIVSLLIJGARVEAIKN.NL. .A.[SGETS I. NI|
R4KGW9 [YG. ... .. SGD|I|SVFATPAMIGLMYKARLSSVDP . LL. .P .EGYTT V. DV
A6TLR1 [FG[...... SGGVEVILATPMMIGLM2ARARALTAVDP . HL. . P .DGF AT L . N[V|
F4A004 [FG[...... SGA[I|SVIFATP TIALMIHKARALSAVDL . HL(. . P .|[KGYA|T Ij. EV|
G8M073 MG. ..... SGDLDVIYATPAMICLMARSASSAV|SL . HL. . P .[KGYTT Ij. NV
A3DHM5 [YG|...... SGNMDVIYATPAMIGLMNRAALSAVAL.HL. .P.KGYTT V|. N[T|
W4V2Q9 [YG. ... .. SGDMDV|YATPAMIGLMYRARALSAV|SL . HL. . P .[KGY T[T V. NI
H6LHKS5 MG|...... SGGAEVLATPRLVAWMINVAFEGVEA . AQ. . Q. [PGNTT Ij. EL|
E6MGL5 [VG|...... SGGLDVILATPALAAWIPINAAYEMADL . WL . . P . EEETT I|. NI
E3GGD1 MG|...... SGGLEVLATPILVAWARINAAYEMAEL.CL. .P.DEQTT I|. NI
R7K521 [LG[...... SGLLPVLISTPAMIAFMAGVICQHSVIQP . YL . . S . EGYG[T L. N[V|
RS5AKF1 [LG...... SGDLPVILATPALIAFFAINAAKDSVAS . ML. .P . [GSATT Ij. SV
B2A5z4 [FG...... SG|SVDVLATPAMIAFMYEARLKLVDS . QL. .D.EDRAT V]. NV
TON2A7 |YG|...... AT|GII/EVYATPAMIALMEN TAKSAVDL . HL|. . S .|YGY T|T V. CT|
AOPXM9 VG|...... SGLVDVEFATP TALMENTISQASVIKD . S|L(. . P .[EGYA|T Ij. sV
C6QOE0 [LG|...... SGN|IDVF|STP IALMPINTISKSCVIDL . HL/. .P .[FGYT[T V]. NV
A5N4K6 [LG...... SGNLDVIFATP IALMPINTISKNSVDL . HL/. .P .[TGYT[T I|. NI
U2D856 ([YG...... SGSLEVFATPAMIAIMANAALKAVQS.EL. .P . EDFTT V. sV
K6U6J6 [IG...... SGDLEVYATPAMIALMYNARKSLV[VN . E[I. . P .NE[F TT I.NV|
W6N7S3 MG|. ..... SGDLEVYATP IALMPNARKSS[VAK . DI. . P .[EDCTT M. NV
G7M699 MG. .. ... SGDLEVYATP IALMPNARAKDIRASP . EL. . P .[AGF T|T M. NV
A6LWA7 MG|...... SGDLEVYATP IALMNVISKSLV|IIE . EL. . P .|SGYT|T M. sV
V8GlJ7 MG|. ..... SGDLEVYATP IALMPINVISKSLV|IIE.EL. .P.[SGYTT M. sV
USMUT7 MG|. ..... SGDLDV|YATP| IALMPINVAKSLVIE. Q. . P .QNY T/T Ij. NV
S1IMVB3 VE[...... SGELAVFATPSLLALVAK TAWQS[IAS . CL. . S . AEQT[T Ij. VL
R6BIU7 MIL[...... SGLLPVYATPSILIAFMEY TICISETVRP . FL|. . D .[AGMS[T V]. N[T|
R5GAX2 [LG[...... SGSLLVYGTP LLLVIYKTAVALLDG . HL. .D.EGMTT L. N[V|
R6G283 [LG[...... SGSLLVYGTP LLLVIYKTAVALLDG.HL. .D.EGMTT L. N[V|
R6QH26 [G|. ... .. SGSLPVYATPAMTLLV|ARAAVKLLEG .KL. .D.EGMTT L. N|T|
BOMBZ2 [iG|...... SG|SLPVYATPAMTLLV|JRARVKLLEG .KL. .D.EGMTT L. N|T|
E5VQV8 [iGl...... SG|SILPVYATPAMT LLV|JRARVKLLEG . KL. .D . EGMT[T L. N|T|
DAMVS3 [WG|. ... .. SGSLPVYATPAMISLIHSAVDLLAG.KL. .D.EGQTT L . N|T|
BONZW1 [WG[...... SGSLPVYATPAMISLIIIHSAVDLLAG.KL..D.EGQTT L . N|T|
E5VM16 [iG...... SGSLPVYATPAMISLIPOSAVNLLAG.KL. .E.EGQTT L . N|T|
L1PTMO [WG...... SGSLPVYATPAMISLIPMOSAVNLLAG.KL. .E.EGQTT L. N|T|
RS5YWL8 [G|...... SG|SILPV[YATPAMISLI|OSAVNLLAG.KL. .D.EGQTT L. N|T|
COEF68 VG...... SGDAEVYATPKLVNLISV|SASLVILE . HL . . SDPE[L T[S V]. N[T|
D1PPO5 [LG[...... SGELDVILATPAVAALIPKACWKSVAG.EL. .D.MGTGT L . ST
U2KTG5 [LG[...... NE|GV|IVIF[STPEMLSF LI TCRHCVEP . HL . . K. EGEGT [V|. DL
EOE4V9 [IG...... SGGLEVFFSTPSMISLMACTICKLCAQE . HL . . E . EGLGT I|. S[T|
D3MSS8 RAG|...... SG|GLEVFIGTP[YMIALMC TICKELRAQK . EL,. . D.DS|QG[T Z|. S[T|
B1C982 [KG|...... SGAAEVF|STPDMLLLMYGTIC[FKLAEE . YI,. . D .[EGES[T Al . N|F|
G9YHC1 |YAl. ..... SGTAPVYATPALVGLMHARAVKAJGD . QL. . P .[0GY ST M. NI
E22CX0 |[YAl...... SGTAPVYATPALVGLMAHAAVKAVDS .QL. .P . EGFAT M. NI
UTUR89 [FAl. ..... SGTAPVYATPALVGLMRANAAVHAVGS . QL. . P . EGYGT M. NV
R7MZQ7 [LG...... SGK|SPVYATPALVALMANAATINACDP . QL. . P . EGYNT M. NV
S7THMM5 [LG|. . ... . SGK|s|PV|YATPALVALMNARAINACDP . QL. . P . EGYN[T M. NV
F9MNK7 MG|. ..... SGK|S|PV[YATPAMVSLMYTARIHA[IDP . LiL . . P . EGYN[T Ij. KV
F5TG45 MG|...... SGK[S[PVIYATPAMVSLMATAATIKATIDP .QL. .P . PGYNT I|. KV
D3LTB8 MG|...... SGK|S[PVYATPAMVSLMATAATKAIDP .QL. .P.PGYNT Ij. KV
F5TG44 MsS|. ... .. CGK|SPVYATPAMVALMAMAATHAVDP . QL. . P . EGTNT I|. DV
D3LTB7 MS|...... CGK|SPVYATPAMVALMAMAATHAVDP . QL. . P . EGTNT I|.DV|
FIMNK8 MS|...... CGK|S|PV[YATPAMVALMYMARIHAVDP . QL. . P . EGTN[T I|.DV|
H1D2D9 [VR|...... SG|SILPVLATP[VILSAAMYEARCKALAP . HL. . T . EGET[T Ij. SL|
R5SND6 [VK|...... SGSLQVILATPVLSALMAEAAVAALAP .CL. .L.PKQTT Ij. AV
R7CTJ9 MK|...... SGSLDVILATPILSALMAEAACAATIAE .AL. .D.EGMTT I|. sL|
R6ASL1 VK. ..... SGSILPVLATPVLSALMMEAACDAVKE . GL. .A.EGET|T Ij. GL|
RIMCNO [VG|. ... .. SGSLEVFATPMMIAAMMOAACTLLQE.FL. .E.EGQTS M. HV|
BOPBF1 [VG|...... SGDLDVLATPMMIAAMYOARCGLLAR.FL. .E.PGQTS I. DI
K9CKO5 [VG|...... SGSLDVYATPCMAALMRRARAELIC/OC . E/C/. . P . AGW T[T L . S|T|
J4VOH9 VG...... SGSLDVIYATPCMAALMIRAAAELCQR.EC. .P . [VGWTT L . S|T|
E7N2I9 [VG[...... SGSLNVYATP AALMRAAAELCQR.EC. .P . AGWTT L . S|T|
E4LMB1 [VG...... SGSLNVYATPCMAALMRAAARELCQR.EC. .P . [VGWTT L. S|T|
EONZB5 [VG|...... SGSLAVYATPAMAALMMNR EL|CAA . G[C|. . P .[EGWT|T Ij. AT
D4S5R8 [VG|...... SG|SILAVYATPAMAALMYRARAELCOR . EC. . P . DGWT[T L . H|T|
F5RQF3 VG[...... SGSLAVIYATPAMAALMPIRAAAELICQM.NC . .P . EGWTT L . H|T|
U2JvQ3 VG[. ..... SGSLAVIYATPAMAALMIIRAAAELCQQ.EC. .P . EGWTT L . H|T|
J78J73 VG...... SGSLAVYATP AALMRAARAELC|QE.EC. .P.EGWTT L . H|T|
C4v4L2 VG. ..... SGSLAVYATPAMAALMNR EL[C|QE . E|C|. . P .[EGWT|T L. N|T|
LIMYN3 [VG...... SGSLAVYATPAMAALMMNR EL|CIOS . E[C|. . P .[EGWT|T L. N|T|
G5GQK6 [VG|. ..... SGSLAVYATPAMAALMRRARAAELCQO . EC/. . S . EGWT[T L. N|T|
CI9LW87 MK|...... SGSLPVFATPAMTALMAOAAAELVIDE . L\V|. . P .[SDWT(S L . N|T|
J6I3C7 MK...... SGSLPVFATPAMTALMAOAAAELVDE . LV|. . P .[SDWT(S L . N|T|
IOGTL3 MG. ..... SGSLPVYATPAMTCLM{KAATETLES . LV . .P . EGWT|T L . HV]|
R5EG72 [VG|...... SGDLLVIYATPCMVALMAGAACEAVAE .GL. .E.EGQTT L. N|T|
RS5VLBO [VG|...... SG|SLRVFATPMLAALMYK TACAAVAE . FL. .E.DGET[T L. DL
R7H2Y6 [VG|...... SGSLPVFATPMMTALMSAARCDAVAA . YL. .E.PTETT L . H|T|
U2M1B8 VG|...... SGSLPVFATPMMAALMAEAACNAVAP .FL. .S .EGETT L . D|T|
W7UZ64 VG[...... SGSLEVFATP IMLMHKARCSCIITE . Y|L. . E.|GDET|T M. NV
R7MIM6 [VG...... SGSLEVFATPMMAMLMAK SAICNALAD .FM. .E.NDET|S L . N|T|
D4ALAOY9 [VG...... SG[SLPV|YATPMMVALMYOARCVAVRD . AL. .E.EGETS L. N|T|
R7AJW2 [VG|...... SG|SILPV]YATPMMVALMYOARCAAVRD . AL. .E.EGETS L. N|T|
U2FOD7 [VG|...... SGE[LEVYATPAMLALMAOARAACLAP . LL. . K. EGET[S I|. GIS|
G4KR18 VG...... SGALAVFGTPFMIAMMRANAALTCLQOP . GL . . E . EGKGS M. DV
U2RDD7 [VG|. ..... SGALPVFGTPYMSALMANAAMTCLOS . FL . . E.EGQGS L . D|T|
U2QNH9 [VG|. ... .. SGALPVIFIGTPYMSALMRNAAMTC[LIOS . FILi. . E.[EGQG|S L. D|T|
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R6TMKS V@G. .. ... SGALPVEGTE|Y) BoTcos. FiIl. . E. s
RILX73 WVG...... SGALAVFGTE|F ALTALON.FL. .E. s
REHOF9 [IG...... SGGILEVF|GTE|F AMDCVOP . DIL. . P . T
R6DOY4 [IG...... SGGILEVF[GTR|F RMOCWOP . E P. T
R6UAG6 VG...... SGsVioVYATE|M ASALRAOO. Y P. T
B2V410 VG...... SGSVEVFATB|M BaDLAOT. F E. T
B1QTQ7 VG...... SG|SVDVILATP I ASDLAQT.FH D. T
RSKLD7 RAG. ..... SG|SILPVILGTE|Y TCAAVEP . YL. . E. T
R7BG85 WVG...... SG[sLPVYATEM T/COAVSP . L D. T
R6MIE2 MK|. ... .. SGTL{SVEATE|2 S|ICMALKD . ¥ E. T
FIN406 MG...... SGTLPVFATE|2 AY TGLOG . D G. s
K9D8BY9 MK...... SGALEVIFATPA| AVAALTG . K| P. T
I4DB8E6 MG...... SGN|LEVFATP|A| AVNALE . . . H P. S
G2G1T3 MG. ..... SGHLEVFATE|A RVNALN. . .[L. .P. s
JTIWSO MG. ... .. SGOLEVEATE) RVNALE. . . P. s
GTWFQO MG. ... .. SGOLEVEFATE|| RVNSLO. . . P. s
H5XVU6 MG. ... .. SGOLEVFATE|2 BVNALE. . . P. s
WOEBY5 MR/...... SG|SILDVIFATPA| AVNALO . . .F‘ E. S
LOFAB3 MG. . .... SGSLDVFATE|S BVGALA. . .L. .E. s
B8G028 MG. ... .. SGSLDVFATE|A BAVSALT...L..S. s
I42A80 MG[...... SGSLDVLATE|2 RVRALN. . . A. s
Q67JY1 WG...... SGAVDVEATEM RarRaVEP . F G. T
Q3A9K1 VG...... SGSLEVFATEM BVNAVAY . Al s. T
R6J6I5 MG...... SGDLDVFATP| ACNAILP.CH D. S
R6ISI9 MG. ..... SGSILHVFATE) RICNAVAA . CL. .D. s
U2U2T3 MK. ..... SGsLpVEATE|A RlCNLVEP . L D. s
G4Q7C4 MK|. ... .. SGSLDVEATE|2 RlcNLVEP . L D. s
COWAV5 MK|. ... .. SGSLDVFATE|2 RlcNLVEP . L D. s
S27443 MK|...... SG|SILDVIFATPA| ACNLVEP . L| D. S
R7M286 MG...... SG|SILDV|YATP| ACNIVNP.CH D. S
D2RNA4 MG. ... .. SGSLpDVYATE|A RlCSIVNP.CL..D. s
CO0GGI3 [VG. . .... SGsVPVERATEM AINALKG.Qﬁ E. T
C9R9F2 [0G. ... .. lserviPVMLATRR RAVAAVAG.AL. .P. T
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R6TMKS V@G. .. ... SGALPVEGTE|Y) BoTcos. FiIl. . E. s
RILX73 WVG...... SGALAVFGTE|F ALTALON.FL. .E. s
REHOF9 [IG...... SGGILEVF|GTE|F AMDCVOP . DIL. . P . T
R6DOY4 [IG...... SGGILEVF[GTR|F RMOCWOP . E P. T
R6UAG6 VG...... SGsVioVYATE|M ASALRAOO. Y P. T
B2V410 VG...... SGSVEVFATB|M BaDLAOT. F E. T
B1QTQ7 VG...... SG|SVDVILATP I ASDLAQT.FH D. T
RSKLD7 RAG. ..... SG|SILPVILGTE|Y TCAAVEP . YL. . E. T
R7BG85 WVG...... SG[sLPVYATEM T/COAVSP . L D. T
R6MIE2 MK|. ... .. SGTL{SVEATE|2 S|ICMALKD . ¥ E. T
FIN406 MG...... SGTLPVFATE|2 AY TGLOG . D G. s
K9D8BY9 MK...... SGALEVIFATPA| AVAALTG . K| P. T
I4DB8E6 MG...... SGN|LEVFATP|A| AVNALE . . . H P. S
G2G1T3 MG. ..... SGHLEVFATE|A RVNALN. . .[L. .P. s
JTIWSO MG. ... .. SGOLEVEATE) RVNALE. . . P. s
GTWFQO MG. ... .. SGOLEVEFATE|| RVNSLO. . . P. s
H5XVU6 MG. ... .. SGOLEVFATE|2 BVNALE. . . P. s
WOEBY5 MR/...... SG|SILDVIFATPA| AVNALO . . .F‘ E. S
LOFAB3 MG. . .... SGSLDVFATE|S BVGALA. . .L. .E. s
B8G028 MG. ... .. SGSLDVFATE|A BAVSALT...L..S. s
I42A80 MG[...... SGSLDVLATE|2 RVRALN. . . A. s
Q67JY1 WG...... SGAVDVEATEM RarRaVEP . F G. T
Q3A9K1 VG...... SGSLEVFATEM BVNAVAY . Al s. T
R6J6I5 MG...... SGDLDVFATP| ACNAILP.CH D. S
R6ISI9 MG. ..... SGSILHVFATE) RICNAVAA . CL. .D. s
U2U2T3 MK. ..... SGsLpVEATE|A RlCNLVEP . L D. s
G4Q7C4 MK|. ... .. SGSLDVEATE|2 RlcNLVEP . L D. s
COWAV5 MK|. ... .. SGSLDVFATE|2 RlcNLVEP . L D. s
S27443 MK|...... SG|SILDVIFATPA| ACNLVEP . L| D. S
R7M286 MG...... SG|SILDV|YATP| ACNIVNP.CH D. S
D2RNA4 MG. ... .. SGSLpDVYATE|A RlCSIVNP.CL..D. s
CO0GGI3 [VG. . .... SGsVPVERATEM AINALKG.Qﬁ E. T
C9R9F2 [0G. ... .. lserviPVMLATRR RAVAAVAG.AL. .P. T
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F8JPF9 PPGLTVITVITAERL. V. .[Elc .RRLsSWRVISAHD|. GVD . EIGS[GTEERAVIHLEKF|
USRWS7 PANMK] KVTL[. I|. .[EG.KKLRYNVERAFNEKNC .KVGF|GI|YEQQIVNLEQF
D8GUT2 PANMK[V|VVKVTIL. I|. .[ElG . KKLRYNVERAFNEKNC . KVGF|G|I|YE|QOIVNLE QF
R5XE94 GVSE[I|VITAFAKT. A. .EG.RKITF|SV|YAENESGD . VIGK|GV|IERFVVKSEKF
R6JOVY9 AIGEV|ITAKAIL. V|. .D|G . RKLT[F|HV|TARNDKNE . LVGS|GT|VERFVVLAEKF
F2I7N4 LLNEE|[IR[IHCEL| H. .DD.RHYHF|Q )AlY|C|. QDO . LIIGR|LDHR| KVINKESF|
H3NJZ3 PIKG|TV[Q Q. .[E[G.RHIHFEMTRAYV.QDK.KVATGLHE IIDPDR|L
M2DSM2 KIGQTVEVKILA K. . DG . HETHF|QIEWVYE|. GDK . LIGKGEHTRVTINIKRF
J3F9A6 KIGKTVEVRILD,. K|. .|D|G . RRSRFNIEV|YE . GDK . LIGK|GEHTRV[IV]D I KKF|
G5KAY0 KIGNSI|TV|IITE. IN|. .|QG .RKYDFQLERAF|V .GKE . LITAK] HTR NKE TJF|
BIDSI3 KIGDPV|T|INITD|. V|. .[N|G . RREDF|RII[EAF|V|. KDT . FVAE TRIAIDCEKF
F52J64 KIGQAITIIITA E|. .[EG.RRYDFRIERAYAl. GEK.LVAKACHTRVRVDIQKIF|
COMC17 KIGQAVTI[VITA. E|. .[E[G.RKYDFRIEAFAl. NHK . LIIGRACHTR[VIRVIDQD AF|
G5K657 SISQAV|TVVITA. El. .[E[G.RKYDFRIEAFV|. EEK . LIGKACHTRVIRVDGQAF|
KAN6V7 AIGD[PV|TI|IITA. E|. .[E[G.RKYDFRLERAFV|. GEQ . LIIGKACHTR[VRV|N S KH[F|
E7PZY6 AIGQAV|TIVITA. E|. .[ElG.RKYDFRIERAFV|.GDQ . LIGKACHTR[VRVD SRDF]|
I7MYH5 AIGKAV|TI[VITAl. E|. .[E[G.RKYDFRIERAFA.GEQ.LIGKACHTRV[RVDSQTEF|
R6GEG5 PVGTV|IKFFESEL| Il. .DGC.KNLTFEIKALD.PFG.VM: GIHERTIIVDKQYF
V6QBM2 RIPEEIKV|DVKD R|. .[E[G.NRL{SF|I|F|E[I|RD|. SSH . LIIATGKHQRA|IVDVDRE]|
J1HAQ4 VEGV|T|I|HLITAK[L S|. . PG . RKF|TFIE[VERASD|. NVG . LT S|TICITHER[A|S IKRE N[Y|
U2QSW7 LIGK[TVILVIKGC|V]. I|. .IKEKII|I[F|SLERAFE.NNK.KIGDANHTRAIIDNKKEF|
C5NYWO0 LVGKETI|TVQGK|TI|. I|. .IKEKII|IF|S|LERAFE.ADK.KIGDATHTRV|IINNEKF|
E5V1L6 LIGK[S|I|IVIKGT[I|. I|. .IKEKII|IF|SLERAYE.GDK.QIATADHT IINNKKF|
F3A7KO LIGNSI|TVIRGKI|. V. .[IKEKIIKF|S|I[EAYE|. KDK . K[IGDRAEHT I INNTKIF|
F2BXC3 AVNSE[T AKL[. V. G .KKLEFEAIAKE.KTK. TIGHAKHLRMIVNEEKF|
W1lU6V8 LVGMTLTACAE[TI|. H. .|T|G.RQY|EF|TV|TVIRD|. EIG . VVAEGTHTRVLVNT S RJF|
S4BzU7 PVGAT[ITV| K|. .[ElQ .|. GLOF|H[YOV|IIDAEQQ . ITANGTHORAAV|EISRF
JOXJB8 PVGAT|I|T K|. .[ElQ .|. GF|QF|D[Y/QV|TP/GAQQ . LIAKGTHORAAVIEISRF
T2NPG1 PVGAT[I|T K. .[EQ.|. GFQFDYQVITDGAQQ . LT AKGTHORAAVE T SRF|
G5IUE9 GIGATV]QVICCEE|. IN|. . EK.|[. TY[EF|T|F|RV|YE .NDQ . LLATGT AVD IEGF
C82YY8 GIGATV|QVICCEIE[. IN|. .[EK.|. TYEF|TFRVYE.NDQ.LLATIGT AVDIEGF|
TOV7E2 GIGATV|QVICCE[E[. IN|. .[EK.|. TYEFTFRVYE.NDQ.LLAT|GTHH VD IEGF|
K8E3X9 RISEE[IQCEAEL. Q. .|T|K .|N I LRF|TLKRAL GES . I|IAEGTHQRAIVNSEKF
R2SKA9 PVGAV|IEVOQAVI|. Q. .[N|G . KKATFEIERAYD|. NOR.MIGQOAHKHTRVIIVDNEOQF
R2VCM1 SVGEEIRIEATL [V|. . DN . KKH|S[F|S|I[KAYD|. NKQ . LIIGERTH/Q) EIANF
R2PBH5 AVGS|TVKVDAET. V. .D|G.KKIS[¥SIKAFD.DDQ.V/IGEMAVHQ IVIETAAF
R2R932 AIGADVKVEAE[T. I|. .D|T .NKV|SF|LIKAFV.DEQ.LVGEATHORVIIVIETAAF
SORW90 TVGAEVKVEAEM. IN|. .[ER .[NRV|S[F|SIKAFD|. GKQ . LIIGERADHQRV|IVETAAF|
E4KRB3 AIGS[S|I|IVIKARL. El. .P[Q.RFY|SFELERAFD|. GEN . MIAK HORPA|IINVEK]F|
R2S8F8 PVGATV|TVRAAL. H|. .[A[G.|ITKV|VF|S[F|TV|YE|. GEK . LVGK IVKKER[F|
K8F818 AVGAT|I| TMTIS|. Q. .|T]A . HKIRY|EF|VAYE .GER . QIAK HORAVVEIDSF|
D4MBC5 AVGAT|I| TMT(G|. Q. .|T|A . HRI|RYE[F|VRYE|/. GER . QTAK HORAVVEIDSF|
R3WMJ9 KVGOE[ITVETET|. K. .|T|G . KL I|D[F|S|F FM. KDV . LVSEGTHQRAVVQIEOQF
SOKCS8 KMGAV|I|TVEVS|L. Q. . PIF . KKATF|A[F|SICRD|. NEN . LITATGTHTR[V|QV|NCEKF]|
R2TEP8 KVGANILVIKVKV]. Q. .[ET .|SKINF|S[F|DVIFD|. NEE . LVATGIHORAVILTDVEF|
R2TK84 KVGAK[IIVIKVKV| Q. .[EK . TKINF|S[FIEAFD|.DEQ . LVATGTHQORAVILTDVE|
R3WR68 KVGAQII|IVIKVKV|. Q. .[EK . TKINF|SFIEAFD.NGQ. TIIATGTHQORAVILTDVE|
W8U886 PAGMS[VVANSE[L. Al. .[KG.IKFKFNVEVLD|. DLE . KIGE|GT|ISMAVIKMD R
G8TZK5 PLGSRVHATSRV|. V|. . DG . OKV|TF|QVAV|FD|. EWE . KVAEGTHTR[Y/CLP RLEF|
F8I584 PLGS[RVIHATSRV|. V|. .P|G .[ORV|TFIQVAV|FD . EWE . KVAEGTHTRYCLPRLEF
F4X9G0 PVGMK[V|SATARL. I|. .ER.RKMWFDLEVFD|. EKG.K|C LRIMV|TPKG|T
V2XUL5 PVGMQV|TATATL. V. .ER.RKMWFDIEVHD|.EKG.KC LRIMV|PNKDR
R6NZJ4 PLGAETI TAVL . IN|. . D|G . REF|NF AKG. IIITAKGTHTRV|ISVKAEKF|
R5DLE4 PLGAEVITATAVL. V. . PG .RMFNF|EVFAED . KKG.EIARGTHTRVISVKSEKF
D4L561 PLGAEVITATAVL. V|. .p|G . RME|N[F|IEV|F|AED|. KKG . ETAR|GTHTR KSEKF|
R9LQS4 PLGAVIRIVATI. Vv .ND .RTIEFWVQAF|Q.GDD. LT IVNSEKF
R5ZKL6 ALGAT|I|S|ITAKM. V|. .[0|G . RKV|LY|DVEAYD|. GKT . C|IIGK|GKHARF|IVDAKKF|
U2R6S0 PLGATIEIHATL. Q. .EN.RKLVEF|E AF|Q . NGK . SIGKGQOHERFIVDANREF
B7CCX0 PLGQTITIEAKM. V|. .[EIG . RKIDYEV|QRAF|Q|. DGK . STGK|GVHSR[FVV|DAQKF|
J8HC92 PMGHT[INIESEL. V. .|S|G . KR L I[F|KV[V|G|YD|. FHD . KVVE|G|YHTRF|I IDKEK[F
J8I2Q3 PMGH|TINIESEL. V. .|S|G.KKLIFKVVGYD|. FHD . K| EGYHTRFIIDKEKF,
J8HQS7 PIGHTINIESEL. V. .|S|G.KKLIFK G|Y|D|. FND . K] EGYHTREFIIDKEKF]
J8HXW9 LHNEKV|TINSKL. Al. .DK.NKLLFEVEAFD|. ESN . KIL| FHERAVVKKEKF|
C3GXBl LYNEKV|TIHSKL. V|. .DK . NKLLFEVERAFD|. ESN.KIL FHERAVVKKEKF
J8GWT9 LYNEKV|T/IHSKL|. V|. .DK . NKLLFEVERAFD|. ESN . KIL F VVIKKEKF|
J8LFQ4 LYNEKV|T/IHSKL. V|. .DK.NKLLFEVEAFD|. ESN . KTL| FHERAVVKKEKF
J8AI75 LLNEKI|TIHSKL. M. .DK.NKLLFEVERFD.ESS.QILRGFHERAVVKKEKF
H5XWA2 PPGLTV|TVKLRL. I|. .[E[G.KKLFFHVERAHD.GID.LISEGTHERFVIDAAKEF|
G7W6G7 PPGF|TV|TVKLRL I|. . DG .KRLLFHVERAHD|.GVD.LISEGTHERFIIDAAKF
JTIYH8 PPGF|TV|ITVKLRL. I|. .[EG.KKLLF .GVD.QISEGTHERF|II|NAAKF|
D4J4P3 PCGKK[VRCEVE(. V|V . N|G . KKV TFAVNAYD|. ENG . LIGT/GTHKRAVINKAAF
U2L2J7 PIRMOQVRCECEL. I|H .[N|. . KRLVF|QVKLFD|. EKE . LVGKAKHER[Y|IV|SPDA|L
Q8EMG8 ALGTK[VKLEAVV]. I. .|[TE . KQV|V|TKV|IIARN|. ESV . I|ITGEGE|V/KQSIILP KN TM
TOJGA7 ALGTNVKLTAAV|. I|. .|[TK .RMV|T|TELIVEN|. DNG . RIGEGEVRQA[ILP KHI|I
02B862 AEGS/LLKVTAEV| L. .[ER .NLIFTSVKAFH.GDT.VIIGK|GQ[V|TQAILPRSKT
USL8R5 AEGS|LLKV|TAEV|. IL|. .[ER .NLIF|TSVKAFH.GDT . VIIGK|GQ[V|TQAILPRSKTI
U6BAI1 AEGTR[LIVITATV]. M. .|T|S .RRVDAISTEVIRD . GQT . IIGTGEV|TIQF/ILEKSR[I
BlYII8 TLGSNIRIEAVV]. L. .|T|P .|GRV|LAKV|EVIRH . GNR . VIIGL|GE[V|K|QITLNKQLT
KOA8N8 TLGSNIRIEATV|. L. .|T|P . DRVIVAKVEVRH .GDR . LIGLGE[VKQITLKKQLT
W7LB64 PEGS[S|ILITATV]. L. .[D|G .[NSV|Y|S|TV|TVHN . GEM . LVGE|GE[V|K|QV[ILKKSR|T
ES5WMY4 PEGS|S|I|TI[TATV|. IL(. .D|G . [NSV|Y|S|TWT[VIHN| . GKI . L E|GE|VIKQ[VII LIKK S R[T|
S2XPF3 PLGS|VV|SLITANV|. IL[. .|RD .[NFVK[TKV|TARN . HLG . VIIGK|GE[VMQV|IILSKE T|T
WARK43 TEGAEVTVITATV]. L. .[RA . NTILTNVIRAE(S . NGR . LIIGV|GE[V|K|QVVLP KEK|T
V6T386 TEGAEV|ITVTATV|. L. .|RA.NTILT|NVRAE|S|. NGR . LIIGVGEV|KQVVLP KEK|T|
I8UG48 PEGMNLTI|TATV|. L. .|T|G . KT V|VIC[KVKVAN|. EKM . VVGE(GD|V|T(QY|ILISKEK|T!
A6CP21 SEGT[TV|T|ITATL. L. .QS.NIVITKAERARN|.ENG.LIGIGEVKQVILPKER|I]
F8CXF7 AEGS|TV|TVITATV|. L. .[RD .[N TIKVIEAKN|. EVQ . VIGI|GEVK|QV|ILP KQK|I|
E3IAI3 AEGS|TV|TVITATV|. L. .|RD . [NVV|VITKVIEAKIN . EVQ . VIIGIGEV|KIQVIILPKQK|I
K6PLM5 PVG AVL(. V|. .[EIG . NRV|ICRVEAY]N|. DLE . K|TAEGR IQVIVLERDAF,
E6SLA6 PVG AVL(. V. .[EIG .NRV|VICRVEAY]N|. DLE . K|TAEGR IQVVLDRAAF
G8TSI3 LVGETFE|SATAEL. I|. .PK.NRIIARVTRAEN.GRG .LIGRGQF TQV/LLP KKAL|
F8I237 LVGETF|SATAEL. I|. .DK.NRITARVTAEN|. GRG.LIGRGQF TQVILLP KKA|L
VIW1G5 VVGQTV|TFRAVC|. V. .|S|P . KRV ICHV|ITAE|T|. EYN.PVGT F|TIQAITF|DKKA[V|
L5MUG4 VVGOQTV|TIEKAVIC|. V. .|T|E . KRV| EV|TRADIT. ARN . RVGV|GTIF|T|QAIIFINKHE|T
J2HIM9 VVGQTV|TFKAV[C| . V. .|T|E . KRV|V|CIEV|T]AD|T|. ARN . RVGV|G|T|F|T|QA L FINKHE|T
C0z567 VIGQEWV|TFRAS|C|. V. .|[T[E . KR ICIEVITAD(T|. TRN . RVG|L|G T[F|V|QAI F[KKDE|T]
J2G9M0 VIDQEWV|TFRATIC|. V|. .|T|E . KRV|V|CIE[V|TADI|T|. TRN . RVGLG|T|F|VQAIFKKDE|T
C8WU92 PVGKRV|SE|YAEV]. V|. .[E[G.[PRVD|C .DKA.RIGE|GE| QYT LP KAKII|
F5SL03 PVGKEVTF|TAEV]. V. .[N|P . [PRV|VICIRVRAE|H|. DKS . LVGAG|TIF|VQAILP KQG|T
D5WXP8 PVGK[EV|TF|TAER. V. .|[T|P . RRV|VICRVWAE|H|. DKG . IVGEGMFE|HQAILP RQK|T
R7G5H6 PVGMK[V|T|CITAT|I|. V. .[ER . KKI|SF|S|I|[VAKD|. EKD . VIGKATHDRFLV|IKEKF|
ABRFU2 PVGMK|V|TCTATI. V|. .ER . KKI|S|F|SIVAKD . EKD . VIGKATHDRFLVIKEKF
HIBNL1 PAGMKVRISAEI. V|. . DR . KKV TF|SI|TAQD|. EKD . IIGK VVMKEKJF
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USF4M4 I I V|. .DR . KKV|TF|S|I|TAQD|. EKD . I|IIGK VVMKEK[F|EAKAQ
E2SKL5 PA: VET| V|. .DR . KKV|SF/HIIARD|. AKD.TIGTRAQHDRF|IVKKESFEARAL
H1BOW4 PAGMTV|TAEVE]I V|. .DR . KKV|SF/HITARD|. ERD.LIGTADHDRF|IVKKEAFEAKAL
E4LXV6 PAGMTV|TAEVEI V|. . DR . KKV|SF/HI/TARD|. ERD . LIGTRADHDRF|IVKKEAFEAKAL
T4NF97 PAGMTV|TAEVEI V|. .DR . KKV|SF/HI|IARD|. ERD . LIGTADHDRF|IVKKEAFEAKAL
NOWK99 PAGMTV|TAEVET V|. . DR .[KKV|S|F|H|I|I]ARD|. ERD . LIGT|ADHDREF|IVKKEAFEAKAL
R6UIH5 PAGMT|VITAEVET. V|. .DR .KKV|SFHIIARD.ERD.LIGTADHDRFIVKKEAFEAKAL
GlVX76 PAGMTV|TAEVEI V|. .DR . KKV|SFHIIARD|. ERD.LIGTADHDRF|IVKKEAFEAKAL
H1BDX8 PAGMTV|TAEVE|T. V|. .PR . KKV|SF/HI/TARD|. ERD.LIGTADHDRF|IVKKEAFEAKAL
E1L909 PMGATITATATWV]. V|. .[EIG.RKISF|TII[EASD|. GVG. IIGK VINNEKFMTRVG
S3A0KO PMGATI|TATATV|. V|. .[EIG.RKI|SF|VII[EASD|. GVG. IIGK VINNEKFMTKVG
J5AQJ6 PMGATITATATV|. V|. .[EIG . RKI|SFAIEASD|. GVG.VIGK VINNEKFMTKVG
X8HFB3 PMGAT|ITATATV|. V. .[EIG . RKI|S[F|A|IE D|.GVG.IIGKGTHERFVINNEKFMTKVG
W3Y8I0 PLGATITAKATV V. .[EG.RKITEFDHIE| D.GIG.IIGRGTHERFIINNDKFTKKVV
D1BM20 PLGATV|TAKAIV|. V. .[EG.RKITFDIE D.GIG.IIGRGTHERFVINNEKFIAKVH
D6KMG8 PLGATVTAKAIV. V|. .[EG.RKITFDIERASD|.GIG.IIGRGTHERFVINNEKFMARKVH
D6KHB2 PLGATVTAKATV|. V|. .[EIG . RKI|TFD|I[EASD|. GVG . I|IGRGTHERFVINNEKFMAKVH
E4LB70 PLGAI[VTAKATV|. V. .[EIG.RKITFDIIEASD|. GVG. IIGHGTHERFVINNEKFMAKVA
W1UP58 PLSATVTAKATV. V|. .[EG.RKITFDIE D|.GVG.IIGRGTHERFVINNEKFMAKVH
C4FPZ7 PLGATVTAKATV| V. .[EG.RKITEFDIE| D.GVG. IIGRGTHERFVINNEKFMARKVT
W1W8P8 PLGATV|TAKATV|. V|. .[EG.RKITFDIERASD|.GVG.IIGRGTHERFVINNEKFMARVT
W1X196 PLGATVTAKATWV]. V|. .[EIG.RKI|TFDII[EASD|. GIG . IIGRGTHERFVINNEKFMARVV
U2BAI1 PVGMK[VWCKSCIL. V|. .[EIG.RKLTFHVEAYD|.ETG.LIGT LIQAQRFQEKAD
U2SW53 PCGMKVRCETE[L. V|. .p|G . RRL|V[F|SAITV|IFD|. EMG . K|T IVDNAKFQAKAD
R9IHN6 PVGMKIWCETVL. V|. .D|G.RKLTFDLTV|YD|.ETG . KIGA HERF|IIEEEKJF|QSKAD
RIKEX9 PVGMK[VW[ICE S LL| V|. .p|G . RKLITF|S|I|TV|IFD|. GAG . KIGEGLHERF|IIEETKF/QAKAD
S0J977 PVGMKV|WCDS VL. [V|. .[EIG . RRKLTF|S|I|]TAFD|. ESG . KIGEGFHQORF|IIEETKF|QSKAD
R5HR96 PIGVEV|TICRAEL. V. . PG .RRLVFIRVITROD . SQG . LVGEGIHERV/IIVIONDRF|LTKAQ
R6WU27 AMGD|S|VITATAKL . V|. . DG .RKLT|FIEV|S|AIAD|. SKG . VIIGK|GTHERF|IIDNEKFMAKVN
FOT2R2 PVGMK|VWAVAET. I|. .|[ElG.RKLSFKIEAYD.EKE.KTI IINAEKFLEKAY
D4J9J7 PIGMKVIRCESLL. V. .[N|G . KKLVFEVNV|YD|. EKG . LIGTGTHKRAIINNEAFMARL
D4J2H1 AIGKTVMCEATL . M. .DG.RRLTF|E C|SD . ENG . VVGMGTHERFIINNEKFMAKAN
R6GT38 FVGSKV|TICIETE[L|. V|. . DR . RKL|VF|SVKV|YD|. ETE . LVGE|GI HER[F|I I|DNRKJF|IDKLE
V2YEB4 PVGMK[VWAESEV]. V|. . DG . KRLV|L|KVAAFD|. ERG . PTG THERF|IVITDERF|LSKTA
F4X8V5 PIGIKVWAESEWV]. V|. .p|G.KRIELKVAAYD|. EKG.MIGHGTHQRF|IVTDERFLAKTA
A6NVI0 PVGMKVWAEATV|. V|. .p|G .RRISF|TVKRAQOD .ACG.PIGSGTHERFVISNDRFLARTN
R5B634 PVGMHV|TAKAE V|. .PR.RRLVFRVTAED|. DAG . PIGQGTHERF|LIMADKJF|L AE
U2BG97 PVGMQVWAEAEV|. V|. .D|G.RKLTFAVTAYD|. ETG.PIGKGTHERFIIQNDKFLAKAQ
G9YX66 PVGMOV|WAEAEV|. V|. .D|G.RKLTFAVTAYD|. EAG . PIGKGTHERFIIQNDKFLAKAQ
HIC7K7 PVGMOV|WAEAEV|. V|. .p|G.RKLTFAVTAYD|. EAG.PIGKGTHERF|IIQNDKFLAKAQ
D4JRV3 PVGMNVTAEAVL . I|. .PN.RRL E ARD . EKD . I|IGK|GIHERFIVNAEKF|TAKTY
R6RPT5 PVGMNVTAEAVL. I|. .pN.RRL E ARD . EKD . I|JIGK IVNAEKFTAKT|Y
F7K912 PVGMK[V[W[CE SRL| Al. .DIG.RRMVFIQAEVIFD|. ESG . KIGEGEHERFLV[RAERF|QQKAD
R6QC10 PVGMTV|TCESEL. V|. .[EG.RKLVFK ILHD|. EKG .PVG THERFVINNAKFAAKAE
E2ZHD1 PVGMTV|T|ICIE SE[L|. V. .[EIG . RKLTF|KVALHD|. EKG . PVG| THERFVVINDAKFAAKAE
R7C722 PLGMT|ITICESE[L. I|. .p|G.RKLVF|SV|SAKD|. EKGTVIGRGTHERFVILEEKFQEKAN
R6IH13 PLGMKVWAESEL. I|. .DR.RRLVFEVKAFD.ECG.QIG IINNEKF IAKAN
R5CSLO P LGMK[VWAE TE|L| V|. .PR.RRLVFDVKAYD|. ECG . LIGQGKHERF|IIQNDKEFLAKVN
I5AU99 PMGMKV|TICETVL|. V|. .DR.RRLVFEVKAYD|.ETG. IIGEGIHERFLIDNEKF/QAKAE
R6BVQ8 PVGMK[V|TICINT T|L|. V|. .DK .RRLVF|SVEVED|. ETG . KVGE|GTHERF IV|QAEKF|QNKAD
G2T231 PVGMEV|T/CE TKL|. V|. .DR . KRLVFEVKAYD|. AAG . VIGEGTHERF|IIDNERF|/LAKAE
R5Q2H0 PTGMRV|Y|CIESTIL. V|. .p|G.RRLV[F|S[V[SAYD|. ECG . EIG| THERF|IIKSEKFMAKTN
D7GQ38 PLGMTVWCETEL. V|. . p|G.RRLVFDVAAYD|. AKG . K]IG IIQNEKFQAKAN
RSFXP5 PLGMT[VWCETEL| [V|. .p|G.RRLVFDVAAYD|. AKG . K|IGG IIONEKFQAKAN
R6RV13 PLGMKVWCESEL. I|. .P|G.RRLVF|SVAAFD|. ETG . K|IG IVIPNEK[FQAKAD
R6ZN81 PLGMK[VWCESE[L. V|. .DR .RRLVFHV|TIC|YD|. EAG . VIGEGTHERFIIGNEKF|/LAKAE
D6DGHO P LGMK[VWICIESE[L|. V|. .PR .RRL| HV|T(C|Y AAG.VIGEGTHERFIVIGNEKFLAKAQ
R5M2P2 PLGMK[V|WCESEL . V|. .DR.RRLV[F|HV|T|C|YD|. AAG . VIGE|GTHERF IV|GNEKF LAKAQ
DACH55 PLGMKVWCESEL. V|. .PR.RRL| HV|T|C|YD|. AAG . VIGEGTHERFIVIGNEKFLAKAQ
D4AMPY0 PLGMK[VW[CESEL| V|. .PDR.RRLVFHV|TIC|YD|. AAG . VIGEGTHERFIVIGNEKFLAKAQ
R7B681 PVGMQVWCESEL. V|. . DG . RRLVF|KVEAFD|. AKG . S[IG| THERFIIKNEK[FLAKAQ
G5FFC4 PAGMIVWCESEL. [V|. . DG . RRLVIF|HVEAFD|. ESG . KT IVKNEKFMDKAL
U2D4S0 PAGMIVWICESE[L. [V|. .p|G.RRLVFHVERAFD|. ESG . KT IVKNEKFMDKAL
R8VSUO PAGMKVHFETEL. IAPNG.KILTFKVARAYD|.EAG.LIGEGTHQORAIVAKERFEAKAQ
B8I4CO PI NVAARAEL I|. .p|G.KKLIF|SVEERAFD.GKD .K|T IINTQKFITKVD
U4R6H3 PVGMNVITARAEL I|. . DG .KRLVF|TVEAFD .GKA.KIGEGQHERFIINAQKFIARAN
H2JF67 PIGMNV|TARAEL. I|. . DG .KRLVF|TVEAFD|.GKD . KIGEGQHERFIIKAAKFILKAN
L1Q3R4 PIGMEV|IAKSEL. I|. . DR .KRMVFKIERAFD|. ERG.KIGEGIHERFIIDNEEFQONKTD
R6KH82 PIGMEVIAKTEL. V|. .DR.RRL| KVIERAFD . ERG . KIGEGIHERF IINNEDF|/QNKTN
R6FUY0 PIGMEVTAKTE[L. V|. .PR.RRLVFKVERAFD|. ERG . KIGEGIHERF|IINNEDFQKKTD
N2BI76 PV ISKL [V|. .p|G . RKLVFDVQAFD|. DAG . LIGQGTHERF|IIENDKF|FKKAE
E6LON3 PVGMKVVAKSEL. I|. .D|G.RELTFKVERAYD|. EKG . LIGEGIHKRFIVNNDKFQAKTD
H1LX05 PVGMKV|VAKSEL. I|. .D|G.RELTFKVERAYD|. EKG . LIGEGIHKREFIVNNDKFQAKTD
W2VGz8 PLGMKVVIKSE[L. V|. .p|G.RALTFKVERAYD|. EKG . LIGEGIHERF|IVNNEKFQAKTD
KOXJJ2 PLGMKVVIKSE[L. V|. .p|G.RALTFKVERAYD|. EKG . LIGEGIHERF|IVNNEKFQAKTD
JATCP2 PLGMKVEIKSDL . V|. .D|G.RALTFKVERAYD|. EKG . LIGEGIHERFIVNNEKF/QAKAD
F3B6C0 PLGMK[VE[IKSEL Il. .DG.RALTFKVEAYD.EKG.LIGEGIHERFIVNNEKFOQAKTD
R5RIN6 PVGMKVECDTEL . V|. .D|G.RRLVFKVERASD|. EKG . LIGKGTHERFIIESEKFREKTY
R6LSC1 PVGMK|I|TICIDSE[L|. I|. .[EG.RKLVFKVERAYD| . EKG . LIGKGTHERF|IVENKKFQEKTD
R6VIHO P IGMK|I|TICDSKL. I|. .[EG.RKLVF|SVERAYD|. AKG . LIGKGTHERF|IIESKKFQEKTD
R7JYS9 PIGMKITCDSEL. I|. .[EG.RKLVFKVERAYD.SKG.LIGKGTHERFIIESEKFOEKTN
F7V6W4 PVGMOQV|TCETEL. V. .PR.RRLVF|QVKV|TD .EAG . LIGEGTHERFIVNNEKFQAKAN
U2PAA7 PIGMT[VRICETEL V|. .D|G.RRLVFKVARAYD|. EAG. LIGEGTHERFIVIONEKFQTKAN
R5TLI5 PIGMTVRCETEL. V|. .P|G.RRLVFKVARAYD|. EAG . LIGEGTHERFIVQNEKFQTKAN
R6P4I1 PVGMKVITAESEL. I|. .[D|G . RKLTIFKV|TAFD . EVG . KIGE|GTHERF|II INNEKFQAKTN
COCNB6 PVGMTV|T|CESE[L. V|. .p|G . RKLTFRLTARD|. AAG . VVGEGTHERF|IVIDNARF|SOKAE
R6DLF5 PIGMK[IRCESEL. V|. .[EIG.RKLTFKVEAYD|. ETG . KIGEGKHERF|I NEK[F|Q SKAD
R5SHR8 PVGMEITCETEWL V. .D|G.RRLVFTVKAYD.TKG.LIGE HERFVIVNEKFQAKTD
R5ZA51 PVGMKITCETEWL. V. .D|G.RALTEFTVKAFD .EAG.LIGEGEHERFVVFNDKFOQAKAD
C42997 PVGMKV|T/CESEL|. V|. .D|G.RALTF|SVKAFD|. EAG . LIGE/GTHERF IV|FEEKF|QKKAD
E4Q5E0 PKGMKVK AEWL[. I|. .[ED.RKLTFKVE[|YD|. SFE.KIGEGIHERFIVDRERF|LNKTY
DITGD2 PKGMK[VIKAVAQL. I|. .|[ED.RKLT[FKVEAYD.SFE.KIGEGIHERFIVDRERFLNKTY
BIMM60 PKGMKVIKAVAQL. I|. .ED.RKLTFKVERAYD.SFE.KIGEGFHERFIVNRERFLNKAY
EA4SE45 PKGMK[VKAVAQL Il. .ED.RKLTFKVEAYD.AFE.KIGEGIHERFIVINRERFLNKT|Y
G2PV11l PKGMKVKAVAQL . Il. .ED.RKLTFKVEAYD.SFE.KVGEGDHERFIVNRERFLNKAY
E4S8L3 PKGMK[VKAVAQL. I|. .ED.RKLTFKVERAYD|. SFE.KIGEGVHERFIVNRERF/LNKAY
E4QCS6 PKGMK[VKAVAQL . I|. .ED.RKLTFKVERAYD|.SFE.KIGE HERFIVNRERFLNKTY
BOTBPO PVGMTVRICEAEL. [V|. . DG . KKL| K| AYD . EAE . K|IGE HHRFVIQTERF/LAKQA
D5X9M4 PVGMEVIARSE[L . I|. .[EG.KKLVFKVERAYD|. EKD.KIGEGIHERFIIDREKFMAKCE
F6DMUl PLGLGVKAKAE I|. .Pp|G.KRLVFRVEAFD|.ESG.PIGA| HERFVIVKDKF|IQKAE
A4J0S5 PVGMK[VVARAEL I|. .[EG.KKLSFVVERARD|.ETG.PVG IVINQEK[FLQORAE
K8DZX3 PVGMR[VVARATL I|. . PG . KRLVFIRVIERATD|. ETG.PVGEGTHERF|IINLEKF|LOKVE
F6B4J8 PVGMK[VVARAE[L. I|. .DIG . RRL{VIFIKVIDA|SD|. EAG . PIIG THERF|IINP EKF|LOKVE
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AS5D1P6 PVGMEV|VAKSRL. V|. . DG . KRLVF .EAG.LIGTGIHERFIVKHESF|IKKAE
F6CP13 PIGMEVVARSE[L. I|. .P|G.KRLVFRVERARD|. EQE . LIGRGTHERF|IVINQERFLSRTA
R7AYY7 PVGMK[V|TATAKL. I|. .[ER.RKMWF|D|IEVIND|. EKG . K|C LRIIMV|N SKAMS DKAA
D7GRB2 PVGMK[VTATAKL. I|. .ER.RKLWFDII[EVND|. EKG.K|C LRIIVINSKAMSEKAE
R5G526 PVGMK[VITATAKL. I|. .ER.RKLWFD|I[EVND|. EKG.K|C L IVNSKAMSEKAE
R7NT78 PIGAK|IKVE SKL| IN|. .D|G .RSFKFEVTAYD .NAG.MIANGTHNRVISVKSEKFQKKAD
R7AWH4 PLGATIEIHATL. Q. .EN.RKLVEF|E AF|Q . NGK . SIGKGQOHERFIVDANRFLEKT|Y
R5RY61 PIGAEITAKAEL. I|SENG . KMY TFKVERAYD|. NKG . LIGEGTHERAIIDCERFMKKCL
AlHRR7 PVGMTVRATAE[L. V. .|AIG . KRL|VF|AV|SAYD|. DRE . KV YIIKTASFLEKVA
F7NH57 PV ATEL[. I|. .|T|G . KKLVFAVERAYD.DLE .KVGQGQHERYIIQTEPFFNKIA
H1HSX5 PKGMKV|TFDAEL. I|SANG.KILTFHVERAHD|. ECG.LIGEGTHQRAVVDRVRFDEKTQ
I7K9K8 PIGMK[VKATIAEL V|. . DG .KRLIFKVERAYD|. EME . KIMEGTHERFIIDVERFMORVN
R7RUE8 PIGMKVRAEAET. V. .[EG . KK FKVEAFD .EVE . KIGEGIHERYIVDINKEFTISRVN
N1zJT1 PVGMKVR SEL. JI|. .D|G . KALTFKVKAYD.EID.KIGSGIHKRAIVELDRFIKRTK
R7B8B0 PVGMK[VRV|VTE[L. V|. .|NIG . KLLTFAVKAYD|. EVD . KICEGTHGRAIIDLKKFLSRVN
R6PY32 PVGMKVR| TEL. V. .|N|G . KLLTFAVKAYD|. EVD . KICEGTHGRAIIDLKKEFLSRVN
R5AF40 PVGMK[VR| TEV|. V. .[KG . KMLTY¥|SVKAYD|. EVD . KICEGTHGRAIIELDKFLSRVN
M1E923 PVGMKVWASAKL. V|. .D|G.RRLIFEVLARD|. EVE .QVARGTHERFIVNFDRF|/IKKAE
R4KGW9 PVGGVVRAQSRL . I|. .D|G.RRLVF|E AISD . DTR . VVGRGTHQRFIVKVDEFLQRVG
A6TLR1 PVGMKAYAEAKL. V. .[EIG . KKLTFE|I|TARD|. EEE . KVGEGTHER[Y|IIP LEK[F|IARAK
F4A004 PVGMK[VRADAE[L. I|. .N|G.RALTFKVRRAFD|. ENE . MIGQGVHQORY|/IVNIERFINKAN
G8M073 PIGMKVKAVAEL. I|..EG.RKLIFKVERAFD.AKE.KIGEGQHERY[IVESARFRDKVY
A3DHM5 PVGMKVKALAEL. V|. .[ElG.RKLTFKVERFD .GVE .KIGEGYHERYIV|SSQNFRDKVY
W4V2Q9 PVGMKVKAFAEL . V. .[EG.RKLTFKVEAFD .SVE .KIGEGYHERYIVASONFKEKVY
H6LHKS5 SVGMKIRIKATL. T|. .[ET .RVLNFDIDAWD|.GLE .KIGEAIHQRFIVEAKRFNEKAA
E6MGL5 PVGMK[VRVIKVHL. I|. .[E[G.RKLVF|S|IEAYD|. TAQ . QTA THTRF|IVINKARFMOKVQ
E3GGD1 PVGMK[VRIKVVL. I|. .[E[S .RRLDF|TVERAWD|. TVQ .KIGEGTHORFVVQKMKFMGKVL
R7K521 PVGMRVKAECE[L. V|. .p|G . NMY|TFEVRAFD|. ETG . LIGEGTHKRCVINDEKFMKKTL
RSAKF1 VVGKTARVIITTL. V. .AG.RKLRFRLEAYD|. AAG. LIAEGEHERCLV[FSEAFMDRAN
B2A5z4 PVGDKVKVNAVIL . V|. . DG . KRLVF|EVTAHD|. SNN . KIGEGEHERFIINLSKFMNKLS
TON2A7 PVGSKVRICEAVV]. I|. .DG.KKILF WD . GKG . LIGEGTHIRY/IVINIEKFMSKL .
AOPXM9 P IGMK[VRICIE TKL. V|. .DR . KKLVFEVEAYD|. EDG . KIGEGTHTR[YIVNSEEFVKNVQ
C6QO0E0 PIGMKIRCEAS|L. V. .DK . KKLVFNVERAWD|. EKG . KT IRY|IVINSEEFMKKVQ
A5N4K6 SVGAKIRCEASL|. V. .[K|G . KKLVF|YVERAWD|. ESG . KI TRYIVNSEDFMKKIQ
U2D856 P SGMK[VKAEAYL V|. .DR . KRLFFKVERAYD|. ESG . KIGEGTHIRYIVNSEEFMGKKK
K6U6J6 RIGANIECKATL|. V|. . DG . MKLFFEVERAYD|. DNG . ITIGKGTHTRYIVININDFMEKTK
W6N7S3 PVGANIE|CKAVL. I|. .DR.KKLFFEVERARD|.DKG.VIGK HIRF|IIVINSHDFMEKTHK
G7M699 PVGANIECKATIL. V|. .[EN.KKLFFDVERASD|. DHG . TIGKGFHIRY/IVNSKDFMARTK
A6LWA7 PIGANIKCKSTL. V|. . DG .KKLEFDVERASSD|.DOG . TIGK HIRFIVNSEDFMRKTK
V8G1lJ7 PIGANIKCKSTHL. V|. .p|G . KKLFFDVEASD|.DQG . TIGK HIRFIVNSEDFMRKTK
USMUT7 PVGANIKCKATL. I|. .PR.KKLFFDVERASD|. DKG . TIGKATHIR[Y|IVINSQDFMEKTHK
S1IMVB3 PVGLOQV|T/ICHTNL|. I|. .PR . KRLVF|S|F|EV|YD|. EVD . LIAKGTHERF|IVINRMQF|SEKAQ
R6BIU7 PVGS|TII|T|ICECEL. I|. .|p|G .RKLIFNV/IAHD .DFG . P[VGEGVHERFVINNDKFMSKVA
R5GAX2 PIGCE[V|SICEVTL. I|. .PR.KKLTFAVEVKD|. PAG.VIGKGTHERF|IVDAEKFQNKAN
R6G283 PIGCE[V|S|CEVTL. I|. .PR.KKLVFAVEVKD|.PAG.VIGKGTHERF|IVDAEKFQNKAN
R6QH26 PVGC|Q[V|T|C|OCH|L| Ij. .NR.KKLEFQAEIMD|. NKG.RIGIGTHERY I ADS[FLDNAK
BOMBZ2 PVGC|QV|TIC/QCHL. Ij. .NR .KKLEFQAEIMD|. NKG.RIGIGTHERYIVAADSFLDNAK
E5VQV8 PVGC|Q[V|TICIQCHIL|. I|. .NR . KKLEF|QAETIMD|. NKG . RIGIGTHERYI ADS|F|LDNAK
D4MVS3 PVGGT|IK|C/HC S|L. I|. .PR.KRLVF/HVEV|TD|. NKG . RVGIGTHERF|I SEPFMEKAA
BONZW1 PVGG[T|I[K|C/HCS|L|. I|. .PR.KRLVF/HVEV|TD|. NKG . RVGIGTHERF|I SEPFME

E5VM16 PVGG[T|I[KC/HCS[L. I|. .PR.KRLVFHIEV|TD|. NKG.RVGIGTHERF|I SEP[FME|

L1PTMO PVGGTI[KCHCSL. I|. .DR.KRLVFHIEVTD.NKG.RVGIGTHERF[IVASEPFME

R5YWL8 PVGGT|IKCHCSL . I|. .PR.KRLVF/HVEVTD|. NKG.RVGIGTHERF|IVASEPFMEKAA
COEF68 PEGMKV|TAEVE|TL|. [V|. .p|G.RRI|VF|SVTARD|. EKD . LICKGTHERFVVARTKF|ISKAK
D1PPO5 PIG RICDCEL . V. .[AD . RRLTF|TARV|YD|. DVS . EVAHATHERY|IVDNDRJF|THKAIS
U2KTG5 PIGMNV|TICECE[L. I|. .p|G.KRLVFNVELWD|.EGE . KVGKAVHERF|IVDMNK|LLKKID
EOE4V9 PIGMEVTICECEL. I|. .PR.|SRLVFKVRICYD|. ELE . EIGVICTHERF|IIDNAKF|LANVD
D3MSS8 PMGMKV|TCEAEL. I|. .DR.|[SRL N C/|SD|. ELD . VIIGE HORF|IIDNEKF|LAGVN
B1C982 PLGMKVR|ICECE[L. V|. .DR.RRLLFKVDVYD|. EQE . KVGE|GTHERF IIDQAKF|EAKAE
G9YHC1 PVGMTVKAKAVL. Q. .PR .RRLTFKIEGYD .DAG.SVGEAVHERFIIEAAPF IEKAN
E22CX0 PVGMD[VTAKAVL . Q. .PR.RKLTFK|I|TRCD|. AAG.PVGEGIHERF|IIEAAPF TEKAN
U7UR89 PIGLTVTAKATL. Q. .PR .RKLTFKVERAFD|. TAG.AVGEAVHERF|IIESAPF|L E
R7MZQ7 PIGLTV|TAKATL. Q. .DR.KKLTFKIEAHD|.EAG.LVGEATHDRFIIESAPFL E
S7THMM5 PIGLTVITAKATL . Q. .DR .KKLTFKIERAHD|.EAG. LVGEATHDRFIIESAPFL E
FIMNK7 PLGMKV|TAKATV|. Q. .PR.KHFDVKIERAFD|. EAG.LIGT IVIESAPFLAKTE
F5TG4A5 PLDMTVTAKATV]. Q. .PR . KHF|DV|K|I[ERAFD|. EAG.LIGT IIESQPFLEKAK
D3LTB8 PLDMTVTAKATV|. Q. .PR . KHF|DV|K|IEQAFD|. EAG.LIGT IIESQPFLEKAK
F5TG44 PVGMTVRAEATL. Q. .PR.RHLTF|TIEAFD.DAG.LIGTATHERFIIDSAPFL E
D3LTB7 PVGMT[VRAEATL Q. .PR.RHLTF|T|I[EAFD|. DAG . LIGTATHERF|IIDSAPF|L E
F9MNK8 P IGMK|IRAKATIL. Q. .PR.RELDFKIEAFD|.EVG.LIGTATHERFIIDSAPFL E
H1D2D9 LPGHV|I|TVITATV|. [V|. .[KIG . KKI|SFF|H|I|TRIAD|. ENG . DIGEADHDRF|LV|DGVRFMEKAE
R5SND6 PVGOQ[TVKATIATV. V|. .|S|G . KKI|SF|TII|TASD|. ENG. TIGERAEHTRFLVDEEAFMKKLOQ
R7CTJ9 LPGD|TVITATAVV|. V|. .[KIG.KKITF|TIRAED.SAG.EVGTRADHTRFIVEADPFMDNAG
R6A5L1 LVGS[TVRAEATV]. V. .[K|G.KKITLHLIAYD|.EAG.EIGEAEHIRFVVEAKPFME E
RIMCNO PLGMOQV|TAAATI Q. .[EG.RKVEF .ACG.EIGRGTHTRFVVDAAKFLSKTN
BOPBF1 PCGMA[Y|TASARL. R|. .[EG.RCASFEVWAED.EIG.ET TR DAKR[FQEKAD
K9CKO5 PVGL(SVRAVAEV]. V|. . DG . RKIGLIKV|TRIYD|. ARE . EIGAGTHERFAV|A S EKFMAKAE
J4VOH9 PVGLSVIRAVAEV|. V|. .p|G.RKINLKV|TAYD|. ARE . EIG| THERFAV|ASEKF|FAKAE
E7N2I9 PVGLSVRAVAEV]. V|. .DR.RKINLKVTAYD|. ARE.EIG| THERFAV|ASEKF|FAKAE
E4ALMB1 PVGLSVRAVAEV|. V|. .DE . RKINLKVTAYD|. ARE . EIG THERFAV|ASEKF|FAKAE
EONZB5 PVGLDVRAVAEV|. V|. .p|G . RAV|TLKV|TAYD|. TRE . EIGAGTHTRFAVAVQKFM E
D4S5R8 PVGLAVRAVAEV]. V|. .D|G.RAVALISV|TAYD|. ERE . EIG THTRFAV|ITSD TFMAKAE
F5RQF3 PTGLTVRAIAEV. V. .D|G.RAISILKV|TAYD .ERE.EIG THTRFAVISVEKFMAKTE
U2JVvQ3 PTGLTVRAIAEV. V|. .p|G.RATI|SLKV|TRYD|. ERE . EIGTGTHMRFAVAVEKFME E
J78J73 PTGLTV[RAIAEV|. V|. .p|G.RAI|SLKV|TAYD|. ERE . EIGTGTHTRFAVAVEKFM E
C4V4L2 PTGLTV[RAIAEV|. V|. .p|G . RAV|TLKV|TAYD|. ERE . EIGAGTHTRFAVAVDKFM E
LIMYN3 PTGLTVRATIAQV|. V|. .p|G.RAI|SILKV|TAYD|. ERE . EIGAGTHTRFAVAVDKFMAKAE
G5GQK6 PTGLTVRAIAEV|. V|. .D|G.RAISLKVTAYD|. ERE . EIGAGTHTRFAVAVDKFMAKAE
CI9LW87 ALGR HAEAEV|. F|. .P|G.RQV|TFAVIKAFD|. EAG . EIGEGLHERVLVNREKFMSKV|S
J6I3C7 ALG HAEAEV|. F|. .p|G.RQV|TFAVKAFD|. EAG . EIGEGLHERVLVNREKFMSKV|S
IOGTL3 PVGMKVRAEAEV. V|. . EG.RKV|TF|TV[RAFD . DAE . EIGV|GTHERFAVQKEKF LSKAQ
R5EG72 PVGL AEN. V. .|AG.KVITFAVRAFD|. EAG.EIGHGTHQ N SQRF|LDKAY
RS5VLBO PEGMTV|ITATAET. V|. .|S|G . REI|TF|A|I|TASD|. EAG . EVGH[C|THKR[FLVIKSESFMKKAA
R7H2Y6 PQGMT[VRAEAEV|. V. .NIG .REISFIAVITRYD .EAG.QIGTGTHKRFLVEQQRF/LDKAA
U2M1B8 PVGLT|VITATAET. V|. .|N|G .RE I|S|¥Y|HV|TJAED|. GVG . V[T HKRFLVDAERF|LSKAQ
W7UZ64 PKNMKVICAEAEL. V|. .NG.RELIF|SVKAYD|. EAG.DIGSGIHKRFLVYGDKFIQKTY
R7TMIM6 PESMKVTASAE[I. V|. .NG.REITFKVEAFD|. ESG.KIGEGLHKRFIIYGERFTEKAK
D4LAO9 PPGMEAHAVAEV. V. .|S|G.REITFH AlYD . RCG . K|T RAERFLEKTN
R7AJW2 PPGMERAHAVAEV]. V. .|S|G . RE I|TF|H] AlYD . HCG . KT RAER[FLEKAN
U2FO0D7 PLGATVRATATL. . F|. .P|G.RTARF|AV|TRIED|. DFG . K|T TRAVVIGAQRF|LORMR
G4KR18 PVGMKVWAEAEITGVSE|. .[NG . KMVDFKVRAWD|. EKG . PIGH|GTHTRAIINNERFMAKCA
U2RDD7 PIGMKVWAEAEITAVSE|. .[NG.KMVDFAVKAWD.ESS.PIG THTRAIVKNEKFLAKCN
U2QNH9 PIGMKVWAEAEITAVSE|. .|NG.KMVDFAVKAWD .ESS.PIG THTRAIVKNEKFLAKCN
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R6TMK5 PVGMKVWAEAET El. .[N|G . KMVDFAVKAWD . EKG.PIG THTRAIIKNEK[FLAKCN
RILX73 PIGMKVWAEAETI El. .|N|G . KMV]DF|IKV[SRAWD| . ERG . P[VG THTRA|IINCQRF|LDKCN
R6HOF9 PVGMT[VRATATV| E|. .[N|G . KLI|TIFRVIEA[SD|. DWG . P|TGE|G|T|HTRAV IAND RF|L OKCN
R6D0Y4 PVGMK[VITATAEV| A. .NG.KMI|TFKV|/TAHD|. ADG . LIGE|GIHTRAVIDNARFLOKCN
R6UAG6 ASGAEV|YATAEL S|. .P|G.RRF|EFAVEERAYD|. NAG . LIAKGTHQRF|SVKIEKF|L E
B2V410 AEGV|QVFAEAEL V|. .p|G . RKY|S[F|S|LKAFD|. NKG . LITAT CVIKKDSFVNKAT
B1QTQ7 AEG AEL V|. . DG .RKY TF|LLRAFD|. NNG . LIATGEHVRVISVKKDSFLKKAT
R5KLD7 KTGE|T|I|TARAEI V. .[RG.RKIVF|ISVERATN|. EKGERIGGGTIERFAVIIREKFMAKLG
R7BG85 SMGT|T[V|SAVAKL. V|. .p|G.RRLV[F D|. NDGNV[IGK|GT|I[ERFVV|LADKFMKKVN
R6M9E2 ALDDVVIIATIATEL. I|. .EG.RKLTF|/IVERAKD|. THK.VIGKGIHERFIINNEKFMN|

FIN406 PLGAT|ITAMATV. V|. .D|G . RKV|T[FIEV|VAKE|. GEK . VIGRGTHERFIINNEKFMAKIV
K9D8BY9 AVGAQIRAEAEV V|. .D|G.RKISYKVATYE.GDI.CIGKGTHERFVINNEKFMSKLK
I4D8E6 TIGVK|I|TATAEL(. I|. .PR.RRLVF|TVEASD|. EAG. QIG IIDIEPFLNKAQ
G2G1T3 PLGAKV|SATAEL. J|I|. . DR .RRMVF|SVIEVYD . EVG. QI KHERFIIDIDSFLVKAQ
J7IWS0 PLGANV|FAIAEL. V|. .DR . RKLV[F|TVERAF DAG.QI VIDVDS[F|IAKAQ
GTWFQO0 PIGALVKATAEL. I|. .PR.RRLVFNVERAFD .EAG.QIG KHERF(IIDVDPF|LAKTQ
H5XVU6 PLGAKV[FATAEL. I|. .DR.RRLVF|IQVEACD.EAG.QIGI IIDIEPFLAKTOQ
WOEBY5 PIGMKVWAEAVL. V|. .DR.RRLVFEIDAYD/.EVE.KT IIQEDR[FLSKAN
LOFAB3 PLGMKVWAVAEL. I|. .DR.RRLVFKLEAFD/.EKE.LIGTGVHERFLIDAEKFMKKTL
B8G028 PLGMK[VWANAE[L. V|. .DR . RRLV[FIKLEAYD|. DKE . LI G THERF|IIDVEKFMIKTQ
I4AA80 PLGMK[VWADAEL. I|. .PR.RRLVF|QIERAYD.EKE.LIG THERF|IIDVEKFMTEKTQ
Q67JY1 PPGMKVRATAVL|. V|. .D|G.RRLLFRVERAFD .DRE.RVG THERVIIVRMERFLQORAG
Q3A9K1 PVGALVEAKAKL. V. .[EIG.RKLTF|LVEAFD|. EQG . KT RVINIEKFLEKVS
R6J6I5 LLGEKITATAKL|. V|. .[EG.RKLTFK AICD . DHG . PIIGNGTHERFIIDKAKF IAKLOQ
R6I9I9 GMGKK[VTAKATL. V|. .[EG.RKLVF|EITAAD|. EDK.QIGKGTHERFIVINKEKFMAKLG
U2U2T3 AVGR[QVITAKAVL. I|. .p|G.RKLSFKLTRASD.EHG. IIG LVIKKEKFMNKLK
G4Q7C4 AVGROQV|TAKAVL . I|. .Pp|G.RKLSFKLTASD|. EHG. IIGOQ LVKKEK[FMN| K
COWAV5 AVGROQV|TAKAVL. I|. .Pp|G.RKLSFKLTASD|. EHG. IIGQ LVKKEK[FMN| K
$2z443 AVGRQV|TAKAV|L Il. .DG.RKLSFKLT D.EHG. I|IGC LVIKKEKFMN| K
R7M286 AVGKTV|TAKAVL. V|. . DG . RKLITFK|I|TV|SD|. NYG . TIGQGTHERFLVINKAKFLGKLA
D2RNA4 AVGKTV|TAKAVL . V|. . DG .RKLTFKITV|SD.NYG.TIG THERFLVINKAKF|LGKLA
COGGI3 PIDMTV|TAHAEL. [V|. .[EIG . RRLRF|KVITAVD|. DAG . PVGEGTHDR[F|VVIDQAKFMAKVE
C9R9F2 PVGMEVITAVAEL. M. .EG.RRLVERVERARD. 0VE . VIGRGRHERVLVD VAKELAKA

194



F8JPF9 OKTPAG. ..

"
2
o
o
<ouom

o
P
£
-
om

HREEEEEEEZZ0N.
=

=
@
c
@
o
o
10

REAVKING
REAIKVNG
REAIKVNG
REAIKVNG
RKAVTIND
SKTESVTE
SEIERITE

[N
@
H
»
0
@
20 50 50 1 1 E 0100 X B Y2 0 0 -

DO PUOPWMZHHPOR: RARNRNAANRNRNRNRNRNRN RO

w
=
=
H
H
©
VO QED Y Z R R

=

F8CXF7 K|Q P

E3IAI3 K[QQLHS...

K6PLM5 A[LOQRLARQDSPAP
E6SLA6 E[VQORLGTAAAGTPGQGRTSREAPGV
G8TSI3 DLSHHVSSDKEPTANE
F8I237 D|L|SHHVSSDKEPTANE
VIW1G5 E[L|SQKVENRQKAEKQH
L5MUG4 A[L|QAEISAEK

J2HIM9 A[LJOQAEISAEK

C0z567 AL

J2G9M0 A[L

c8wu92 AM

F5SL03 QM|

D5WXP8 S|M|

R7G5H6 QK|

ABRFU2 QK|

HIBNL1 AK|

195



USF4M4
E2SKL5
H1BOW4
E4LXV6
T4NF97
NOWK99
R6UIHS
G1VX76
H1BDX8
E1L909
S3A0K0
J5AQ76
X8HFB3
W3Y8I0
D1BM20
DEKMGS
D6KHB2
E4LB70
WLUP58
C4FPZ7
W1WSP8
W1X196
U2BAIl
U2SW53
RYIHN6
ROKEX9
503977
RSHR96
R6WU27
FOT2R2
D4J9J7
D4J2H1
R6GT38
V2YEB4
F4X8V5
A6NV90
R5B634
U2BG97
GIYX66
HICTK7
D4JRV3
R6RPTS
F7K912
R6QC10
E2ZHD1
R7C7Z2
R6IH13
R5CSLO
I5AU99
R6BVQS
G2T231
R502HO
D7GQ38
RSFXP5
R6RV13
R6ZN81
D6DGHO
R5M2P2
DACH55
DAMPYO
R7B681
G5FFC4
U2D4S0
R8VSUO
B8I4CO
U4R6H3
H2JF67
L1Q3R4
R6KH82
REFUYO
N2BI76
E6LQN3
H1LX05
W2VGZ8
K0XJJ2
J4TCP2
F3B6CO
RSRIN6
R6LSC1
R6VIHO
R7JYS9
F7V6WA
U2PAAT
RSTLIS
R6PAIL
COCNB6
R6DLF5
RSSHR8
R5ZAS51
c4z997
E4Q5EQ
DITGD2
BIMM60
EA4SE45
G2PV1l
E4S8L3
E4QCS6
BOTBPO
D5X9M4
F6DMUL
243085
K8DZX3
F6B4J8

PRRIRDPFPOONDDNDNNOBPEEPFOOONN NN KB

-

DOV VLAFOOOOOOOUPNFRNNZZVI T ZZNNNNVORNZZZV VNN PP OEPPFONNRPEPQAPIIPOPFOOOQQPORNRP Q-
AARRAARARAA A AR AR A AAAARAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA T AAAAAAANAANAANRNRNL -

ARAARAARD DDA DD DD DD OO I RNRNRNRRNRNRNRNR

SSSN. ..
ANAN. . .
ANAN. . .
ANAN. ..
AKSN. ..
AKSN. ..
AKSN. ..
AKSN...
AKSN. ..
RKPEKGKE

196



A5D1P6
F6CP13
R7AYY7
D7GRB2
R5G526
RTNT78
RTAWH4
R5RY61
A1HRR7
F7NH57
H1HSX5
I7K9K8
RTRUES
N1ZJT1
R7B8BO
R6PY32
R5AF40
MIE923
RAKGW9
A6TLR1
F4A004
G8M073
A3DHMS5
WAV2Q9
H6LHK5
E6MGL5
E3GGD1
R7K521
R5AKF1
B2A524
TON2A7
AOPXM9
C6QOE0
A5N4K6
U2D856
K6U6J6
W6N7S3
G7M699
A6LWA7
V8G1J7
USMUT7
S1MVB3
R6BIU7
R5GAX2
R6G283
R6QH26
BOMBZ2
E5VQVS
DAMVS3
BONZW1
E5VM16
L1PTMO
R5YWL8
COEF 68
D1PPO5
U2KTG5
EOE4V9
D3MSS8
B1C982
G9YHC1
E2ZCX0
UTUR8Y
RTMZQ7
STHMM5
FIMNK7
F5TG45
D3LTB8
F5TG44
D3LTB7
FIMNKS
H1D2D9
R5SND6
R7CTJ9
R6A5L1
RIMCNO
BOPBF1
K9CKO05
J4VOH9
E7N2I9
E4LMB1
EONZB5
D4S5R8
F5RQF3
U23vQ3
378373
c4avar2
L1MYN3
G5GQK6
COLW87
J6I3C7
I0GTL3
RSEG72
R5VLBO
R7H2Y6
U2M1B8
W7UZ64
R7TMIM6
DALAOY
RTAJW2
U2FOD7
GAKR18
U2RDD7
U2QNH9

H OO UXXXONEN RN EEZZ NS0
ARARAAARNAARAAANAAAAAAAAAANAANRANARNT

CE

QUEPEEFPRAPERRRAROOOQQAHOZZZ U NS

LESSRQEES.
KNQ. ...
KNPK. ..
LENRKQSF

PEPHOQOOUORNXNPFOFFFQOQAQAOAOQQOON NN QB H R X RO B BB BB

AAARARARAANAARAAARAAAANAAAAAAAAAANAARNRANRNAOQOZ

AARAAARNAARIIAAAARAAAAANARAAAARANAANAANRNT D
=]

197



R6TMKS
RILX73
R6HOF9
R6DOY4
R6UAG6
B2V410
B1QTQ7
RSKLD7
R7BG85
R6M9E2
FIN406
K9D8BY
I4D8E6
G2G1T3
JTIWSO
GTWFQO
H5XVU6
WOEBYS5
LOFAB3
B8G028
I4AA80
067JY1
Q3A9K1
R6J6I5
R6I9I9
U2U2T3
G4Q7c4
COWAV5
522443
RTM286
D2RNA4
COGGI3
CO9RIF2

HXQ-

VOEOF N0 ZH B HRN
NWH?NHNW’N’W

B0 B e H

[CCEvReRNol]
THITRNRARN

FRARD DD D -

(PR~

198



A-1-6

nl ol a2 a3
F8JPF9 TT = 000 02000 000000000000000
1 20 30 40 59
HRKTVIRELYPESP| [FPEFAQGFMVGLMEIWACVRA
ENVARTM. . . .. 5 DLN)YF ApyP AMVA LMBANAAMSA
DMTVNF|T. . ... ILHP\Y SIY TLAKHFPIEAGRKL
EMTVQFA. . ... VHP)\/YARWYWLARHF)JEAGRKL
EMTVDFA. . ... VHPYAWYWLAKHFIHEAGRKT
K92XJ5 . EMTVNED . . . .. LHP)YAWYWMAKHF | EAGRK I
E8U6U0 MLRALMRPIP DMTVHFE. . . .. LHP\YARYWMAKHF|2EAGRK I
Q1IWD4 .MRPIP| EMTVNEG. . ... VHP)\YAWYWLAKHF)JEAGRKI
C1CY65 .MRPIP| DMTVDFG. . . .. LHP)YARWYWMARHF |2 EAGRK I
D7CQM9 .MNPIP AMTVDFEQP . EP LHP\YYARYWLTKHVILVSRKI
KPIP EMTVDFE. . . .. VHP)\{YARWYWMTKHM{LAGRKI
RPIP EMTVDFE. . ... VHP\YAWYWMAKHMIYLAGRKT
RPIP EMTVD[FE. . ... VHP)/YARWYWMAKHMLAGRKI
RPIP AMTVDFE . . . .. [VHP)\{YARYWMAKHMALAGRKI
RPIP AMTVDFE . . ... VHP\YAWYWMAKHMIALAGRKT
RP IPE| EMTVNFE. . ... VHP){YARWYWMAKHM{LAGRKI
RPIP EMTVHFE . . ... VOP\YARWYWMAKHMIYLAGRKT
RPIP EMTVRFE. . ... VHP){YARWYWMVKHMLAGRKI
KPIP EMTVD[FEHPDDP LHP)YARYWMAKHMILAGRK I
D7BIK7 AIP| EMTVDFEHPHDP ILHP\YYARWYWMAKHMPLAGRKI
F8JPF9 T -_—
80 100 110
F8JPF9 TAATPP| TE\E LR[S|VEGRRL] i DGV .DEI[Es
A6L1R5 IKPSAYV| VEGRKLT[E[EV] DSK . GV[I[dE
FORKI4 I T/GSALP V|SGRRV|V|C|AL SSLGDEI[e]H
H8GSG4 by TASALP| 0GGRRIHADL NELGD[2V[eH
Q9RR87 S| TASALP VIEGRRV|YAKIL NELGD[E|I[eH
K9ZXJ5 s| TASALP REGRRI|YA NELGD|L/I[eH
E8U6U0 H| TASALP VIEGRRV|Y \' NELGDD|I[eH
Q1IWD4 | TASALP MEGRRIV|C|S|L SELGDE[I[eR
C1CY65 T TASALP| MDGRRILAISM NELGD[E|[I[ET
D7COM9 F| VASALP QEKNRV|YRARV NELGD|L|I[]E
F2NK44 LASALP TEGNRV|YAA(C) NELGD|L|I[E
W2U665 S| REILASALP TE GNRV|HAISM NELGD|LI[ER
ESPPT9 s| Rj:(LASALP| TEGNRV/YASM NELGDL/I[eR
G8NDE7 S| REILASALP T|E GNRV|HA| NELGD|LI[ER
B7A757 s| R:(LASALP TEGNRV/HA NELGD[LLER
K7R513 s| Rj:(LASALP| T[VGNRV/YA NELGD|L|I[E
H7GG95 S| REILASALP TEGNRV|YA| NELGD|LI[eV
05sJP1 s| Rj:(LASALP| TEGNRV/YA ELGD|L[I[gV
D3PRJ9 S DEILASALP T|E GNRV|HA| NELGD|QI[elV
D7BIK7 s| HEILASALP TEGNRIY[T NELGD|LI[¢E
Bs
F8JPF9 =———————b
120
F8JPF9 [gTHERAVIHLE| KVIR QK]
A6L1R5 [eTHVRYIVDKE KILS .|.
FORKI4 [¢TAISQLVLPEE GFEALRERFAASROPS. .. .........
H8GSG4 TITTQVVTAGT| GFAELRRRWEAARD . .. ...........
Q9RR87 TTQVVLPOA GFNELGRRWAESQEGR. .. .........
K92zXJ5 [¢ATTQVVLPOQS NFAQLAORFEEYRAGR . . . . ... ...
E8U6U0 TITTQVIAPQA| G|F| LAARWHAHQTTHQR. . . . ... ...
Q1IWD4 [elT|T|GQLVLS|OA NFERLRARWOASRD . . . oo ...
ClCY65 T|T TQMVLP|QE| NFDRLRERWAAHQR. . .. ..o v v v
D7CQOM9 TITTQVIVPQ GIF| L RWRARKEATA. .. ... .....
F2NK44 [¢RTTQVILPKA AFDKLRARWESQKTEVNRG . . . ... ...
W2U665 RTEQVILPKE LIF| LRERWEARGRV. .. ..........
ESPPTY [eRTEQVILPKE LFARLRERWEARGRV . ............
G8NDE7 RTEQVILPKA L|F| LRARWREGAGPA. . . ... ......
B7A757 [¢RTEQVILPKA LFARLRARWEAFRQGAVSGDEKRKPEES
K7R513 [¢RTEQVILPKA LEFARLKARWOAAREG . .. oo ...,
H7GG95 RTEQVILPKA L[F| LRERWEAQRSS . .. ... ... .. ..
05SJP1 [eRITEQVILPKA LFRRLKERWEAERSPS. .. .........
D3PRJ9 Y/TEQVILPRA| I|F| LOARWOEQHK . . . ..o oo v it
D7BIK7 [dE[TEQVILPKE IFHKLOERWASFOOAKS . . ..o ...

199



	University of New Mexico
	UNM Digital Repository
	9-1-2015

	Case Studies of the Hot Dog-Fold and Acyl-Adenylate-Forming Superfamilies: Characterizing the Importance of Functional Divergence in Cellular Metabolism
	Lucas Zimney
	Recommended Citation


	Microsoft Word - Dissertation - Front Matter.docx

