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Abstract

An investigation into catalytic promiscuity in the Enoyl CoA Hydratase/Isomerase

Superfamily
Grant S. Shackelford
When subjected to environmental pressures, organisms are able to sample extensive

repertoires of proteins to identify the most suitable scaffold to evolve the desired
functionality. In the laboratory we cannot sample thousands of proteins to identify the most
evolvable one. We must predict the best starting point. A better understanding of the
avenues taken in nature to evolve new activity may facilitate the selection of promising
candidates for the design of novel biocatalysts. To this end the reported work examines
enzymes from the enoyl-CoA hydratase/isomerase superfamily for promiscuous activities.
This line of research aims to provide insight into the prevalence of promiscuous activities
amongst enzymes in nature, how such reactions are catalyzed, and the role of catalytic
promiscuity in the evolution of new function. Results from this work found enoyl CoA
hydratase/isomerase superfamily enzymes to be chemically specific, though occasionally

exhibiting substrate promiscuity. Implications of these results are discussed.
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Introduction
Enzymatic Specificity

Enzymes are expected to be specific, though cases have been identified of enzymes
promiscuously catalyzing reactions in addition to their native one. Phosphotriesterase, for
example, catalyzes the hydrolysis of phosphate bonds through stabilization of a trigonal bi-
pyrimidal intermediate, though it also catalyzes the hydrolysis of amide bonds through a
tetrahedral intermediate.'

Biological systems require enzymes to convert available substrates into usable
products for processes such as metabolism, cellular signaling, and biosynthesis. Contingent
within this notion is the ability of an enzyme to select the appropriate substrate to yield the
necessary product. If enzymes indiscriminately catalyze reactions, biological systems would
become unbalanced and collapse.

One striking example of catalytic specificity comes from t-RNA synthases. These
enzymes are involved in protein biosynthesis and must differentiate between twenty amino
acids, some of which differ by one methylene group. For example, valine differs from
isoleucine by one methyl group, though binds to isoleucine t-RNA synthase 150-fold weaker
than isoleucine. Alanyl-tRNA synthase discriminates against glycine by a factor of 250.
Threonine binds to valyl-tRNA synthase 100-200 times more weakly than valine, and
isoleucine has 2€° less affinity.2 This ability to selectively bind a particular substrate is
common throughout biology where many enzymes exhibit regiospecificity, chemospecificity,
and stereospecificity. Beyond the necessity for specificity in a biological context, specific

interactions between a substrate and an enzyme are also necessary for catalysis.



Chemical transformations require energy to break and form bonds. A primary reason
enzymes catalyze reactions is because they provide a fraction of the energy necessary for
chemical reactions. This energy is derived from enthalpic binding interactions and entropic
gain that occurs when a substrate is removed from bulk solvent. Additionally, enzymes have
precisely placed amino acids that promote chemical transformations by attacking the
substrate directly or activating a molecule to do so. Thus, a second requirement for
specificity is to facilitate catalysis of chemical reactions. Between the biological and
thermodynamic needs for specificity, it is counterintuitive for an enzyme to catalyze multiple
reactions.

Regardless of these necessities, enzymes are not always entirely specific; they
sometimes exhibit promiscuity. This raises questions concerning the frequency of these
activities, how they are catalyzed, and how they are managed in vivo. To begin
understanding these reactions, the identified cases have been divided into two general
groups: enzymes that perform the same chemistry on different substrates and enzymes that
catalyze multiple chemical reactions within one active site.

Enzymatic Promiscuity

Substrate promiscuity is the most identified source of promiscuity. One extreme case
is methane mono-oxygenase. This enzyme catalyzes the hydrolysis of 150 substrates in
addition to its primary substrate methane.®> Another form of substrate promiscuity arises
when a ligand is held in different orientations, causing chemical reactions to occur at

different sites. An example of this type of promiscuity is y-humelene synthase, which

catalyzes different cyclization mechanisms on farnesyl diphosphate to produce 52 different

sesquiterpenes.*



Cases of catalytic promiscuity have been identified that extend beyond changes in
substrate to affect chemical promiscuity. One type of chemical promiscuity entails enzymes
that catalyze different chemical reactions while using the same catalytic residues. For
example, O-succinyl benzoate synthase has been shown to also catalyze the racemization of
N-acyl amino acids at rates approaching the native reaction. These two reactions involve
different substrates and chemical mechanisms. (Figure 1) The native reaction involves the
cyclization of 2-succinyl-6R-hydroxy-2,4-cyclohexadiene- 1R-carboxylate to form o-
succinylbenzoate, and the promiscuous reaction involves the racemization of N-acyl amino
acids. Both of these chemical reactions are accomplished utilizing the same set of catalytic

residues.’

[ ]
AN
H
O-succinylbenzoate synthase N-acylamino acid racemase

Fi§ure 1: O-succinylbenzoate synthase catalyzes its native reaction with a ke/Ky value of 2.5 x 10° M’
's”! and the promiscuous racemization of N-acylamino acids with a keu/Ky value of 3.7 x 102 M s™'.

Catalytic promiscuity has also been identified where an enzyme catalyzes two
chemical reactions using unique residues. Within this class two sources of promiscuity have
been identified. Some enzymes catalyze different reactions using a common active site
feature for part of the reaction and unique residues for the remainder. Lipase B utilizes a
serine-histidine-aspartate catalytic triad and an oxyanion hole to catalyze the hydrolysis of
lipid molecules. This enzyme also promiscuously catalyzes the synthesis of carbon-carbon

bonds with the aid of the oxyanion hole, but without the catalytic triad.® Additionally,



changes in enzyme conformation have been proposed as a possible source of promiscuity. In
this scenario an enzyme’s active site adopts different orientations to catalyze different
reactions. For example, isopropylmalate isomerase has a flexible loop that in one
configuration enables the enzyme to bind isopropylmalate and catalyze the shifting of a
double bond therein and in another orientation bind homocitrate and catalyze the
homoaconitase reaction.’

What benefit exists for an organism that houses promiscuous enzymes? One
hypothesis proposes that new enzymes may emerge from the promiscuous activity of
another.® Because the number of protein folds are limited (one estimate is less than two-
thousand)® folds may have been reused through divergent evolution to provide the catalytic
range found in nature. Analysis of divergently evolved enzymes indicates that many
homologues exhibit a common chemical capability and differing substrate specificity and
overall reactions.'® Such proteins retain a constellation of amino acids that catalyze a partial
reaction, but vary in residues to determine substrate specificity and mediate additional
catalytic steps with reactive intermediates to produce products. Although chemistry-
constrained divergent evolution may be a strategy by which nature can minimize the number
of mutations necessary to alter activity, the likelihood of several beneficial mutations
accumulating in the absence of positive selection is low. If instead an organism housed an
enzyme that promiscuously catalyzed the desired reaction, then the likelihood of that enzyme
developing specificity for said activity is high. Promiscuous activities have been found to
provide suitable starting points for engineering, often showing increases in activity over

several orders of magnitude with a few mutations.''



A notable study published by Aharoni ef al. enhanced several promiscuous activities
to examine the initial stage of evolution of a promiscuous activity. They found the mutations
that enhanced the rate of the promiscuous functions occurred at the perimeter of the active
site, refining substrate positioning without altering catalytic machinery. Accordingly, the
native functions were largely unaffected by the mutations, dropping by 1-2 fold in six
experiments, while the promiscuous activities were enhanced by up to 500-fold.'? These
results indicate that promiscuous activities may be enhanced in biological systems prior to
gene duplication, allowing the enzyme to continue performing its primary function while
adapting to an external pressure.

Studying catalytic promiscuity has potential for practical applications and academic
impact. The promiscuous capabilities of a relatively small set of proteins may have led to the
diversity of enzymatic function. Investigation into the prevalence of promiscuous activities
amongst evolutionarily related enzymes might provide insight into how life has evolved into
its current diversity. A deeper understanding of the properties of promiscuous activities may
help to identify or create better scaffolds for engineering new macromolecules for
applications such as biosensors, therapeutics, and bioremediation. Additionally, the
promiscuous activities of some enzymes have been shown to convert man-made chemicals
into toxic byproducts.'> A more thorough catalog of promiscuous activities and appreciation
for how these reactions are catalyzed may help to avoid such toxicity. The reported work
aims to investigate catalytic promiscuity by identifying cases in the enoyl-CoA
hydratase/isomerase superfamily and examining their mechanism of catalysis.

The Enoyl-CoA hydratase/isomerase superfamily



O K e

3-Hydroxyisobutyryl-CoA Hydrolase A*5A%%_Dienovl-CoA Isomerase

o o o ipm, :“é"_ oo
A 5 e Y “T?O/
CoASH

Methylmalonyl CoA Decarboxylase Carboxymethylproline Synthase
o o Ho 0 0 b od
I o Sl L
\ R 8CoA
0 8CoA 0 SCoA R '8CoA
Methylglutaconyl CoA Hydratase Enoyl-CoA Hydratase

Ngcan + HistoneHs ——— o Acetylated Histone H4

Histone Acetyltransferase
o HO 0 H; ]
O C§—£ L = A X
8cor Cons \
Cyclohex-1-enecarboxyl-CoA Hydratase Crotonobetainyl-CoA Hydratase
o H.0
SCoA 8CoA
[
Cyclohexa-1,5-dienecarbonyl-CoA Hydratase 4-Chlorobenzoyl-CoA Dehalogenase
[] OH
o [+]
\/\)k \/\)l\ ] C ;
? Z SCoA ? x SCoA o 8CoA
o []
A**-Dodecenoyl-CoA Isomerase 1,4-Dihycroxy-2-napthoyl-CoA Synthase
o, o]
H. o SCoA
Lo~ O—
[
Feruloyl-CoA Hydratase/Lyase 2-Ketocyclohexanecarboxyl-CoA Hydrolase

Figure 2: Enzymes in the enoyl CoA hydratase/isomerase superfamily catalyze a broad range of
chemical reactions on diverse substrates that all proceed through an anionic intermediate that is
stabilized by a structurally conserved oxyanion hole.



Figure 3: (a) Monomeric side view of ECH. (b) Quarternary top view of ECH. (c) Quarternary side view
of ECH. (d) Catalytic residues of all structurally characterized superfamily members superimposed on
the active site background of 4CBD. Superimposed structures are distinguished by the following colors:
FHL in white, DCI in magenta, ECH in cyan, MGCH in yellow, MMCD in red, 4CBD in blue, DDI in
green, CarB in purple and MenB in sky blue.



The enoyl-CoA hydratase/isomerase superfamily is composed of fifteen characterized
families (and additional proteins of unknown function) that catalyze a broad set of reactions
involving diverse substrates. These enzymes are all related by the use of two structurally
conserved backbone amide groups that stabilize an anionic intermediate derived from a Co-
enzyme-A (CoA) ester substrate.'* The members of this superfamily have analogous active
site architectures composed of a CoA-binding site and a deep catalytic pocket containing a
conserved oxyanion hole. The CoA-binding region makes the majority of the interactions
with the substrate, anchoring it into the active site and freeing the catalytic pocket to
accommodate a range of CoA esters. Different enzymes station catalytic residues in different
positions in the active site, facilitating nucleophilic attack from several positions. These
attributes enable the scaffold to catalyze a range of chemical reactions and make the
superfamily suitable to investigate the prevalence of promiscuous activities amongst related
enzymes.

Enoyl CoA Hydratase

Enoyl CoA hydratase/isomerase superfamily enzymes are found throughout the tree
of life in varied metabolic pathways. The most fundamental member of this superfamily is
enoyl CoA hydratase (ECH). Enzymes from this family are involved in the second step of

the B-oxidation pathway, degrading fatty acids to generate acetyl CoA.'* Additionally, ECH
is involved in the benzoate degradation pathway, B-Alanine metabolism, butanoate

metabolism, caprolactam degradation, fatty acid elongation, limonene and pinene
degradation, lysine degradation, peroxisome proliferator-activated receptor signaling

pathway, propanoate metabolism, tryptophan metabolism, and branched chain amino acid



degradation. Within these pathways ECH catalyzes the stereospecific hydration of trans-2-
enoyl-CoA thiolesters to the corresponding 3(S)-hydroxyacyl-CoA compound. 16

Mechanistic and structural studies have elucidated the details of this reaction.
Structural work has shown that ECH folds into a dimer of trimers, where the C-terminal of
one monomer encloses the active site of its neighbor within the trimer.!” Mutageneis studies
identified Glutamate'* and Glutamate'® as the operative catalytic residues that activate a
water molecule for nucleophilic attack and donate a proton to the intermediate to yield
product. While both residues are necessary for full activity, these studies have shown that
the reaction is still catalyzed at a low level with only one.'®
4-Chlorobenzoyl CoA Dehalogenase

In addition to fatty acids, several enzymes from the superfamily catalyze reactions
upon cyclic compounds. 4-Chlorobenzoyl-CoA Dehalogenase (4CBD) is the most well
known of these. This enzyme was isolated from soil bacteria capable of growing on 4-
chlorobenzoate as a sole carbon source. 4CBD catalyzes the hydrolysis of para-substituted
halogens on benzoyl-CoA substrates to form 4-hydroxybenzoyl-CoA. This compound is
hydrolyzed into hydroxybenzoate, which is metabolized by the B-ketoadipate pathway to

generate energy intermediates for oxidative respiration.'® Mechanistic and structural studies

have identified Aspartate'*?

as the catalytic nucleophile that attacks the substrate at the para
position, generating a Meissenheimer intermediate that is stabilized by the enzyme’s
oxyanion hole. This anionic compound then regains aromaticity and expels a chloride ion.

The enzyme-aryl intermediate is then attacked by an activated water, freeing the enzyme and

producing 4-hydroxybenzoyl-CoA.2°



Structural work has shown that 4CBD folds into a trimer in solution, where the C-
terminal of one monomer encloses the active site of its neighbor.?! Additionally, this work
has identified other mechanistically important residues. Tryptophan'’’ is predicted to make
hydrogen bond interactions with the aryl-intermediate, activating and positioning it for attack
by a water molecule. Histidine®® has also been shown to be necessary for catalysis, and is
hypothesized to close the bottom of the active site from solvent.?

Carboxymethylproline synthase
Carboxymethylproline synthase (CarB) is a medicinally important member of the

superfamily. This enzyme is involved in the biosynthesis of carbapenem B-lactam antibiotics

such as penicillins and cephalosporins. In this pathway CarB catalyzes the formation of
carboxymethylproline from malonyl-CoA and L-glutamate semialdehyde. This is
accomplished through the formation of C-C and C-N bonds, decarboxylation and thioester
hydrolysis. Other members of the superfamily catalyze these individual reactions, though
CarB is the only enzyme capable of catalyzing them all.”

Structural studies depict CarB as a trimeric structure with C-terminal domains that
enclose the active site of their own monomer. As with all other members of the superfamily,
CarB utilizes an oxyanion hole formed from the backbone amide groups of Glycine®” and
Methionine'® for substrate activation and intermediate stabilization. Structural analysis also
identified Glutamate'*', which may serve as a catalytic nucleophile and is structurally
equivalent to Aspartate'*? from 4CBD.**

A>3, A Dienoyl CoA Isomerase
While ECH and the other enzymes in the B-oxidation pathway degrade saturated fatty

acids, auxiliary enzymes are necessary to convert unsaturated fatty acids into acceptable

10



substrates. One such enzyme isA>®, A>* dienoyl CoA isomerase (DCI), which catalyzes the

isomerization of 3,5-dienoyl CoA to 2,4-dienoyl-CoA. This fatty acid is then reduced and
isomerized to generate 2-enoyl-CoA, the substrate for ECH.* Enzymes from this family have
been identified in the mitochondia and peroxisomes of eukaryotes and several species of
prokaryotes.26

The three-dimensional structure of this enzyme has been solved and depicts DCI as a
dimer of trimers with a deep hydrophobic pocket and a C-terminal loop that covers the active
site of its neighboring subunit within the trimer. Mutagenesis studies have shown that
replacement of Glutamate'®® and Aspartate’® with neutral residues mitigates the reaction rate
by a factor of 10°. Interestingly, Glutamate'*® is found in the same position as Glutamate'®*
in ECH while Aspartate’ is homologous to Aspartate'*? from 4CBD.?’ In addition to DCI,

A%,A? dodecenoyl CoA isomerase (DDI) is also involved in the metabolism of unsaturated

fatty acids.

A’ A’ Dodecenoyl CoA Isomerase

DDI catalyzes the isomerization of 3-trans enoyl-CoA into 2-trans enoyl-CoA — the

substrate for ECH in the B-oxidation pathway. This family of enzymes can be grouped into

three classes: monofunctional mitochondrial, monofunctional peroxisomal, and
multifunctional (the N terminal has isomerase and hydratase activity while C terminal has
dehydrogenase activity). The monofunctional enzymes have been identified in eukaryotic
organisms while the multifunctional enzymes exist in bacteria and the peroxisomes of
eukaryotes. Both the mitochondrial and peroxisomal monofunctional enzymes have been
crystallized and found to fold into trimers with C-terminal domains that cover the active site

of their own subunit rather than crossing onto another monomer as found in other members

11



of the superfamily. The isomerase reaction involves the shifting of a double bond by proton
abstraction from the C-2 atom leading to an anionic intermediate, which collapses to form
product following proton donation to atom C-4. This mechanism is catalyzed by one
Glutamate residue. In the peroxisomal variant this residue is Glutamate'*®, which is
analogous to the catalytic Aspartate’® in DCI and Aspartate'*? in 4CBD. The mitochondrial
homologue catalyzes its reaction by using Glutamate'*’, which is equivalent to Glutamate'®
in ECH and Glutamate'*® in DC1.28
Histone Acetyltransferase

Enzymes from the superfamily also catalyze reactions outside of central metabolism.
Histone acetyltransferase (HisA) has been shown to be involved in the chromatin remodeling
process during spermatogenesis. This enzyme is involved in the hyperacetylation of histone
H4 subunits to facilitate the exchange of these molecules with protamines. This process is
necessary for the maturation of spermatids into spermatozoa.?’ Further research into the
mechanism of this enzyme may provide insight into the chromatin remodeling process and
lead to the design of drugs to control spermatogenesis.
Crotonobetainyl CoA Hydratase

Several species of enterobacteriaceae are able to metabolize carnitine via

crotonobetaine to produce y-butyrobetaine under anaerobic conditions. In this pathway

crotonobetainyl-CoA hydratase (CaiD) catalyzes the reversible hydratation of L-carnitinyl-
CoA to crotonobetainyl-CoA, which is then hydrolyzed to form y-butyrobetaine.*® The

metabolic context of this pathway is currently unknown.

3-Hydroxyisobutyryl CoA Hydrolase

12



Another auxillary enzyme family is 3-Hydroxyisobutyryl CoA Hydrolase (HICH);
these enzymes are involved in valine catabolism in mammals and plants to generate
metabolites for oxidative respiration. During this pathway methacrylyl-CoA is produced,
which reacts with nucleophiles such as protein cysteines and cofactors CoA and glutathione.
To mitigate the accumulation of this toxic compound, it is reversibly hydrated and then

hydrolyzed by HICH to B-hydroxyisobutyrate. This compound is non-toxic and transported

for further metabolism. Mechanistic studies have identified two catalytic residues for this

reaction: Glutamate'*', which aligns with Glutamate'® from ECH and Aspartate'®.

149

Mutation of Aspartate’ ™ to Glycine resulted in a 97% loss of activity relative to wild type,

while an E141A mutation affected a complete loss of activity.>! In accordance with mutagenic

141

data and sequence alignments, Glutamate'®' is predicted to generate the enolate intermedate

by attacking the thioester carbonyl, which is hydrolyzed by a water molecule activated by

Aspartate'®® 3?

Methylmalonyl CoA Decarboxylase

Similarly to HICH, methylmalonyl CoA decarboxylase (MMCD) is involved in the
synthesis of propionate though through a different pathway. This enzyme is part of a four-
gene operon encoding enzymes to convert succinate into propionate. The metabolic context
of this pathway is unknown, though there are multiple pathways to degrade propionate into
metabolites for the citric acid cycle.

Mechanistic and structural studies have been published on this enzyme. The
decarboxylation of methylmalonyl CoA is proposed to begin with the transfer of electrons
from the substrate’s carboxylate to its thioester group, forming an anionic intermediate. The

intermediate then collapses, abstracts a proton from the enzyme, and expels the substrate’s

13



carboxylate, yielding product. Mutagenesis studies have shown that Tyrosine'”’ is necessary
for catalysis and is proposed to orient the substrate’s carboxylate group through hydrogen-
bonding interactions. Additionally important are Histidine® and Glycine''®, which form the
oxyanion hole that activate the substrate and stabilize the intermediate.* Interestingly, the
enzyme has an active site Glutamate that is analogous to Glutamate'* in ECH, but does not
appear to interact with the substrate. In addition to identifying catalytic residues, structural
studies have shown that this enzyme forms a dimer of trimers with each C-terminal covering
the active site of its own subunit.**

Methyliglutaconyl CoA Hydratase

Methylglutaconyl-CoA hydratase (MGCH) catalyzes the hydration of 3-
methylglutaconyl-CoA to form 3-hydroxy-3-methylglutaconyl-CoA. This activity has been
identified in the leucine catabolic pathway of humans and bacteria. While both enzymes
function in leucine catabolism, the human homologue also has an RNA binding region of
unknown function.

Structural studies depict mammalian methylglutaconyl CoA hydratase as a dimer of
trimers with C-terminal domains that fold onto the active site of neighboring subunits within
the trimer. While both homologues catalyze the same reaction they differ in their catalytic
residues.’® The mammalian enzyme has two glutamate residues in positions homologous to
those in ECH while the bacterial one has only an analog to Glutamate'®. To facilitate the
activation of a water molecule, these studies suggest that the bacterial enzyme utilizes the
terminal carboxylate in the substrate in place of an additional glutamic acid residue.?®

Ferulyl CoA Hydratase/lyase

14



Ferulyl-CoA hydratase/lyase (FHL) is another industrially relevant enzyme in the
enoyl CoA hydratase/isomerase superfamily. These enzymes catalyze the formation of
vanillin and acetyl CoA through the degradation of ligin polymers from plant debris. Thus,
these enzymes have utility both for biodegradation of plant waste and the formation of the
flavoring agent vanillin.*’

The three-dimensional structure of this enzyme identifies it as a trimer with C-
terminal domains that complete neighboring active sites. Comparison of this structure with
those of other superfamily members has led to the prediction of mechanistically-important
residues. The oxyanion hole of this enzyme is formed by the backbone amide groups of

120 The proposed reaction mechanism uses Glutamate'*® as a

Methionine’ and Glycine
catalytic nucleophile, which is homologous to Glutamate'®* from ECH, to activate a water
molecule that attacks the substrate and generates an anionic intermediate. This intermediate
then collapses and abstracts a proton from the enzyme. A proton is abstracted from the
substrate’s hydroxyl group, leading to carbonyl formation and release of the acetyl CoA
group. Tyrosine®’ is predicted to play a role in this mechanism, though further research is

necessary to elucidate its contribution.*®

Benzoic acid degradation enzymes
Aromatic compounds are often converted into benzoyl-CoA, which is further
metabolized by the benzoate degradation pathway to generate 3 equivalents of acetyl-CoA and 1

CO,.* Cyclohex-1-enecarboxyl-CoA hydratase (Badl), cyclohexa-1,5-dienecarbonyl-CoA
hydratase (1,5CH) and 2-ketocyclohexanecarboxyl-CoA hydrolase (BadK) all function in this

pathway within anaerobic bacteria to assimilate aromatic compounds. Analysis of the

enzymes constituting the benzoate degradation pathway has implications for bioremediation

15



of toxic aromatic hydrocarbons, as well as recycling aromatic plant polymers. Within this
pathway BadK and 1,5CH catalyze the hydration of benzoic acid compounds, while Badl
occurs toward the end of the pathway and breaks the ring open.*® A mechanistic study has

been performed for Badl that identified Serine'*®, Aspartate'*® (homologous to Glutamate'* in
ECH) and Tyrosine®*’ as the catalytic residues, though their mechanistic functions are

unknown.*!
1,4-dihydroxy-2-napthoyl-CoA synthase

1,4-dihydroxy-2-napthoyl-CoA synthase (MenB) catalyzes the condensation of o-
succinylbenzoyl-CoA to 1,4-dihydroxy-2-naphthoyl-CoA, which is the reverse of the reaction
catalyzed by Badl. This enzyme is involved in the menaquinone (vitamin K) biosynthetic
pathway found in gram-negative bacteria. In bacteria vitamin K is utilized under anerobic
conditions to shuttle electrons between dehydrogenases in the inner mitochondria. Vitamin K
is also important in humans where it is involved in blood coagulation. Because this pathway
is only found in gram-negative bacteria, the enzymes that constitute it are potential drug
targets.*?

Structural and mechanistic studies of this enzyme have shown that it forms a dimer of
trimers with a deep hydrophobic pocket and oxyanion hole akin to other structurally-
characterized members of the superfamily. Unique to this enzyme is the positioning of its C-
terminal domain, which covers the active site of a subunit from a different trimer. The
proposed catalytic residues are Aspartate'®?, which is analogous to Glutamate'** in ECH and
Tyrosine”. Interestingly, according to sequence alignments both of these residues appear to

be conserved in BADI. Mutagenesis studies have shown that these residues are necessary for

16



function and are hypothesized to participate in proton transfer steps at the beginning and end

of the mechanism.*?

Identifying promiscuity in the Enoyl-CoA Hydratase/Isomerase Superfamily

If functional promiscuity assists the evolution of new activities, a group of related
enzymes may contain proteins that catalyze each other’s reactions. In the enoyl CoA
hydratase/isomerase superfamily, MGCH and CaiD have already been shown to catalyze the
similar ECH reaction.’'** Both of these enzymes use the two glutamate residues for their
native reaction. 4CBD, which lacks these catalytic glutamates does not exhibit promiscuous
ECH activity, though was engineered to catalyze the reaction by inclusion of two glutamate
residues.* These cases of functional plasticity suggest that the barrier to promiscuity within
the enoyl-CoA hydratase/isomerase superfamily may largely be placement of appropriate
catalytic residues.

Because all superfamily members share fundamental aspects of their structures and
catalytic mechanisms, additional promiscuous activities may exist. To investigate catalytic
promiscuity in the enoyl CoA hydratase/isomerase superfamily, enzymes have been cloned
into histidine-tagged protein expression vectors, over-expressed and purified using nickel-
affinity chromatography. The purified enzymes were characterized for promiscuous catalysis
of the ECH reaction. This reaction was chosen for several reasons. ECH is a fundamental

and ubiquitous enzyme found throughout all forms of life, functioning in B-oxidation as well

as many other pathways. Because of its role in primary metabolism, it is hypothesized to be

the progenitor of the fourteen other families.
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Figure 4: Network analysis of the enoyl CoA hydratase/isomerase superfamily. (a) Nodes depict sequences and are
colored according to their family designation; blue lines are edges between nodes with sequence homology scores at
or below 107, (b) Solid lines indicate homology scores between families of 10->; dashed lines indicate expectation
values above or equal to 10-?”. ECH,, denotes the hydratase domain on the multifunctional B-oxidation protein.
DDI;, and DDI,, are the peroxisomal and mitochondrial homologues respectively.
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To investigate the evolutionary relationship amongst families in the superfamily, a
network analysis was performed (Figure 4). This study identified ECH as the central family
to which all other families exhibit sequence homology with an expectation value below 1072,
We hypothesized that a likely source of promiscuity could be retention of a progenitor’s
activity, making ECH an ideal reaction with which to identify promiscuity. In addition to
evolutionary relationships, ECH was chosen because it is the most well characterized enzyme
in the superfamily, facilitating the analysis of any identified promiscuous reactions.
Materials

All reagents were purchased from Sigma-Aldrich. As reported by the manufacturer,
crotonyl-CoA contained 5-10% cis isomer and was used without further purification.
Bicinchoninic acid (BCA) protein assay reagents were purchased from Pierce. BPER reagent
was purchased from Pierce. Phusion DNA polymerase was purchased from Finnzymes.
Restriction enzymes were purchased from New England Biolabs, DNA purification kits from
Qiagen, and T4 DNA ligase from Invitrogen. 5 mL nickel fast flow liquid chromatography
columns were purchased from GE Healthcare. Saccharomyces cerevisiae genomic DNA was
purchased from Invitrogen and geobacter metallirudcens GS-15 genomic DNA was
purchased from American Type Culture Collection. Peudomonas syringae genomic DNA,
Escherichia coli K-12 genomic DNA, and the PHUG60 plasmid were generous gifts from the
Lindow (http://nature.berkeley.edw/icelab), Voigt (http://www.voigtlab.ucsf.edu), and
Sylvestre (Michel.Sylvestre@iaf.inrs.ca) laboratories, respectively. The gene encoding HisA
was purchased from American Type Culture Collection in the pRSET(B) vector. BADK in

the pDPHisK1 vector was a gift from the Harwood laboratory (cshS@u.washington.edu).

The Tonge laboratory (http://ms.cc.sunysb.edu/~ptonge) provided MenB and ECH, both in
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pET15b vectors. The Gerlt laboratory (j-gerlt@uiuc.edu) provided BADI in pET15b,

MGCH in pET16b, MMCD in Tom15b and HICH in Tom15b.
Methods
Superfamily network analysis

To gain insight into evolutionary relationships between members of the enoyl CoA
hydratase/isomerase superfamily the program Cytoscape*® was used to construct a sequence-
based protein network. Sequences used for this analysis were taken from the Gold Standard
set in the Structure-Function Linkage Database, which limits superfamily members to
sequences containing the conserved fold and active site motif. These sequences were
subdivided into families based on family-specific active site residues.'® Following a 95%
sequence homology filter the resulting set of sequences were subjected to an all-by-all
alignment to calculate expectation values (E-values) for every sequence pair. These E-values
were used as input for Cytoscape to generate a protein network. To resolve the network into
family clusters, edges between nodes were restricted to sequence pairs with E-values below
107,
Cloning

Genes were amplified from DNA using Phusion DNA polymerase according to the
manufacturer’s protocol. Polymerase chain reaction (PCR) was initiated with a 2-minute
denaturation step at 94°C, followed by 35 cycles of 1 minute at 94°C, annealing at 60°C for 1
minute and 15 seconds, and fifteen seconds at 70°C. Following 35 rounds samples were
subjected to a 10-minute elongation step at 70°C. PCR products were then stored at 4°C.
Following amplification PCR products were purified and restriction digested between 4 and

16 hours alongside the corresponding vector DNA. Double-digested fragments were purified
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through gel extraction and ligated overnight at 16°C using T4 DNA ligase. Ligated
constructs were electroporated into competent cells and streaked on Luria-Bertani (LB)
plates containing S0 mg/mL Carbenicillin. Plasmid DNA from a selection of resultant
colonies was then sequenced to identify cloned genes.

Overexpression

Plasmids were transformed into BL21(DE3) cells. Prior to purification, all constructs
were examined for overexpression of their target gene. To this end cells were grown in 250
mL of (LB) containing 50 mg/mL carbenicillin until they reached log phase, which was
identified by an optical density of 0.6 to 0.8 absorbance units at 600 nanometers. Cultures
were then halved; one sample received 1 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG)
to induce protein overexpression while the other did not. Both cultures were grown for an
additional 16 hours. Following this period cultures were centrifuged at 13,000 rpm for 10
minutes, chemically lysed using BPER reagent and visualized using sodium dodecy! sulfate
polyacrylamide gel electrophoresis (SDS-PAGE).

Following the overexpression analysis, bacteria carrying plasimid encoding
superfamily enzymes were grown in 1L of LB at 37°C with 50 mg/mL of carbenicillin. Once
cells reached log phase, they were treated in accordance with the determined conditions to
maximize production of soluble protein. Following this period cells were centrifuged at
6,000 rpm for 30 minutes. The resultant supernatant was decanted and the pellet resuspended
in 40 mL of nickel binding buffer (5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI, pH 7.9)
and 1 mM phenylmethanesulphonylfluoride to inhibit serine proteases. The cells were lysed

by 6 passages through a microfluidizer and the resultant debris pelleted by centrifugation at
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30,000xg for 30 minutes. Clarified lysate was filtered through a 20-micron filter prior to
affinity purification.
Purification

Protein purification was carried out using a SmL fast flow Nickel column. Following
loading of clarified lysate, protein was washed and then eluted using a 100 mL gradient of
histidine-elution buffer (500 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCI, pH 7.9).
Fractions containing protein were immediately pooled and dialyzed against 4L of dialysis
buffer (20 mM KH,PO,, 3 mM EDTA, pH 7.4 and 1 mM DTT) for 24 hours. Purity was

assessed using SDS-PAGE. The concentration of purified protein was determined using the

BCA protein assay. With the determined protein concentration and Beer’s law (1), extinction

coefficients for each enzyme were calculated using each enzyme’s absorbance at 280 nm.
A=¢(M'cm”) x b(em) x C(M) §))

Figure 5: Beer’s law formula where A equals absorbance, € the extinction coefficient, b the path length
and C the concentration of the enzyme.

Enzymatic Assay

ECH activity was followed by measuring the decrease in absorbance at 280nm
associated with the hydration of the C-(2) double bond in crotonyl-CoA (Figure 6). Reactions
were performed at 25°C in 20 mM sodium phosphate buffer, pH 7.4, 3 mM EDTA and .0044%
albumin. Initial velocities for each enzyme were measured using 20 mM of crotonyl-CoA and

variable amounts of enzyme. Substrate concentration was determined by the absorbance at 280

nm using an extinction coefficient of 3600 M'cm™.**” To determine the range of detectable
ECH activities, assay measurements were made in triplicate using 20 mM crotonyl-CoA and

ECH concentrations from 33 pM to 20.22 nM.
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Figure 6: Enoyl CoA Hydratase activity is measured by following the decrease in absorbance at 280 nm
affected by the hydration of the C-(2) double bond in crotonyl CoA. The double bond that absorbs at 280 nm
is depicted in red.

Specific activity calculations

To calculate specific activity for the ECH reaction the milligrams of enzyme used in
the assay was calculated from the absorbance at 280 nm using formulas 2, 3, and 4.
Additionally the rate of the enzymatic assay was converted from milli-absorbance units
(mAU) minute™ to pmoles minute™' using formulas 5 and 6. The specific activity was
calculated using formula 7.

280nm absorbance (AU) ¥))

Concentration (M) = — - —
Extinction coefficient (M"cm™) x Path length (cm)

Moles of protein = Concentration( m.oles ) x Cuvette volume (100 x 10L) (€))
r

Milligrams of protein = Moles of protein X Formula weight (g ]x 1000 mg “4)
(a) mole lg

Rate of activity ( Molar ):Rate( nTAU )x( 1AU )x -— ! (5)

minute minute 1000 mAU 3600 (Mcm™) x Path length (cm)
... { umoles Molar ) - 10°umoles

Rate of act — |=Rate| —— |x (100 x 10°L ) x| ————— 6

(b) ate of activity ( minute ) 2 (minute ( ) Imole ©)
umoles

Specific activity = | —minute )

©) mg protein

Figure 7: Formulas to calculate the specific activity for the enoyl CoA hydratase reaction. a) Formulas used to
calculate the milligrams of protein from molar concentration. b) Formulas to convert the reaction rate from
mAU minute” into pmoles minute™. ¢) Calculation of specific activity from the reaction rate and mg protein.
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Results

Expression Purified Extinction Enoyl CoA Hydratase
Enzyme condition (mg protein  Coefficient activity (4 mol min™ (mg of
(g cel)™) M'em™) ‘protein)™?)

Enoyl CoA Hydratase +1mM 6.21 12611 864

IPTG
4-Chlorobenzoyl CoA  Undetected - NA NA
Dehalogenase
A*,A? Dodecenoyl +1mM - NA NA
CoA Isomerase IPTG
Histone +1mM - NA NA
Acetyltransferase IPTG
Crotonobetainyl CoA +ImM 1.96 20833 0.857
Hydratase IPTG
3-Hydroxyisobutyryl +1mM 835 54729 Undetected
CoA Hydrolase IPTG
Methylmalonyl CoA +ImM 8.37 17095 Undetected
Decarboxylase IPTG
Methylglutaconyl CoA +1mM 1.74 21230 Undetected
Hydratase IPTG
Feruloyl CoA +1mM 0.735 56170 Undetected
Hydratase/Lyase IPTG
Cyclohex-1- Undetected - NA NA
enecarboxyl-CoA
Hydratase
2-Ketocyclohexane- Undetected - NA NA
carboxyl-CoA
Hydrolase
Cyclohexa-1,5- +ImM 0.34 14192 Undetected
dienecarbonyl-CoA IPTG
Hydratase
1,4-dihydroxy-2- +ImM 5.03 31685 Undetected
Napthoyl-CoA IPTG
Synthase

Table 1: Overview of results
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Enoyl CoA Hydratase
Amplification from plasmid DNA

For purposes of sequence identification, primers were designed to amplify ECH from
plasmid DNA. To this end, the forward primer 5’- ATGGGTGCTAACTTTCAGTACATCA
C -3’ and reverse primer 5’- TCAGTGGTCTTTGAAGTTGGCC -3’ were designed. Using
PCR plasmid DNA was amplified producing a fragment of approximately 786 nucleotides.
Sequencing of the resultant gene identified it as a structurally characterized variant of
mitochondrial ECH from rattus novegicus.

- | ECH -GANFQYIIT EKKGKNSSVG LIQLNRPKAL NALCNGLIEE LNQALETFEE
- ECH Clone MGANFQYIIT EKKGKNSSVG LIQLNRPKAL NALCNGLIEE LNQALETFEE

ECH DPAVGAIVLT GGEKAFAAGA DIKEMQNRTF QDCYSGKFLS HWDHITRIKK
ECH Clone DPAVGAIVLT GGEKAFAAGA DIKEMQNRTF QDCYSGKFLS HWDHITRIKK

ECH PVIAAVNGYA LGGGCELAMM CDIIYAGEKA QFGQPEILLG TIPGAGGTQR
ECH Clone PVIAAVNGYA LGGGCELAMM CDIIYAGEKA QFGQPEILLG TIPGAGGTQR

ECH LTRAVGKSLA MEMVLTGDRI SAQDAKQAGL VSKIFPVETL VEEAIQCAEK
ECH Clone LTRAVGKSLA MEMVLTGDRI SAQDAKQAGL VSKIFPVETL VEEAIQCAEK

ECH TANNSKIIVA MAKESVNAAF EMTLTEGNKL EKKLFYSTFA TDDRREGMSA
ECH Clone TANNSKIIVA MAKESVNAAF EMTLTEGNKL EKKLFYSTFA TDDRREGMSA

ECH FVEKRKANFK DH
(b) ECH _Clone FVEKRKANFK DH

Figure 8 (a) 10% Agarose gel: DNA standard (left lane), ECH (right lane). (b) Sequenced gene is
homologous to a shortened variant of mitochondrial ECH from rartus norvegicus used for structural
determination.

Over-expression of recombinant protein
ECH was cloned into a lactose inducible vector for the over-

expression of protein. To identify optimal expression conditions, protein

Figure 9: Overexpression

measurements were made with and without analysis. (Lanes left to
right) Protein standard,
induction of the lactose promoter by ImM IPTG. gene +1mM IPTG, vector

+1mM IPTG, gene +OmM
IPTG, vector +OmM IPTG.

SDS-PAGE illustrated that IPTG increases over- ECH circled in red. -l
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expression of ECH relative to empty vector and uninduced bacteria.
Purification of recombinant protein
According to the absorbance at 280nm, extraneous protein was washed off the
column using an imidazole
gradient to a final
concentration of 200 mM.
Following this wash step,
imidazole concentration

o
was raised to 500 mM and

- ..
- o

ECH was eluted in a
(a) ()

Figurel0: (a) Nickel-affinity purification chromatogram of ECH,
blue and yellow traces represent the absorbance at 280nm and

The eluted protein was concentration of imidazole, respectively. (b) SDS-PAGE analysis of
ECH purification, lanes left to right: protein standard, cellular

visualized with SDS-PAGE, lysate, column flow through, purified protein.

minimal volume of buffer.

and found purified to homogeneity. Using the BCA protein assay, 43.45 mg were
determined to have been purified from 7 grams of Escherichia coli cells.
Enoyl CoA Hydratase enzymatic activity assay

ECH was measured for its native reaction in triplicate and the specific activity was
calculated using equations 1-7. To assay ECH for activity, 0.842 nM of enzyme and 20 mM

substrate were used. Under these conditions ECH exhibited a specific activity of 864 jumol

min"' (mg protein™).
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Figure 11: ECH kinetic spectra. Square and circle samples are negative controls with no enzyme. Triangle
and diamond assays have 0.842 nM ECH. Using formulas 1-7 a specific activity of 864 umol minute’' (mg
protein)” was calculated.
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4-Chlorobenzoyl-CoA Dehalogenase
Cloning from plasmid DNA

For purposes of cloning and sequence identification, primers were designed to
amplify 4CBD from plasmid DNA. To this end, the forward primer 5’- GAATTAATTC
GGATCCATGTATGAGGCAATTGGTCACC -3’ and reverse primer 5’- GGTGGTGG
TGCTCGAGCTACACGCCCGCCG -3’ were designed. Using PCR plasmid DNA was
amplified producing a fragment of 810 base pairs. This gene was subsequently digested and
ligated into the pET20b expression vector. Sequencing of the resultant gene identified it as

4CBD from pseudomonas strain Cbs3.

@k

Clone 4CBD
4CBD

Clone_4CBD
4CBD

Clone 4CBD
4CBD

Clone 4CBD
4CBD

Clone 4CBD
4CBD

Clone 4CBD

(b) 4CBD

MYEAIGHRVE
MYEAIGHRVE

VMITGAEDAF
VMITGAEDAF

RPVLAAINGV
RPVLAAINGV

SLARIVGMRR
SLARIVGMRR

ELAAAPTHLQ
ELAAAPTHLQ

RFLDGHRADR
RFLDGHRADR

DGVAEITIKL
DGVAEITIKL

CAGFYLREIP
CAGFYLREILIP

AAGGCLGISL
AAGGGLGISL

AMELMLTNRT
AMELMLTNRT

VMAKERFHAG
VMAKERFHAG

PQVELPAGV
PQVELPAGV

PRHRNALSVK
PRHRNALSVK

LDKGVAGVRD
LDKGVAGVRD

ASDMAICADS
ASDMAICADS

LYPEEAKDWG
LYPEEAKDWG

WMQPVEECTE
WMQPVEECTE

AMQEVTDALN
AMQEVTDALN

HFRIAALWWH
HFRIGALWWH

AKFVCAWHTI
AKFVCAWHTI

LVSRVYPKDE
LVSRVYPKDE

FEIQNVIASYV
FEIQNVIASV

RAEEDDSVGA
RAEEDDSVGA

QMIBKIIRVK
QMIHKIIRVK

GICNDTATSY
GIGNDTATSY

FREVAWKVAR
FREVAWKVAR

THPHFMPCLT
THPHFMPCLT

Figure 12 (a) 10% Agarose gel: DNA standard (left lane), 4CBD (right lane). (b) Sequenced gene is
homologous to 4CBD from pseudomonas strain Cbs3.

Overexpression of recombinant protein
4CBD was cloned into a lactose inducible vector for the over- -

expression of protein. To identify optimal
Figure 13: Overexpression -

analysis. (Lanes left to
right) Protein standard,
gene +1mM IPTG, vector
+1mM IPTG, gene +0OmM
IPTG, vector +OmM IPTG.

expression conditions, protein measurements

were made with and without induction of the

L O P p—

28



lactose promoter by ImM IPTG. SDS-PAGE was unable to detect an overexpressed protein
band under either sample condition.
Purification of recombinant protein

To purify 4CBD from whole cellular lysate, nickel affinity chromatography was used.
After loading the protein onto to the column, an imidazole gradient from 5 mM to 500 mM
was used to wash and elute the target protein. According to the absorbance at 280nm,
extraneous protein was washed off
the column with approximately 70
mM imidazole. The gradient
continued up to 500 mM imidazole
but no protein eluted. Further
analysis is necessary to determine

conditions to obtain pure, soluble
protein. Figure 14: Purification of 4-CBD by nickel affinity

chromatography where the blue and yellow traces represent the
absorbance at 280nm and concentration of imidazole, respectively.
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A’ = Dodecenoyl-CoA Isomerase

Cloning from genomic DNA

For purposes of cloning and sequence identification, primers were designed to

amplify DDI from sacchromyces cervisae genomic DNA. To this end, the forward primer

5’- GAATTAATTCGGATCCATGTCGCAAGAAATTAGGC-3’ and reverse primer 5°-

GACGGAGCTCGAATTCTCATAAACGATGCTTCCTTTG -3’ were used. Using PCR

genomic was amplified producing a fragment of 840 base pairs. This gene was subsequently

digested and ligated into pET20b expression vector. Sequencing of the resultant gene

identified it as DDI from sacchromyces cervisae.

(b)

DDI clone
DDI

DCI_clone
DDI

DCI clone
DODI

DDI_clone
DDI

DCI_clone
DD1

DDI_clone
DDI

MSQEIRQNEK
MSQEIRQONEK

NRDVYFTIIQ
NRDVYFTIIQ

NVYVTDAF IK
NVYVTDAF IK

ANLGLITEGG
ANLGLITEGG

MPSSNAEAFN
MPSSNAEAFN

EVNESLKYWV
EVNESLKYWV

ISYRIEGPFF
ISYRIEGPFF

SSGRFFSSGA
SSGRFFSSGA

HSKVLICCLN
HSKVLICCLN

TTVSLPLKFG
TTVSLPLKFG

AKVLEELREK
AXVLEELREK

DGEPLKRFRQ
DGEPLKRFRQ

IIHLMNPDNL
IIBLMNPDNL

DFRGIAKAQG
DFKGIAKAQG

GPAIGLSAAL
GPAIGLSAAL

TNTTYECLMF
TNTTYECLMF

VKGLYLPSCL
VKGLYLPSCL

LGSKQRKHRL
LGSKQRKHRL

NALEGEDYIY
NALEGEDYIY

DDTNKYPSET
DDTNKYPSET

VALCDIVYSI
VALCDIVYSI

NKPFKYDIMC
NKPFKYDIMC

GMKKLLKSNH
GMKKLLKSNH

LGELLELADR
LGELLELADR

SKWVSNFVAR
SKWVSNFVAR

NDKVYLLYPF
NDKVYLLYPF

ENGFISKNFN
ENGFISKNFN

IDAFNKANSV
IDAFNKANSV

Figure 15 (a) 10% Agarose gel: DNA standard (left lane), DDI (right lane). (b) Sequenced gene is
homologous to DDI from sacchromyces cervisae.

Overexpression of recombinant protein

DDI was cloned into a lactose inducible vector for the over-

expression of protein. To identify optimal

expression conditions, protein measurements

were made with and without induction of the

Figure 16: Overexpression

analysis. (Lanes left to right)
Protein standard, gene +lmM
IPTG, vector +1mM IPTG,
gene +OmM IPTG, vector

+0mM IPTG. Protein band
circled in red.
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lactose promoter by ImM IPTG. SDS-PAGE demonstrated that IPTG affects the over-
expression of DDI relative to empty vector and uninduced bacteria.
Purification of recombinant protein
To purify DDI from whole cellular lysate, nickel affinity chromatography was used.
After loading the protein onto to the column, an imidazole gradient from 5 mM to 500 mM
was used to wash and elute the target
protein. According to the
absorbance at 280nm, extraneous
protein was washed off the column
with approximately 70 mM
imidazole. The gradient continued
up to 500 mM imidazole, but no
protein eluted. Further analysis is

necessary to determine conditions Figure 17: Purification of DDI by nickel affinity chromatography

where the blue and yellow traces represent the absorbance at
to obtain pure, soluble protein. 280nm and concentration of imidazole, respectively.
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Histone Acetyltransferase
Amplification and sequencing from plasmid DNA

For purposes of sequence identification, primers were designed to amplify HisA from
plasmid DNA. To this end, the forward primer 5’- ATGGCTTCCGAGGAGCTGT AC -3’
and reverse primer 5S’-TCAGAACTCATCGATCTTCCTCT -3’ were designed. Using PCR

plasmid DNA was amplified producing a fragment of approximately 1630 nucleotides.

Sequencing of the resultant gene identified it as HisA from homosapien.

nizA_ilome
n1zA

1A _Tlone
LFSY

13A_Ilme
n1sa

Higa Cl-ms
w1t

HizA_Tl.ome
“AsA

wigA _Tl.me
M13A

wiza_l.re
Miza

W1iA_Tleme
LESY )

MitA _love
M13A

(b)

NPRRVRNAGCE 3Z(CTI US0S
MPRAYRSACZ TEC(CTEOEME
ACTTARYTRZ 30 1 PTRUTPY
AYTTRRTRZ y PTPVTRY
CrIZPevIat ERIAYINZY
CIZIRvEING ESIN(OZY
LYMBLZACTS VYRAL TR
LYRBLZALES PRAY DROPY
IMIeR, TV COTREPLLES
BN IeRTY CATRIPLLER

TwTPUPREVA RICRITMCRP
TRIIUPREVA RLCRLOWIES

LTLLAMLFLO WY TLVY(VEP
LOLLANLRLL WPTLVYOVEDP

TOFZVLLIYY REYVCPERY
ICEEVILDYY ERYMIIPERP

AZ RIS FNLVIYR (2
AL ALTES YELVLY R (D

STULINTOZS SJECCTEARZA AVTASSARLZ QSRUSTPVR ML) ZICTIEP
ZTQENTE3Z FIUCTTARIA AVTAZZAALE (SN 0XZPYR 8L SFCTEEP

MYPLRAYTARE CFTICYVOE SOAITYETAC w(€ SPPRTPT SesAPRIFOCT
FYPLATRZS STETEQVVOF SORITYETAL W(ESPPRTPT CRAPINZ 301

CBSSOULEWRP YRRRZFNEZTE FRANCPTPCC BXLCNLTCY® ERNFZIBICP
UBCTULINRP FRARFRESTE PO CPTPIC OSLONLTOYR ERNFSIICCP

ITEERALENAG OOSERNATRN QAPTERCGLRY FEYYAFLRYY RESLDEQY
IEERNLZARQ COSBRNATRN QAPTEAQLAY MIFVARLRIX REBCLDIQY

LTIVILILTY ARAMARAZIO LEVIRL QT TESSONIVTI AFSRCELOTY
LTIV 0L RRMARAZEC LIVLALyCyl TECZ2ENIFTI AFSRUELITY

CLEMYRTI LRARMDAIVE FuPPCIGITR YCIITVIEVD COXIVCQR
CLYMPITE LARARNNCYY FYRPPSOR ITR FOSIZVERYD QXYOXITIQE

FLEOMTIAL OTCCoLICYR EVFYOEFLAY EYSTILTRPY YMROCUOIIML
FLEOMTEAD OTUCNLICYF DIAVeZFLAY SVECILMMPRIRQSTSIML

LSULGLIZYR FOYEVLLAT LRSFQIYEIZ IYRIZEITAY SPVDIYETLY
LICLSLISVR TOOVEVILAY LNGRQIYEIZ IVEIDETAY @PVLIVETLY

ICFCTOTAY RZNSEYMMIP ICLINTPPN T
TV TIDTAY REEIOYTHOP ICLIWTPPFC T

Figure 18 (a) 10% Agarose gel: DNA standard (left lane), Histone acetyltransferase (right
lane). (b) Sequenced gene is homologous to histone acetyltransferase from homosapien.

Overexpression of recombinant protein

HisA was cloned into a lactose inducible vector for the over-

expression of protein. To identify optimal expression conditions, protein

measurements were made with and without
. . Figure 19: Overexpression .
induction of the lactose promoter by ImM IPTG. analysis. (Lanes left to 4

right) Protein standard, - s
SDS-PAGE illustrated that IPTG increases the gene +1mM IPTG, vector ¥

+1mM IPTG, gene +OmM
over-expression of HisA relative to empty vector ll:yi:g,b\;zu;r:?egﬁ lrI;IG i
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and uninduced bacteria.
Purification of recombinant protein
To purify HisA from whole cellular lysate nickel affinity chromatography was used.
After loading the protein onto to the column, an imidazole gradient from 5 mM to 500 mM
was used to wash and elute the
target protein. According to the
absorbance at 280nm, extraneous
protein was washed off the column
with approximately 70 mM
imidazole. The gradient continued
up to 500 mM imidazole, but no
protein eluted. Further analysis is
necessary to determine conditions Figure 720:_;u7~rit“|catiovn.(->tll;isA i,y nickel afﬁni& cﬁro?ﬁQw;;;;pl-\y

where the blue and yellow traces represent the absorbance at
to obtain pure, soluble protein. 280nm and concentration of imidazole, respectively.
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Crotonobetainyl-CoA Hydratase
Cloning from genomic DNA

For purposes of cloning and sequence identification, the forward primer 5°-
TTTATTACATATGAAACGGCAGGGAAC-3’ and reverse primer 5°-
ATTAACTCGAGTTAACGTCCTTTCCACA -3’primers were used to amplify CaiD from
Escherichia coli K12 genomic DNA. Using PCR a gene of approximately 900 nucleotides
was amplified, which was subsequently digested and ligated into a pET20b expression

vector. Sequencing of the resultant gene identified it as CaiD from Escherichia coli K12.

CaiD
CaiD clore

Ca:iD
CaiD_clore

CaiD
Ca12_clorne

CaiD
CaiD_clone

CaiD
CaiD clone

CaiD

(b) caid _clone

MKQOGTTLPA
MKRQGTTLPA

EITLDRPKAN
EITLDRPKAN

DLKAAAEGEA
DLKAAAEGEA

AADFIVCADN
AADFIVCADN

MGAEEALRWG
MGAEEALRWG

SEMPVEEAYR
SEMPVEEAYR

NNHTLKQYAF
NNHTLKQYAF

AIDAKTSFEM
AIDAKTSFEM

PDADFGPGGF
PDADFGPGGF

ASFALPEAKL
ASFALPEAKL

IVNRVVSQAE
IVNRVVSQAE

YIRSGVLKHY
YIRSGVLKHY

FAGMLSSLKK
FAGMLSSLKK

GEVFLNFRDD
GEVFLNFRDD

AGLTEIFNLD
AGLTEIFNLD

GIVPDSGGVL
GIVPDSGGVL

LMDNARELAQ
LMDNARELAQ

PSVLHSEDAI
PSVLHSEDAI

QKWRKGMSES
QKWRKGMSES

PQLRVAIITG
PQLRVAIITG

KPVIAAVNGY
KPVIAAVNGY

RLPKILPPAIL
RLPKILPPAI

QLVNSAPLAI
QLVNSAPLAI

EGPLAFAEKR
EGPLAFAEKR

LHLTRNGSIL
LHLTRNGSIL

AGEKFFSACW
AGEKFFSACW

AFGGGFELAL
AFGGGFELAL

VNEMVMTGRR
VNEMVMTGRR

AALKEIYRTT
AALKEIYRTT

DPVWKGR
DPVWKGR

Figure 21 (a) 10% Agarose gel: DNA standard (left lane), CaiD (right lane). (b) Sequenced gene is
homologous to CaiD from Escherichia coli K12.

Overexpression of recombinant protein
CaiD was cloned into a lactose inducible vector for the over-

expression of protein. To identify optimal Figure 22: Overexpression

analysis. (Lanes left to
right) Protein standard,
gene +1mM IPTG, vector
+1mM IPTG, gene +OmM
IPTG, vector +OmM IPTG.
CaiD circled in red.

expression conditions, protein measurements
were made with and without induction of the

-—

lactose promoter by ImM IPTG. SDS-PAGE
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illustrated that IPTG increases the over-expression of CaiD relative to empty vector and
uninduced bacteria.
Purification of recombinant protein

CaiD was purified from whole cellular lysate using nickel affinity chromatography.
To wash the column
and elute the target i

protein, an imidazole

gradient from 5 mM to
500 mM was used.

§ o
According to the =
absorbance at 280nm,
extraneous protein was (@) () —

Figure 23: Purification of CaiD by nickel affinity chromatography: (a)

washed off the column Purification chromatogram, blue and yellow traces represent the

absorbance at 280nm. and concentration of imidazole, respectively. (b)
; . SDS-PAGE analysis of CaiD purification, lanes left to right: protein
with approximately 70 standard, cellular lysate, column flow through, purified protein. The
soluble CaiD band is circled in red.

mM imidazole. The
target protein began to elute with 200 mM imidazole. Using the BCA protein assay, 10.37
mg were determined to have been purified from 5.3 g of Escherichia coli. As indicated by
the SDS-PAGE, CaiD was purified to homogeneity with two other bands. The additional
protein bands were considered precipitated CaiD.
Enoyl CoA Hydratase activity assay

CaiD was measured for promiscuous ECH activity in triplicate. The specific activity
was calculated using equations 2-7. To assay CaiD activity 20 mM substrate was used with

enzyme concentrations between 0.1 to 0.5 uM to make sure the enzyme concentration was
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within the linear range of the assay. Under these conditions CaiD exhibited a specific

activity of 0.857 pmol min™ (mg of protein)™'.
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Figure 24: CaiD kinetic spectra using 0.27 pM enzyme concentration and 20 uM substrate.
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3-Hydroxyisobutyryl-CoA Hydrolase
Amplification and sequencing from plasmid DNA

For purposes of sequence identification, primers were designed to amplify 3-HICH
from plasmid DNA. To this end, the forward primer 5’- TCAGAGCCCCGCCAG CG -3’
and reverse primer 5’- ATGAACGTGCTTTTCGAAGAACG -3’ were designed. Using
PCR plasmid DNA was amplified producing a fragment of approximately 1110 base pairs.
Sequencing of the resultant gene identified it as HICH from pseudomonas
aeruginosa.
MICH C.one IOWLFEERPS LHGFRIGIAT LOAEKSLNAL SLPNIEALAA KLDAWAZDAG IACVLIRGNG

HICH  MAVIFEZERFS LHGFRIGIAT LUAEFRSLNAL SLPMIEAIAA KLCAWAEDAG ZACVYLLRGNG

HICH Clione AFAFCASGLY RKIVOACRED PGEVPALARR FFACEYRLIY RINTYPKFFI CWAHGY MGG
HIJH  AFATIASGDV RELVTZACREG PGEVPALARR FFAZEYRLZY RIHTYPRPFI TWAHGYVMGS

HIJH C.one GMGIMUGAG. RIVTPSSRIA MPEIGIGLYP DVGASWFLAR LPGRIGLFLG LSAAQMNARD
HICH  OMGIMUGAGI RIVIPSSKIA MPEIGIGLYP UVGASWFLAR LFGHIGLILG LOSAAUMMNARD

HITH J.cne ALILLIAZRF IICDOCOALL AGLVOMNWNE SPCVCLHSIL RAZEHEARGE LPEAJILIPRR
HICTH  ALIIDIADRE LLLUQUCALL AGLVOMNWNE SPUVOLHSLL RALEHEEARGE LPEAQLLFRR
HI7H C.cne PRITALLDC? CLASAWCALV ALRCOADPLL ARGAFTLANG CPMTAHLVWG QIERARYLSL
HITH PRLCALLOCP CLASAWUALY ALRLIADPLL ARGAKTLAEG CPXTANLVAQ CIERARYLSL

HIJH C.cone AEVFRLEYAM SINCTRHPDF AEGVRARIID RUCNAPNWHWP QVESIPQAVI EAHFEPTWEIG
BITH AFVFRLEYAM SINCTRHPCUF AZGVRARIID RUNAPNWHWP QVESIPCAVI EAHFEPTREG

HITH C.one EHFLAGL
HITH  EMFIAGL

Figure 25 (a) 10% Agarose gel: DNA standard (left lane), HICH (right lane). (b) Sequenced
gene is homologous to HICH from pseudomonas aeruginosa.

Overexpression of recombinant protein
HICH was cloned into a lactose inducible vector for the over- -
expression of protein. To identify optimal expression conditions, protein

Figure 26: Overexpression .
analysis. (Lanes left to u .
measurements were made with and without right) Protein standard, T
gene +1mM IPTG, vector
+1mM IPTG, gene +OmM IR ot
IPTG, vector +OmM IPTG. .
HICH band circled inred. _ *~

induction of the lactose promoter by 1mM IPTG.
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SDS-PAGE demonstrated that IPTG increases the overexpression of HICH relative to empty
vector and bacteria grown without IPTG.
Purification of recombinant protein

HICH was purified from whole cellular lysate using nickel affinity chromatography.
To wash the column and elute the target protein an imidazole gradient from 5 to 500 mM was
used. According to the absorbance at 280nm, extraneous protein was washed off the column
with about 70 mM imidazole.
The target protein began to ~
elute with 250 mM -
imidazole, at which point the
concentration of imidazole

was increased to 500 mM . _..

(a) (b)
Figure 27: Purification of HICH by nickel affinity chromatography:
(a) Purification chromatogram, blue and yellow traces represent the
absorbance at 280nm. and concentration of imidazole, respectively.

to elute the protein in a

minimal volume of buffer. (b) SDS-PAGE analysis of HICH purification, lanes left to right:
protein standard, cellular lysate, column flow through, purified
Using the BCA protein protein.

assay, 37.75 mg were determined to have been purified from 3.8 g of Escherichia coli.
According to SDS-PAGE HICH was purified to homogeneity.
Promiscuous Enoyl CoA hydratase assay

Purified HICH was measured for promiscuous ECH activity and no detectable

amount of activity was observed using enzyme concentrations up to 18.42 uM.
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Methylmalonyl-CoA Decarboxylase
Amplification and sequencing from plasmid DNA

For purposes of sequence identification, primers were designed to amplify MMCD
from plasmid DNA. To this end, the forward primer 5’- GTGAATTTATCCAG
ACGCAATATTTTG -3’ and reverse primer 5’- TTAATGACCAACGAAATTAGGTTT
ACG -3’ were used. Using PCR MMCD was amplified producing a fragment of
approximately 840 nucleotides. Sequencing of the resultant gene identified it as MMCD

from Escherichia. coli.

MMCD_Clone
MMCD

MMCD _Clone
MMCD

MMCD_Clone
MMCD

MMCD _Clone
MMCD

MMCD Clone
MMCD

MMCD_Clone
MMCD

VNLSRRNILI
MNLSRRNILI

MQALSDLNRP
MQALSDLNRP

QITRMIQKFP
QITRMIQKFP

GVPYNLVGIH
GVPYNLVGIH

LEDFTLQMAH
LEDFTLQMAH

VYDSEDYQEG
VYDSEDYQEG

KGIFMSYQYV
KGIFMSYQYV

EIRCIILRAP
EIRCIILRAP

KPIISMVEGS
KPIISMVEGS

NLTRDAGFHI
NLTRDAGFHI

HISEKAPLAI
HISERAPLAI

MNAFLEKRKP
MNAFLEKRKP

DVVT INKVAV
NVVTINKVAV

SGSKVFSAGH
SGSKVFSAGH

VWGGAFEMIM
VWGGAFEMIM

VKELIFTASP
VKELIFTASP

AVIKEELRVL
AVIKEELRVL

NFVGH
NFVGH

IEFNYGRKLN
IEFNYGRKLN

DIHELPSGGR
DIHELPSGGR

SSDLIIAAST
SSDLIIAAST

ITAQRALAVG
ITAQRALAVG

GEAHTMNSDE
GEAHTMNSJE

ALSKVFIDDL
ALSKVFIDDL

DPLSYDDPLR
DPLSYDDPLR

STFSMTPVNL
STFSMTPVNL

ILNBVVEVEE
ILNHVVEVEE

FERIQGMRRA
FERIQGMRRA

Figure 28 (a) 10% Agarose gel: DNA standard (left lane), MMCD (right lane). (b) Sequenced gene is
homologous to MMCD from escherichia coli.

Overexpression of recombinant protein

MMCD was cloned into a lactose inducible vector for the over-

expression of protein. To identify optimal expression conditions, protein

measurements were made with and without Figure 29: Overexpression
analysis. (Lanes left to

induction of the lactose promoter by ImM IPTG.  right) Protein standard, SN
gene +1mM IPTG, vector =t

. . +1mM IPTG, gene +0OmM

SDS-PAGE illustrates that IPTG increases the IPTG, vector +0mM IPTG.

MMCD band circled in red. =
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over-expression of MMCD relative to empty vector and uninduced bacteria.
Purification of recombinant protein

MMCD was purified from whole cellular lysate using nickel affinity chromatography.
To wash the column and elute the target protein an imidazole gradient from 5 mM to 500
mM was used. According to the absorbance at 280nm, extraneous protein was washed off the
column with approximately 70 mM imidazole. The target protein began to elute with 300
mM imidazole, at which point the concentration of imidazole was increased to S00 mM to

elute the protein in a G , -
minimal volume of
buffer. Using the BCA

protein assay, 59.46 mg

« 4
were determined to have «
_ 1o
been purified from 7.1 g
of Escherichia coli. As @) (b)

Figure 30: Purification of MMCD by nickel affinity chromatography:
(a) Purification chromatogram, blue and yellow traces represent the
absorbance at 280nm and concentration of imidazole, respectively. (b)

indicated by SDS-PAGE,

MMCD was purified to SDS-PAGE analysis of MMCD purification, lanes left to right:
protein standard, cellular lysate, column flow through, purified
homogeneity. protein.

Promiscuous Enoyl CoA hydratase assay
Purified MMCD was measured for promiscuous ECH activity and no detectable

amount of activity was observed using enzyme concentrations up to 58.5 uM.
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Methylglutaconyl-CoA Hydratase

Amplification and sequencing from plasmid DNA

For purposes of sequence identification, primers were designed to amplify 3-MGCH

from plasmid DNA. To this end, the forward primer 5°- ATGAGCGATTTCAG CACCCTC

-3’ and reverse primer 5’- TTAATGACTCATGGGCGCGGCTCCTT -3’ were designed.

Using PCR MGCH was amplified, producing a fragment of approximately 810 nucleotides.

Sequencing of the resultant gene identified it as MGCH from pseudomonas putida.

(b)

MGCH clone
MGCH
MCCH_clone
MGCH

MGCH_clone
MGCH

MGCH_clone
MGCH

MGCH_clone
MGCH

MGCH_clone
MGCH

MSDFSTLEVI
MSDFSTLEVI

LRFVLLRGRG
LRFVLLRGRG

KAPTLAVVQG
KAPTLAVVQG

FVVKAIGERA
FVVKAIGERA

NLLONSPQAL
NLLONSPQAL

RAFLEKRRPA
RAFLEKRRPA

RDPRGFATLW
RDPRGFATLW

LSREDKNNAF
LSREDKNNAF

RHFSAGADLA
RHFSAGADLA

WMQQSAQLDFP
WMQQSAQLDF

AAFGGALGLI
AAFGGALGLI

SCCDMAIGAE
SCCDMAIGAE

ARRYALTAER
ARRYALTAER

FTGVRARELG
FTGVRARELG

RATKDLLREV
TKDLLREV

DDGELSPALR
DDGELSPALR

WQTVDKKEPR P
WQTVDKKEPR P

NAQMIRELIV
NAQMIRELIV

NTNLDDAHEL
NTNLDDAHEL

DAQLCLSEVR
DAQLCLSEVR

LLAEVYPASE
LLAEVYPASE

RYCENTIARI
RYCENTIARI

AIDQLAEDAS
AIDQLAEDAS

GELMYALHRL
GELMYALHRL

IGLAPAVISP
IGLAPAVISP

LDDHVEAWVS
LDDRVEAWVS

RVSAEGQEGL
RVSAEGQEGL

Figure 31 (a) 10% Agarose gel: DNA standard (left lane), MGCH (right lane). (b) Sequenced gene is
homologous to MGCH from pseudomonas putida.

Overexpression of recombinant protein

MGCH was cloned into a lactose inducible vector for the over-expression of protein.

To identify optimal expression conditions, protein measurements were

made with and without induction of the lactose promoter by ImM IPTG.
SDS-PAGE illustrates that IPTG increases the

overexpression of MGCH relative to empty

vector and uninduced bacteria.

Figure 32: Overexpression

analysis. (Lanes left to

right) Protein standard,

gene +1mM IPTG, vector
+1mM IPTG, gene +0mM
IPTG, vector +OmM IPTG.

MGCH band circled in red.

41



Purification of recombinant protein

MGCH was purified from whole cellular lysate using nickel affinity chromatography.
To wash the column and elute the target protein an imidazole gradient from 5 mM to 500
mM was used. According to the absorbance at 280nm, extraneous protein was washed off the
column with approximately
70 mM imidazole. The
target protein began to
elute with 300 mM
imidazole, at which point
the concentration of

s e

imidazole was increased to (@) (b)
Figure 33: Purification of MGCH by nickel affinity chromatography:

(a) Purification chromatogram, blue and yellow traces represent the

500 mM to elute the absorbance at 280nm. and concentration of imidazole, respectively.
o o (b) SDS-PAGE analysis of MGCH purification, lanes left to right:
protein in a minimal protein standard, cellular lysate, column flow through, purified

protein.
volume of buffer. Using

the BCA protein assay, 10.99 mg were determined to have been purified from 6.3 g of
Escherichia coli. As indicated by SDS-PAGE, MGCH was purified to homogeneity.
Promiscuous Enoyl CoA hydratase assay

Purified MGCH was measured for promiscuous ECH activity and no detectable

amount of activity was observed using enzyme concentrations up to 47.1 uM.
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Feruloyl-CoA Hydratase/Lyase
Cloning from genomic DNA

For purposes of cloning and sequence identification, primers were designed to
amplify FHL from pseudomonas syringae genomic DNA. To this end the forward primer 5°-
AAGGAGATATACATATGAGCAAATATGAAGGTCGC -3’ and reverse primer 5°-
GACGGAGCTCGAATTCCTAGCGTTTATAAGCTTCCAGGC -3’ were designed. Using
PCR genomic DNA was amplified producing a fragment of approximately 820 base pairs,
which was subsequently digested and ligated into the pET20b expression vector. Sequencing

of the resultant gene identified it as FHL from pseudomonas syringae.

Fer H/L_clone MSKYEGRWST IKVEIEQGIA WVILNRPEKR NAMSPTLNRE MIDVLETLEQ
Fer H/L MSKYEGRWST IKVEIEQGIA WVILNRPEKR NAMSPTLNRE MIDVLETLEQ

Fer H/L_clone DPDAGVLVLT GAGEAWTAGM DLKEYFREVD AGPEILQEKI RREASQWQWK
Fer H/L DPDAGVLVLT GAGEAWTAGM DLKEYFREVD AGPEILQEK1 RREASQWQWK

Fer H/L clone MLRMYAKPTI AMVNGWCFGG GFSPLVACDL AICADEATFG LSEINWGIPP
Fer H/L MLRMYAKPTI AMVNGWCFGG GFSPLVACDL AICADEATFG LSEINWGIPP

Fer H/L clone CGNLVSKAMAD TVGHRQSLYY IMTCKTFNGQ KAAEMGLVNE SVPLAQLRQV
Fer H/L GNLVSKAMAD TVGHRQSLYY IMTGKTFNGQ KAAEMGLVNE SVPLAQLRQV

Fer H/L clone AIDLANNLLE KNPVVLRAAK HGFKRCRELT WEQNEDYLYA KLDQSRLLDK
Fer_HKH/L AIDLANNLLE KNPVVLRAAK HCFKRCRELT WEQNEDYLYA KLDQSRLLDK

Fer H/L clone EGGREQGMKQ FLDDKSIKPG LEAYKR
b) Fer_H/L EGGREQGMKQ FLDDKSIKPG LEAYKR

Figure 34 (a) 10% Agarose gel: DNA standard (left lane), FHL (right lane). (b) Sequenced gene is
homologous to FHL from pseudomonas syringae.

Overexpression of recombinant protein

FHL was cloned into a lactose inducible vector for protein over-
: : . ; : Figure 35: Overexpression
expression. To identify optimal expression anilysis. (Lanes le% t0 right) }
. . Protein standard, gene +OmM — -
conditions, protein measurements were IPTG, vector +O0mM IPTG,
gene +1mM IPTG, vector ind
made with and without induction of the T":dM IPTG. FHL band circled -
mnred. - -
- —
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lactose promoter by ImM IPTG. SDS-PAGE was used to visualize the overexpressed
protein relative to empty vector. This analysis demonstrates that IPTG increases the over-
expression of FHL relative to empty vector and uninduced bacteria.
Purification of recombinant protein

FHL was purified from whole cellular lysate using nickel affinity chromatography.
To wash the column and elute the target protein an imidazole gradient from 5 mM to 500
mM was used. According
to the absorbance at
280nm, extraneous protein

was washed off the column

¢

with approximately 70 mM ’
imidazole. The target & 9 -
protein eluted earlier than - ; “

other enzymes with (@) ®)

Figure 36: Purification of FHL by nickel affinity chromatography: (a)
Purification chromatogram, blue and yellow traces represent the
absorbance at 280nm and concentration of imidazole, respectively. (b)
SDS-PAGE analysis of FHL purification, lanes left to right: protein
imidazole. Using the BCA  standard, cellular lysate, column flow through, purified protein.

approximately 100 mM

protein assay, 2.94 mg
were determined to have been purified from 4 g Escherichia coli. As indicated by SDS-
PAGE, FHL was purified to homogeneity.
Promiscuous enoyl CoA hydratase assay
Purified FHL was measured for promiscuous ECH activity and no detectable amount

of activity was observed using enzyme concentrations up to 18 pM.



Cyclohex-1-enecarboxyl-CoA Hydratase
Amplification and sequencing from plasmid DNA

For purposes of sequence identification, primers were designed to amplify BADK
from plasmid DNA. To this end, the forward primer 5’- CTAGCGGTGGGAGAAGCA C-3’
and reverse primer 5’- TTGTCGTCCAATCCTATCCTCAC-3’ were designed. Using PCR
plasmid DNA was amplified producing a fragment of approximately 780 nucleotides.

Sequencing of the resultant gene identified it as BADK from rhodopseudomonas palustris.

BADK clone MSSNPILTET QGRVGIITLN RPDVLNALND ALMDALGGAL LAFDADDGIG
BADK MSSNPILTET QGRVGIITLN RPCVLNALND ALMDALGGAL LAFCADDGIG

BADK clone AIVIAGNTRA FAAGADIASM AAWSYSDVYC SNFITRNWET IRQIRKPVLA
BADK AIVIAGNTRA FAAGADIASM AAWSYSDVYG SNFITRNWET IRQIRKPVLA

BADK clone AVAGLAYGGG CELALACDIV IAGRSAKFAL PEIKLGLLPG AGGTQRLPRA
BADK AVAGLAYGGG CELALACDIV IAGRSAKFAL PEIKLGLLPG AGGTQRLPRA

BADK clone IGKAKAMIMC LSARPLNAEE ADRYGLVSRV VIDDRLRDET VALATTIAAP
BADK  IGKAKAMDMC LSARPLNAEE ADRYGLVSRV VDDDRLRDET VALATTIAAF

BADK clone SAPALMALKE SLNRAFESTL AEGILFERRE LHARFASADA REGIQAFLEK
BADK SAPALMALKE SLNRAFESTL AEGILFERRE LHARFASADA REGIQAFLEK

BADK c.one RAPCFSHR
BADK RAPCFSHR

(b)

Figure 37 (a) 10% Agarose gel: DNA standard (left lane), BADK (right lane). (b) Sequenced gene is
homologous to BADK from rhodopseudomonas palustris.

Over-expression of recombinant protein
BADK was cloned into a lactose inducible vector for the over-expression of protein.
To identify optimal expression conditions, protein measurements were made with and

without induction of the lactose promoter by ImM IPTG. SDS-PAGE was

used to visualize the over-expressed protein
relative to empty vector. This analysis was Figure 38: Overexpression
analysis. (Lanes left to right)
Protein standard, gene +1mM — -

unable to detect an overexpressed protein band IPTG, vector +1mM IPTG,

. . gene +O0mM IPTG, vector
under either of the sample conditions. +0mM IPTG. BADK band
circled in red.

"
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Purification of recombinant protein
To purify BADK from whole cellular lysate, nickel affinity chromatography was
used. After loading the protein onto to the column, an imidazole gradient from S mM to 500
mM was used to wash and elute the
target protein. According to the
absorbance at 280nm, extraneous
protein was washed off the column
with approximately 70 mM
imidazole. The gradient continued

up to S00 mM imidazole, but no

protein eluted. Further analysis is Figure 39: Purification of BADK by nickel affinity
chromatography where the blue and yellow traces represent the

necessary to determine conditions  absorbance at 280nm and concentration of imidazole, respectively.

to obtain pure, soluble protein.
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2-Ketocyclohexanecarboxyl-CoA Hydrolase

Amplification and sequencing from plasmid DNA

For purposes of sequence identification, primers were designed to amplify BADI

plasmid DNA. To this end, the forward primer 5’-TTATTTGATGTATTTGCGGAATT

CTGG -3’ and reverse primer 5’- ATGCAGTTCGAAGACCTGATCTAT-3" were designed

and used. Using PCR plasmid DNA was amplified producing a fragment of approximately

780 base pairs. Sequencing of the resultant gene identified it as BADI from

rhodopseudomonas palustris.

(a

(b)

BADI clone
BADI

BADI clone
BADI

BADI clone
BADI

clone
BADI
BADI clone
BADI
BADI clone
BADI

Figure 40 (a) 10% Agarose gel
homologous to BADI from rhodopseudomonas palustris.

MQFEDLIYEI
MQFEDLIYEI

AIVLAGACDR
ATIVLAGAGDR

ARVQCGYAIGG
ARVQCYAIGG

VVGEKKAREI
VVGEKKAREI

RSPTALAIAK
RSPTALAIAK

RKPEFRKYIK
RKPEFRKYIK

Overexpression of recombinant protein

To identify optimal expression conditions, protein measurements were made

RNGVAWIIIN
RNGVAWIIIN

AFCTCGDQST
AFCTGGDQST

GNVLATICDL
CNVLATICDL

WYMCKRYSGK
WYMCKRYSGK

RSFNMDTAHQ
RSFNMDTAHQ

RPDKMNAFRG
RPDKMNAFRG

HDGNYDCRGT
HDGNYDGRGT

TICSEKAIFG
TICSEKAIFG

EAEAMGLANL
EAEAMGLANL

AGIAGMCMYA
AGIAGMGMYA

TTCDELIKAL
TTCDELIKAL

VGLPMEELHT
VGLPMEELHT

QVGPKMGSVD
QVGPEMGSVD

CVPHDELDAE
CVPHDELDAE

LKLYYDTDES
LKLYYDTDES

YKAGYDKDVG
YKAGYDKDVG

AIRDVPKPVI
AIRDVPKPVI

PGYGTAFLAR
PCYGTAFLAR

VQKWGEELCE
VQKWGEELCE

REGVKALQEK
REGVKALQEK

: DNA standard (left lane), BADI (right lane). (b) Sequenced gene is

BADI was cloned into a lactose inducible vector for the over-expression of protein.

with and without induction of the lactose

promoter by ImM IPTG. SDS-PAGE was
used to visualize the over-expressed protein

relative to empty vector. This analysis was

Figure 41: Overexpression

analysis. (Lanes left to right)

Protein standard, gene +1mM

IPTG, vector +1mM IPTG,
gene +0mM IPTG, vector

+0mM IPTG. BADI band
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unable to detect an overexpressed protein band under either of the sample conditions.
Purification of recombinant protein

To purify BADI from whole cellular lysate, nickel affinity chromatography was used.
After loading the protein onto to the column, an imidazole gradient from 5 mM to 500 mM
was used to wash and elute the target protein. According to the absorbance at 280nm,
extrancous protein was washed off the column with approximately 70 mM imidazole. The
gradient continued up to 500 mM imidazole. At 500 mM protein appeared to elute from the
column, though nothing was
identified using SDS-PAGE. The |
peak was determined to be
precipitated protein. No soluble
protein resulted from the
purification. Further analysis is

necessary to determine conditions

to obtain pure, soluble protein. Figure 42: Purification of BADI by nickel affinity
chromatography where the blue and yellow traces represent the
absorbance at 280nm and concentration of imidazole, respectively.
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Cyclohexa-1,5-dienecarbonyl-CoA Hydratase
Cloning from genomic DNA

For purposes of cloning and sequence identification, primers were designed to
amplify 1,5CH from geobacter metallireducens GS-15 genomic DNA. To this end the
forward primer 5’- AAGGAGATATACATATGAGCGAGAGCCCTC -3’ and reverse
primer 5’- GACGGAGCTCGAATTCTCAGCGGTCTTGCCAG -3’ were used. Using PCR
genomic DNA was amplified producing a fragment of approximately 770 nucleotides, which
was subsequently ligated into the pET20b expression vector. Sequencing of the resultant
gene identified it as 1,5CH from geobacter metallireducens.

1.5CH_clone MSESPLKVWL EKDGALLRLR LARPKANIVD AAMIAALQAA LTEHLPSAKL
1,5CH MSESPLKVWL EKDGALLRLR LARPKANIVD AAMIAALQAA LTEHLPSAKL

1.5CH_clone RAVLLDAEGP HFSFGASVEE HMPESCAAML QSLHALVIQM LESPVPVLVA
1 5CH RAVLLDAEGP HFSFGASVEE HMPESCAAML QSLHALVIQM LESPVPVLVA

1.5CH_clone VRGQCLGGGL EVWAAGNLIF AAPGAMLGQP EIKIGVFAPA ASCLLPERIG
1.5CH VRGQCLGGGL EVVAAGNLIF AAPGAMLGQP EIKIGVFAPA ASCLLPERIG

1.5CH clone KTASEDLLFS GRSITAEEGF RIGLVTAVAE DPEQAAVAYF DEHLAGLSAS
1,5CH KTASEDLLFS GRSITAEEGF RIGLVTAVAE DPEQAAVAYF DEHLAGLSAS

1 5CH_clone SLRFAVRAAR IGVLERTKTK IAAVEKLYLE ELMATHDAVE GLNAFLGKRP
1,5CH SLRFAVRAAR IGVLERTKTK IAAVEKLYLE ELMATHDAVE GLNAFLGKRP

1 5CH clone AAWQDR
(b) 1.5CH AAWQDR

(a

Figure 43 (a) 10% Agarose gel: DNA standard (left lane), 1,5CH (right lane). (b) Sequenced gene
is homologous to 1,5CH from geobacter metallireducens.

Overexpression of recombinant protein
1,5CH was cloned into a lactose inducible vector for the over-
expression of protein. To identify optimal expression conditions,

protein measurements were made with and ] )
Figure 44: Overexpression

analysis. (Lanes left to right)

without induction of the lactose promoter Protein standard, gene +0mM
IPTG, vector +OmM IPTG, B

by ImM IPTG. SDS PAGE was used to gene +1mM IPTG, vector -
+1mM IPTG. 1,5CH protein
band circled in red. - —
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visualize the over-expressed protein relative to empty vector. This analysis demonstrates that
IPTG increases the over-expression of cyclohexa-1,5-dienecarbonyl-CoA hydratase.
Purification of recombinant protein

1,5CH was purified from whole cellular lysate using nickel affinity chromatography.
To wash the column and elute the target protein an imidazole gradient from 5 mM to 500
mM was used. According to
the absorbance at 280nm,
extraneous protein was washed

off the column with

approximately 70 mM )
Vv
imidazole. The target protein ‘
[} .
eluted with approximately
(a) (b)
100 mM imidazole. Using Figure 45: Purification of 1,5CH by nickel affinity chromatography:

(a) Purification chromatogram, blue and yellow traces represent the
B rotein ) absorbance at 280nm and concentration of imidazole, respectively. (b)
the BCA protein assay, 2.00 SDS-PAGE analysis of 1,5CH purification, lanes left to right: protein

. standard, cellular lysate, column flow through, purified protein.
mg were determined to have

been purified from 5.9 g of
Escherichia coli. As indicated by SDS-PAGE, 1,5CH was purified to homogeneity.
Promiscuous Enoyl CoA hydratase assay

Purified 1,5CH was measured for promiscuous ECH activity and no detectable

amount of activity was observed using enzyme concentrations up to 70.4 uM.
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1,4-dihydroxy-2-napthoyl CoA Synthase
Amplification of and sequencing from plasmid DNA

For purposes of sequence identification, primers were designed to amplify MenB
from plasmid DNA. To this end, the forward primer 5’- TTAGAAATAGCGCGGAAAC

GGG -3’ and reverse primer 5’- GTGGTGGCTCCAGCCGG-3’ were designed and used.

Using PCR plasmid DNA was amplified producing a fragment of approximately 950

nucleotides. Scquencing of the resultant gene identified it as MenB from mycobacterium

tuberculosis.

(D)

MaenB c.one
MenB

MenB cl.one
MenB

MenB c.one
ManB

Menb clone
MenB

MenB c.one
Menb

MenB c.one
MenB

MenB clone
MenB

MVAPAGEQGR SSTALSDNPF

MYVAPAGEQGR

AFNRPEVRNA
ATNRPEVRNA

TCSGGOQRIR
FCSGGDOQRIR

ICLVNGWAAG
ICLVNGWAAG

ARQVGQKFAR
ARQVGQKFAR
NAKSPQAQRM
NAKSPQACRM

QKRPPIWSPF
QKRPPIWSPF

SSTALSONPF

FRPHTVDELY
FRPHTVIELY

GRSGYQYASG
GRSGYQYASG

GGHSLHVVCD
GGHSLHVVCD

EIFFLGRTYT
EIFFLGRTYT

LKFAFNLLDD
LKFAFNLLDD

PRYF
PRYF

DAKAWRLVDG
CAXKAWRLVDG

RVLDHARMSP
RVLDHARMSP

OTADTVDVAR
3TADTVDOVAR

LTLASREYAR
LTLASREYAR

AEQMHOMGAV
AEQMHQOMGAV

GCLVGQQLEIAG
GLVGQQLY'AG

FDOLTZITYH RHVDDATVRV

FDOLTDITYH

DVGVVLLTGN
DYGVVLLTGN

AGRLHILEVQ
AGRLHILEVQ

FKQTTADVGS
FKQTDADVGS

NAVAEHAELE
NAVALHAELE

EATRLAYMTD
EATRLAYMTO

RHVDIDATVRV

GPSPKDGGWA
GPSPKDGGWA

RLIRFMPKVV
RLIRFMPKVV

FOGGYGSAYL
FOGGYGSAYL

TVGLOWAAEI
TVGLQWAAE I

EAVEGRDAFL
EAVEGRDAFL

Figure 46 (a) 10% Agarose gel: DNA standard (left lane), MenB (right lane). (b) Sequenced gene is
homologous to MenB from mycobacterium tuberculosis.

Overexpression of recombinant protein

MenB was cloned into a lactose inducible vector for the over-

L]
expression of protein. To identify optimal expression conditions, protein
measurements were made with and without -
Figure 47: Overexpression
analysis. (Lanes left to — —

induction of the lactose promoter by ImM IPTG.
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SDS-PAGE was used to visualize the overexpressed protein relative to empty vector. This
analysis was unable to detect an overexpressed protein band under of the sample either
conditions.
Purification of recombinant protein

MenB was purified from whole cellular lysate using nickel affinity chromatography.
To wash the column and elute the target protein, an imidazole gradient from 5 mM to 500
mM was used. According to the absorbance at 280nm, extraneous protein was washed off
the column with approximately 70 mM imidazole. The target protein began to elute with 200
mM imidazole. Rather than
increase the elution buffer
concentration to 100%, the
gradient was continued to 500
mM to prevent MenB from ; j

becoming too concentrated and

-~ ol o

(@ (b)
Using the BCA protein assay, Figure 48: Purification of MenB by nickel affinity chromatography:
(a) Purification chromatogram, blue and yellow traces represent the
. absorbance at 280nm and concentration of imidazole, respectively. (b)
25.14 mg were determined to SDS-PAGE analysis MenB purification, lanes left to right: protein
standard, cellular lysate, column flow through, purified protein.

precipitating from solution.

have been purified from 5 g of
Escherichia coli. As indicated
by SDS-PAGE, MenB was purified to homogeneity.
Promiscuous Enoyl CoA hydratase assay
Purified MenB was measured for promiscuous ECH activity and no detectable

amount of activity was observed using enzyme concentrations up to 31.5 uM.
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Technical Discussion
A couple of technical challenges were encountered in this study that should be
considered when evaluating the reported results. With any spectrophotometric assay, the

limit of detection is at some point above 0 pumol/minute. To address this limitation the lower

bound of the reported assay was determined using decreasing concentrations ECH down to
33 pM. While we cannot say superfamily enzymes are devoid of promiscuous activity; we

can say they do not exhibit activity above 1.76g™* pmol/min, which is quite low given the

high enzyme concentrations used in this study.

The second obstacle was background interference in the assay. When working with
an enzyme of low activity, one can usually increase its concentration to obtain a measurable
rate. The assay used here follows the disappearance of the C-(2) double bond in crotonyl-
CoA at 280 nm; in this instance, increasing the concentration of protein in the assay causes
an increase in background that obscures activity measurements. To address background
interference, control assays containing enzyme and buffer were performed. In every case
where high enzyme concentration was used the resultant background slope in the control
assay was equivalent to the slope of the assay with enzyme plus substrate. This result

indicated to us that no ECH activity above 1.76g™* pmol/min, the lower bound of the assay,

was present in these enzymes.
Discussion

The work presented here aimed to investigate enzyme evolution. Specifically, we
sought to gain insight into catalytic promiscuity by asking three questions: 1) Are
promiscuous capabilities abundant? 2) How are these reactions catalyzed? and 3) Could they

have facilitated the evolution of new catalytic functions in nature. Previous studies have
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identified promiscuous activities, though by and large these activities were limited changes in
substrate specificity or minor changes in chemical reaction (e.g. hydrolysis of a phosphate
bond instead of an amide bond). These results, in addition to studies that enhanced
promiscuous activities, fueled hypotheses that enzymes may be capable of more than just
substrate promiscuity; they may be capable of catalyzing entirely different chemical
reactions. If true, then could identifying promiscuity be the key to evolving new activities
and explain why de novo attempts in the laboratory have been so unsuccessful? If so,
engineering new activity would become less an exercise in design and instead rely on
identifying the correct template.

As an initial step to investigate this hypothesis, we searched for catalytic promiscuity
within the enoyl CoA hydratase/isomerase superfamily. This group was chosen primarily
because the characterized members use a common active site architecture to catalyze a
breadth of reactions, which we felt would lend itself to promiscuously catalyzing diverse
reactions. We hypothesized that promiscuity would most likely exist for enzymes directly
related to one another; an enzyme may exhibit promiscuity for an activity for which it gave
rise or an enzyme may retain promiscuity for a reaction it evolved from.

To predict the evolutionary relationships between superfamily members and to inform
our selection of reaction and enzymes to test, we performed an all-by-all network analysis.
Two thousand superfamily enzymes were clustered according to sequence homology,
enabling the visualization of which enzymes cluster together as well as the linkages between
clusters. The result from this analysis expectedly showed that families clustered most tightly
amongst themselves. Unexpectedly, each family cluster exhibited linkages to only one other

family — the monofunctional ECH’s.
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Could ECH be the ancestral family that gave rise to this diverse superfamily? Of all
the characterized activities in the enoyl-CoA hydratase/isomerase superfamily, ECH

functions in the most fundamental and ubiquitous pathway — fatty acid B-oxidation. This

family of enzymes is found in nine other pathways, many of which also contain other
superfamily members. Additionally, the characterized catalytic scaffolds all show
similarities to the ECH active site; each enzyme has a conserved oxyanion hole and all but
4CBD have at least one catalytic glutamate homologous to one of the catalytic glutamtes in
ECH. Without a more thorough phylogenetic analysis, we cannot speculate further
concerning the evolutionary ancestry of the superfamily, though the network results in
combination with the biological and catalytic centrality present interesting support for ECH
as the ancestral function of the superfamily.

With the results from the network analysis, we were able to choose the enzymes and
reaction to measure for promiscuity. To this end we chose the ECH activity, hypothesizing
that if ECH is the progenitor family, then several enzymes may retain catalytic capability for
this reaction. Additionally, this reaction was chosen because we knew it could be catalyzed
with one or both catalytic carboxylates, which we believed hinted at a plasticity that may
facilitate promiscuous reactivity. We choose to assay one representative member from each
family. Enzyme selection was based on the amount of available published data.

The first step in our experiment was to obtain superfamily genes either as donations
from other labs or through cloning. Overexpression was attempted for all constructs, though
some did not produce protein and will require further optimization. The protein that was
produced was purified to homogeneity and assayed for ECH activity. Suprisingly, of the 7

enzymes measured for ECH activity, only CaiD exhibited promiscuity.
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In another study, human MGCH was shown to catalyze the ECH reaction. We chose
to check the bacterial variant in this analysis, which was unable to catalyze the ECH reaction
at a detectable level. All of the enzymes we tested had at least one active site glutamic acid
situated analogously to one of the two in ECH. The only enzymes that have been shown to
catalyze the ECH reaction contain homologs to both catalytic nucleophiles and catalyze
hydratase reactions on similar substrates. Are these results indicative of chemical
promiscuity amongst all modern day enzymes?

The results described here illustrate the specificity necessary to catalyze a chemical
reaction. Enzymes have evolved over millennia to make precise interactions with a substrate
to initiate a reaction and stabilize its transition state. Having similar active sites and even
partially homologous catalytic residues may not be enough for promiscuity. One needs to
take into account more sophisticated features of catalysis concerning the pKa of active site
residues as well as structural flexibility and dynamics.

In this study a group of highly similar enzymes catalyzing different, yet related
reactions did not exhibit any promiscuity, except in the cases where the chemical reactions
were identical. We believe this underscores the difficulty in predicting promiscuous
reactions and illustrates why the field is currently dominated by cases of substrate
promiscuity. Without catalytic promiscuity, what other mutational shortcut is available for
enzymes to evolve new activitics? Is chemistry-constrained divergent evolution enough to
account for the scope of modern day enzymatic activities?

The next step to take along this line of research will be to engineer activity into
several related enzymes that do not exhibit promiscuity in order to delineate the minimum

requirement for catalysis. Several studies using superfamily enzymes have shown that new
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functions can sometimes be engineered with only a couple of mutations.*** Using this
approach one could ask how far off are related enzymes from promiscuity and how likely is it
that these reactions would evolve without promiscuity?

Perhaps initial promiscuity is not necessary to evolve a new activity. Instead,
balancing on the cusp of functional change could be sufficient. To investigate this scenario a
comparative study should be undertaken to evolve a promiscuous enzyme alongside an
enzyme that has had a low, promiscuous level of activity engineered into it. This line of
research may provide insight into how enzymatic function has evolved in nature. Asa
practical application, this could inform the selection of starting points to engineer novel
enzymatic activities.

Many questions remain concerning enzyme evolution. The aim of the reported work
has been to provide insight into the prevalence and properties of catalytic promiscuity in
nature. The results from this endeavor suggest that unmitigated promiscuity is unlikely to
exist within the protecome, even amongst related enzymes and that a process by which few

mutations are necessary to alter functionality may be more realistic.
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Appendix

Enzyme Construct Vector Primer Primer
Name Name Storage
Enoyl CoA Hydratase ECH pET15b ECH For 100mM in 10
ECH Rev mM TE pH 8.0
4-Chlorobenzoyl CoA 4CBD pET20b 4CBD For 100mM in 10
Dehalogenase 4CBD Rev mM TE pH 8.0
A*,A? Dodecenoyl CoA DDI pET20b DCI For 100mM in 10
Isomerase DCI Rev mM TE pH 8.0
Histone Acetyltransferase HisA pRSET(B) HisA For 100mM in 10
HisA Rev mM TE pH 8.0
Crotonobetainyl CoA CaiD pET20b CaiD For 100mM in 10
Hydratase CaiD Rev mM TE pH 8.0
3-Hydroxyisobutyryl CoA HICH Toml5b HICH For 100mM in 10
Hydrolase HICH Rev mM TE pH 8.0
Methylmalonyl CoA MMCD Tom15b MMCD For 100mM in 10
Decarboxylase MMCD Rev | mM TE pH 8.0
Methylglutaconyl CoA MGCH pET16b MGCH For 100mM in 10
Hydratase MGCH Rev mM TE pH 8.0
Feruloyl CoA Hydratase/Lyase | FHL pET20b FerHL For 100mM in 10
FerHL Rev mM TE pH 8.0
Cyclohex-1-enecarboxyl-CoA | BadK pDPHisK1 BadK For 100mM in 10
Hydratase BadK Rev mM TE pH 8.0
2-Ketocyclohexane-carboxyl- | Badl pET15b Badl For 100mM in 10
CoA Hydrolase Badl Rev mM TE pH 8.0
Cyclohexa-1,5-dienecarbonyl- | 1,5CH pET20b Cyclo For 100mM in 10
CoA Hydratase Cyclo Rev mM TE pH 8.0
1,4-dihydroxy-2-Napthoyl- MenB pET15b MenB For 100mM in 10
CoA Synthase MenB Rev mM TE pH 8.0
A**, A** dienoyl CoA DCI pNDdi DCI For 100mM in 10
isomerase DCI Rev mM TE pH 8.0

Table 2: Superfamily clones: Plasmids containing superfamily genes and their primers are kept at -20°C in boxes
labeled “Crotonase Superfamily Plasmids” and “Crotonase Superfamily Primers”, respectively. Plasmids were
purified from bacterial cells using minipreps and are kept in 10 mM TE buffer, pH 8.0. Genomic DNA is kept

with the primers.
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