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Abstract:

Hydratase or hydro-lyase generally catalyzes the addition of a water molecule to
a C=C bond and forms an alcohol product. Enzymes in this group catalyze a reaction
with high enantio-, regio- and chemo- selectivity that will be useful for the synthesis of
stereo-specific alcohols. In this study, OHED hydratase from A. baumannii was
successfully overexpressed as a soluble recombinant enzyme in E. coli expression
system using auto-induction media (ZYM). The enzyme could be purified through 3
steps of purification including 0.2% PEIl precipitation, 10-30% ammonium sulfate
precipitation, and DEAE column chromatography. The oligomeric state of purified OHED
hydratase showed the native conformation of decameric enzyme with subunit molecular
mass around 29.7 kDa. Optimal temperature and pH of OHED hydratase activity were
observed at 40°C and at pH 7.0, respectively. Metal analysis of OHED hydratase using
MP-AES and ICP-OES techniques indicated that various divalent metals were found in
the purified enzyme, including Mn?* Zn?* Ca®* and Mg?*. The information from enzyme
activity assay using trans-fumarate as substrate and thermal shift assay indicated that
Mn?* is a native cofactor of OHED hydratase. Substrate specificity of OHED was
investigated using various compounds containing of carbon double bond adjacent to the
carboxyl group. The enzyme had high stereo-selectivity as selectively catalyzed only
trans-fumarate to form L-malate, but was unable to use cis form of this compound
(maleic acid). The reverse reaction using D/L-malate also revealed that the OHED
hydratase only specifically used L-malate as a substrate. Kinetic parameters of forward
and reverse reactions were investigated wusing trans-fumarate and L-malate,
respectively. The OHED hydratase catalyzes forward reaction more efficiently than the
reverse reaction with catalytic efficiency (k../K.,) 30-folds higher than that of the reverse

reaction.
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2. Executive summary
2.1 Introduction to the research problem and its significance

Hydratase or hydro-lyase generally catalyzes addition of a water molecule to a
C=C bond and form an alcohol product. This reaction is essential in nature and plays
an important role in metabolic pathways such as in the citric acid cycle and fatty acid
degradation. Enzymes in this group catalyze reaction with high enantio-, regio- and
chemo- selectivity (Wuensch et al., 2013). Therefore, it is attractive for synthesis of
chiral alcohols and useful in various applications such as in synthesis of natural
products and valuable chemicals compound etc. However, not many applications have
been using this enzyme in biocatalysis due to limited knowledge on its reaction
mechanism and substrate specificity (Michielsen et al., 2000; Jin and Hanefeld, 2011).

In this proposal, we will overexpress a hydratase from Acinetobacter baumannii
in E. coli system, purify and investigate its biochemical and biophysical properties.
Recently, we have identified a gene in the HPA degrading operon that probably
encodes for 2-oxo-hepta-3-ene-1,7-dioic acid (OHED) hydratase. We speculate that this
gene may encode for the enzyme that catalyzes addition of water into 2-oxo-hept-3-ene-
1,7-dioic acid(OHED) and form 2,4-dihydroxy-hept-2-ene-1,7-dioic acid (HHED)
(Figure1). However, the product of this gene has never been overexpressed and
characterized. Therefore, we propose to characterize biochemical properties of a
putative OHED hydratase. The reaction mechanism of OHED hydratase will be
investigated using steady-state and pre-steady state kinetics and isotope labeling. We
also will investigate amino acid residues that are important for activating H,O and act as
general acid or base in the reaction catalyzed by OHED hydratase. Substrate specificity
will also be studied to explore potentials of this enzyme in biocatalytic applications. The
information in this study will contribute to a better understanding on reaction
mechanisms of the enzyme and will be useful for enzyme engineering to control

efficiency and specificity of the enzyme in biocatalysis applications.
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Figure 1. Reaction of catalyzed by OHED hydratase



2.2 Literature review

Hydratase or hydro-lyase catalyzes an addition of water to C=C bond (Figure 2).
The enzyme can also catalyze reactions using substrates with C=C (Liao and Himo,
2011) and C=N bound (Piersma et al., 2000). In our work, we will focus only on
reactions with C=C bonds. The enzymes classified as lyases (E.C.4.2.1-) (Chen et al.,
2015) usually catalyze reaction using organic cofactors such as NAD" and FAD, and
inorganic cofactors such as Mn?* and some of them are cofactor independent (Chen et
al.,, 2015). Hydratase can be grouped into two main groups based on substrates that
are isolated (unpolarized) C=C bond and conjugated (polarized) C=C bond (Figure 2).
The first group catalyzes addition of water to an isolated (unpolarized) C=C bond. The
reaction proceeds via acid-catalyze reaction by having the C=C bond to be protonated
first. Then, H,O acts as a nucleophile to attack onto the double bound. The 1,2 addition
of water into an alkene follows the rule of Markonikov in which the hydroxyl group adds
to the carbon with more of carbon-carbon bonds. Up to date, many enzymes in this
group have been isolated and identified including Kievitone hydratase (E.C.4.2.1.95)
(Turbek et al,. 1992), phaseollidin hydratase (E.C.4.2.1.97) (Turbek et al,. 1992),
carotenoid 1,2-hydratase (E.C.4.2.1.131) (Maresca et al., 2008), oleate hydratase
( E.C.4.2.1.53) (Bevers et al., 2009), limonene hydratease (Bicas et al,. 2010), linalool
dehydrogenase-isomerase (Brodkorb et al., 2010). Among of them, oleate hydratase is
the most extensively studied. The second group of enzymes catalyze addition of water
into a conjugated (polarized) C=C bond. The reaction occurs using acid or base-
catalyzed reaction. The substrate C=C bond in conjugated system can be polarized by
an electron withdrawing group such as carboxylic acid, ketone, aldehyde and thioesters,
making more reactive electrophile and more susceptible by nucleophilic attack by water.
Many enzymes in this group have been isolated and identified including malease
(E.C.4.2.1.31) (Sacks and Jensen, 1951), 3-dehydroquinate dehydratase (E.C.4.2.1.10)
( Hanson and Rose, 1963), fumarase (E.C.4.2.1.2) (Lamartiniere et al., 1970), aconitase
(E.C.4.2.1.3) (Beinert et al., 1996), Michael hydratase from Rhodococus strain (Halland
and Gu, 1998), enoyl-CoA hydratase (E.C.4.2.1.17) (Hiltunen and Qin, 2000),
urocanase (E.C.4.2.1.49) (Tyagi et al., 2008) and 3-dehydroshikimate dehydratase
(E.C.4.2.1.118) (Pfleger et al., 2008).
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Figure 2. A: Group A hydratase catalyzes water addition to isolated (unpolarized) C=C
bond. B: Group B hydratase catalyzes water addition to conjugated (polarized) C=C

bond.

Both groups of enzyme can catalyze water addition in syn- or anti- fashion,
depending on nature of the enzyme active site. For example, enzymes in the second
group such as fumarase, malease, aconitase and Michael hydratase catalyze the anti-
addition of water to C=C bond whereas enoyl-CoA hydratase catalyzes the syn-addition
of water to C=C bond. Hydratase-catalyzed reaction is reversible and the equilibrium
can lie on either the substrate or product side. For hydratase-catalyzed water addition to
isolated (unpolarized) C=C bond, the equilibrium is slightly on the side of substrate
while for the reaction of conjugated (polarized) C=C bond, the equilibrium lies on the
product side (Chen et al, 2015).

Many hydratases have been reported their mechanistic information and were
reviewed by Chen et al, 2015 and Jin and Hanefeld, 2011 (Chen et al, 2015 and Jin
and Hanefeld, 2011). Oleate hydratase, fumarase, Malease, Micheal hydratase,
aconitase and type Il dehydroquinase catalyze the addition of water via syn-addition,
whereas type | dehydroquinase, enoyl-CoA and artificial hydrotase catalyze reaction via
anti-addition. Reaction mechanisms of this enzyme were investigated using isotope
labeling substrates. For example, in oleate hydratase which is the most extensively
studied enzyme that uses isolated (unpolarized) C=C bond as a substrate, the addition
of water to C=C bond of oleic acid and produces (R)-10-dihydroxy stearic acid (Figure
3). The reaction mechanism was also investigated by performing the reaction in
deuterium oxide (Schroepfer, 1966). As the hydroxyl group deuterium of product is
replaced by hydrogen during product purification process, the product with C-9
deuterium-labelled (R)-10-hydroxystearic acid was obtained. The configuration of

deuterium labeled at C-9 was investigated by incubating this product in a growing



culture of Corynecacterium diphtheria, a system that removed (R)-hydrogen at C-9
carbon of stearic acid (Davis et al. 1969). The product was determined by mass
spectrometry and the deuterium still remains in molecule of product, and the reaction

identified to be anti-addition.
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Figure 3. Oleate hydratase catalyses the water addition to oleic acid to form

(R)-10-hydroxystearic acid

To date, many crystal structures of hydrotase were obtained including fumarase
from C of E. coli. (Weaver, 1996), porcine mitochondrial aconitase (Lloyd, 1999), 3-
dehydroquinate dehydratase type Il (Roszak, 2002), 3-dehydroquinate dehydratase type
| and Enoyl-CoA hydratase (Maneiro, 2014). These structural information is useful for

understanding enzyme reaction mechanism.

Hydratase in the HPA degradation pathway

In the HPA degradation pathway of Acinetobacter Baumannii, 4-HPA is first
converted to 3,4-hydroxyphenylacetic acid (homoprotocatechuate) and then several
enzymes are involved to generate final metabolites, pyruvate and succinic semialdehyde
(Figure 4). Hydratase in the HPA degradation pathway catalyzes addition of water into
2-oxo-hept-3-ene-1,7-dioic acid (OHED) and form 2,4-dihydroxy-hept-2-ene-1,7- dioic
acid (HHED) (step7 in Figure 4). However, this enzyme in Acinetobacter Baumannii has
not been identified and studied.

In the past, several hydratases in HPA degradation pathway and related
pathway have been isolated, identified, purified and studied including HpcG (2-oxo-
hept-4-ene-1.7-dioate hydratase) in homoprotocatechuate degradation pathway of
Escherichia coli (Izumi, A. et al, 2007), BphH (2-keto-4-hydroxypentanoate hydratase) in
the degradation pathway of biphynyl/chlorobiphenyl from Burkholderia xenoverans
LB400 (Wang, P. et al, 2005), MhpD (2-hydroxypentadienoic acid hydratase) in the
degradation pathway of phenylpropionic acid from E. coli (Pollard, J. R. et al, 1998),



GalB (4-carboxy-2-hydroxymuconate hydratase) in the gallate degradation pathway from
Pseudomonas putida KT2440, (Mazurkewich, S. et al, 2016), Ligd (4-Oxalomesaconate
Hydratase) in vanillate and syringate degradation pathway from Sphingomonas
paucimobilis SYK-6 (Hara, H. et al, 2000), VPH (Vinylpyruvate hydratase) from
Pseudomonas putida MT-2 and Leptothrix cholodnii SP-6 (Johnson, W. H. et al, 2016).
All enzymes are divalent metal ion-dependent (Zn** (GalB and LigJ), Mg**(HpcG and
BphH) and Mn?*(MhpD and VPH)).

4-HPA DHPA
CH2COOH CH2COOH CH,COOH CH,COOH CH,COOH
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NA|
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Monooxygenation 2,3 dioxygenase Dehydrogenase
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Pyruvate
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Succinic semialdehyde Step 8: Aldolase Step 7: Hydratase Step 6: Isomerase

Step 9: Succinic semialdehyde
dehydrogenase

0

HOJI\/\H,OH
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Figure 4. All reactions involved in the HPA degradation to generate pyruvate and

succinate as the final metabolites (Thotsaporn et al., 2016).

A few hydratases in HPA and related compounds degradation pathway have
been studied including HpcG, VPH, GalB and MhpD. The reaction mechanism of HpcG
has been proposed based on the enzyme crystal structure (Izumi et al., 2007) and
results from isotopic labeling studies (Burks et al., 1998). In aqueous solution, the
substrate is in equilibrium between keto (1) and enol (2) forms (Figure 5A) and both
forms can be used by the enzyme. In the equilibrium mixture, 1 and 2 can also decay
to 3 (3E isomer). The double bond to be hydrated should be conjugated with a carbonyl

group to facilitate a nucleophilic attack by water. Therefore, compounds 3 (3E isomer)



and 4 (3Z isomer) may be intermediates in the reaction catalyzed by HpcG. The
evidence from isotopic labeling study (Burks et al., 1998) also suggested that the
substrate 1 and 2 can proceed to form the intermediate 3 (3E isomer) or 4 (3Z isomer)
because the product from the reaction of HpcG in D,O buffer have deuterium
incorporated stereo-specifically at positions C-3 and C-5 (more information in the
reaction mechanism depicted in Figure 7). The compound 3 was synthesized and tested
and found that it cannot be used by HpcG. Therefore, the compound 3 is not an
intermediate for the reaction catalyzed by HpcG and 4 (3Z isomer) should be an
intermediate for the reaction catalyzed by HpcG. Studies of MhpD by Pollard and Bugg
(Pollard et al., 1998) also found evidence similar to the results of HpcG. In aqueous
solution, the substrate of MhpD (2-hydroxy-pentadienoate, 6) is rapidly ketonized to
trans-2-ketopent-3-enoate (7) (Figure 5B) and the enzyme catalyzes reaction with a
poor yield, indicating that 7 is not an intermediate for the MhpD and the intermediate
may be cis-2-ketopent-3-enoate (8). Pollard and Bugg also found that oxalate is a
competitive inhibition for MhpD, suggesting that 2-ketopent-3-enoate may be an
intermediate during the reaction of MhpD. Although studies of HpcG and MhpD
proposed that the enzyme catalyzes the reaction through the intermediate 3Z, there is
no solid evidence to support this proposal because the intermediates 4 and 8 have not

been synthesized and tested.



N

.‘. R
.
¥

0
0 g
PP N-"“cooH

" CO0H

tran-2-ketopent-3-enoic acid  cis-2-ketopent-3-enoic acid

Figure 5. A; Reactions of HpcG. HpcG convert 1 and 2 to 5. 1 and 2 are in equilibrium
in solution and under a long incubation period, a mixture of 1 and 2 decay to 3 (3E

isomer). B; Reaction catalyzed by MhpD (Burks et al, 1998; Pollard et al, 1998)

The functional roles of metal in the active sites of different hydratases are
different. The crystal structure of HpcG was solved in apo form and with magnesium
and oxalate (inhibitor) bound (Izumi et al, 2007). The crystal structure with substrate
could not be obtained. The crystal structure contains two pentamers stacked together to
form a decamer. In the enzyme active site, magnesium ion is coordinated with Glu1086,
Glu108 and Glu139 (Figure 6). The oxalate (presumably occupying the substrate
position) binds to a magnesium ion. The coordination shell of magnesium ion is almost

perfectly octahedral with three residues of glutamate, water molecule and two oxalate



oxygen. Using binding of oxalate as a model to indicate substrate binding, it can predict
that the terminal carbonyl group and carbonyl oxygen at C-1 and C-2 atom coordinate
the metal ion in a bidentate fashion, favoring the enol tautomer. Asp79 residue forms a
hydrogen bond with a water molecule which is in a position close to the C-4 carbon of
substrate. However, this water molecule is quite far and might cannot be activated by
metal ion during enzyme catalyzed reaction. The metal ion in HpcG seems to be
involved with the binding selectivity of substrate enol form rather than directly activating
a molecular water (proposed reaction mechanism of HpcG, Figure 7). However, most of
this explanation is a proposal that does not have solid data to support. For MhpD, the
reaction mechanism was proposed that metal ion involved directly on activation of the
attacking water (Pollard, J. R. and Bugg, T. D. H., 1998) similar to GalB (proposed
reaction mechanism of GalB, Figure 8) (Mazurkewich, S. et al, 2016). Therefore, the
functional roles of metal ion in various hydratases may be different, depending on the

enzyme active site.

Although the reaction mechanism of a few hydratases in HPA degradation and
related pathway has been studied, several major questions related to the reaction
mechanism are still unclear. It is not known how the attacking water molecule is
activated in the enzyme active site. What are active site residues or intermediates
involved in the reactions? Therefore, more studies on hydratases related to HPA
degradation are needed in order to understand the reaction mechanism of this enzyme.
Knowledge gained from the mechanistic studies will be useful for future enzyme

engineering to control efficiency and specificity of the enzyme.
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Figure 7. Proposed reaction mechanism of HpcG in D,O (Adapted from Izumi et al,
2007). Magnesium ion is not directly involved with the activation of water molecule but

the water molecule is activated by Asp79.
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activated water to C4 double bond.
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The gene encoding for a hydratase in the HPA degrading operon was identified.
The enzyme is a probable a 2-oxo-hepta-3-ene-1,7-dioic acid (OHED) hydratase which
may catalyze the addition of water into 2-oxo-hept-3-ene-1,7-dioic acid (OHED) and
form 2,4-dihydroxy-hept-2-ene-1,7- dioic acid (HHED) (Figure1) (Thotsaporn, K. et al,
2016). Sequence analysis showed that the putative OHED hydratase from Acinetobacter
baumannii and E. coli HpcG have 69% identity and 80% similarity (Figure 9). Therefore,
the OHED hydratase in Acinetobacter baumannii may catalyze reaction with similar
mechanism but may have substrate specificity different from the hydratase from E. coli.
In this proposal, we propose to characterize biochemical properties of OHED hydratase
from the HPA degradation pathway of Acinetobacter baumannii and investigate the
enzyme substrate specificity. The reaction mechanism of OHED hydratase will also be
investigated using steady-state and pre-steady state kinetics and isotope labeling. We
will also investigate amino acid residues that may be important for activating H,O

molecule and act as general acid or base.



2.3 Objectives

- To investigate biochemical and biophysical properties of OHED hydratase from
Acinetobacter baumannii

- To investigate substrate specificity of OHED hydratase

- To elucidate the reaction mechanism of OHED hydratase using pre-steady state and
steady-state kinetics and isotope labeling study.

- To investigate amino acid residues that may be important for activating a H,O

molecule in the reaction catalyzed by OHED hydratase

2.4 Research methodology
Plasmid construction, overexpression and purification of OHED hydratase

A putative gene of OHED hydratase will be constructed and cloned into an
appropriate expression vector, overexpressed in E. coli BL21(DE3) and cultured in an
appropriate medium to produce a recombinant OHED hydratase. OHED hydratase will
be purified using ammonium sulfate fractionation and various chromatographic methods
such as DEAE Sepharose (anion exchange chromatography), Phenyl Sepharose

(hydrophobic chromatography) to obtain the purified protein.

Determination of protein concentration, purity and molecular mass

Concentrations of proteins will be determined by the Bradford assay (Bradford,
M. M., 1976). The purity of purified enzyme will be determined using SDS-PAGE
analysis and stained with Coomassie Blue. The molecular weight of OHED hydratase
will be determined by gel filtration FPLC. A standard curve based on mobility of various
standard proteins such as b-amylase (molecular mass = 200.0 kDa), alcohol
dehydrogenase (molecular mass = 150.0 kDa), bovine serum albumin (molecular mass
= 66.0 kDa), carbonic anhydrase (molecular mass = 29.0 kDa), and cytochrome c

(molecular mass = 12.4 kDa) will be constructed.

Investigation of substrate specificity of OHED hydratase and product analysis

2-oxo-hept-3-ene-1,7-dioic acid derivatives and various alpha, beta-unsaturated
carbonyl will be tested if they are substrates for the OHED hydratase. The purified
products will be analyzed by HPLC-MS and NMR spectroscopy.



Kinetic assay and substrate specificity determination

Enzyme assays will be performed in both direct and coupled assays. In direct
assays, the OHED hydratase will be assayed according to the previous protocol
(Harayama et al., 1989). 2-oxo-hept-3-ene-1,7-dioic acid (OHED) (keton form) and 2-
hydroxyhept-2,4-diene-1,7-dioic acid (HHDD) (enol form) will be synthesized according
to protocol of (Harayama et al., 1989) and used as substrates of OHED hydratase. The
reaction will be followed the consumption of substrates using absorbance at 276 nm
(Burks et al., 1998). The coupled assay can be carried out by coupling with the Hpcl
aldolase, the next enzyme of the pathway, and lactate dehydrogenae (LDH). The
reaction can be followed by monitoring NADH consumption at 340 nm as pyruvate is
converted to lactate by LDH. The concentration of substrates will be varied to determine
K. and V... The data will be analyzed according to a Michaelis-Menten equation by
nonlinear regression.

Kinetics of the OHED hydratase will also be investigated using rapid-quench
techniques to identify rate constants associated with a first turnover of the reaction. This
experiment can identify if the reaction has burst kinetic characteristics. Burst kinetics is

consistent with the product release is the rate-limiting step of the reaction.

pH/rate profile and effect of temperature on the reaction of OHED hydratase
Buffers with the same ionic strength within a certain range of pH will be
prepared. OHED hydratase will be assayed in the relevant buffer using the previously
described. The effect of temperature on the reaction catalyzed by OHED hydratase will
be determined by measuring activity of OHED hydratase at various temperatures.
Specific activities will be plotted vs temperature and analyzed according to the Arrhenius

equation.

OHED hydratase metal analysis

In order to determine the metal ions required for catalysis, metal will be removed
from the purified enzyme using EDTA and then dialyzed against an appropriate buffer
solution to remove EDTA. An apo-enzyme will be assayed in the presence of various
divalent metal ions to identify which ion gives a maximum activity.

In order to identify metal ions bound to the native OHED hydratase, the purified
enzyme will be analyzed using an inductively coupled plasma mass spectrometry (ICP-

MS) and atomic absorption spectroscopy.



Isotope labeling study

The reaction of OHED hydratase using a native substrate (2-oxo-hept-3-ene-1,7-
dioic acid) will be carry out in the D,O buffer. The reaction will be followed by 'H-NMR
in order to determine the positions (C3 or C5) of deuterium incorporation into product as
described in the previous reports (Burks et al, 1998; Jhonson et al, 2016)
Site-directed mutagenesis

Residues at the active site of OHED hydratase from the HPA degradation pathway of
Acinetobacter baumannii will be investigated their functions using site-directed mutagenesis
studies approach. The OHED hydratase structure will be built based on the 3-D structure of the
enzyme homologue from Escherichia coli (HpcG) (Izumi, A. et al, 2007) in order to understand
the mechanism of reaction catalysis. Site-directed mutagenesis will be performed according to
the instruction in the QuickChange® Il Site-Directed Mutagenesis Kit manual from Stratagene

(La Jolla, CA).



3. Results and discussion
3.1 Expression and purification of OHED hydratase from Acinetobacter baumannii

Expression of OHED hydratase

OHED hydratase was successfully constructed to pET11a recombinant plasmid.
The hydratase gene was tried expression in E. coli BL21(DE3) using auto—induction
media (ZYM). Figure 3.1 show SDS-PAGE analysis of hydratase expression and the
results show that hydratase genes is well expression in soluble form with the molecular
weight about 29 kDa which is correlated with the molecular weight calculated from
amino acid sequence using ExPASy: SIB Bioinformatics Resource Portal. The
expression condition at 25°C for 18 hrs gave the highest amount of OHED hydratase,
so this condition was used for large scale overexpression.

Purification of OHED hydratase

Frozen cell paste from the large scale overexpression was thawed and
resuspended in a lysis buffer containing 50 mM HEPES pH 7.0, 5 mM EDTA, 1 mM
DTT, and 100 uM PMSF. Cells were then disrupted by using sonicator and the
suspension after sonication was defined as whole-cell suspension. After that the
suspension was centrifuged at 17,000 rpm at 4 °C for 1 hour, the pellet was discarded.
The supernatant was defined as the crude extract. Nucleic acid material from the crude
extract was removed by adding 12%v/v of poly(ethyleneimine) to a final concentration of
0.1%(v/v) of crude extract. The cell suspension was centrifuged at 15,000 rpm at 4 °C
for 30 minutes and the pellet was discarded. OHED hydratase was fractionated by
ammonium sulphate at final concentration around 10%-30% (w/v) which was
resuspended and dialyzed in 50 mM HEPES pH 7.0 for overnight. After that the
sampled was loaded in DEAE-Sepharose column which equilibrated with 50 mM
HEPES pH 7.0 contained 100 mM NaCl. The column then was washed with 1 liter of 50
mM HEPES pH 7.0 contained 100 mM NaCl to remove impure protein. The OHED
hydratase was eluted out using the gradients of NaCl from 100 to 300 mM in 50 mM
HEPES pH 7.0. The fractions containing OHED hydratase were pooled, concentrated,
and loaded onto a G-25 gel filtration column to remove high salt concentration and
exchange buffer to 50 mM HEPES pH 7.0. The SDS-PAGE analysis (Figure 3.2)
showed that the targeted protein with molecular mass of about 29.7 kDa has high purity
(more than 90% purity) after purification and the purified OHED hydratase was obtained

about 1 g from 4 liters of cell culture.
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Figure 3.1 SDS-PAGE analysis of OHED hydratase expression in E. coli strain BL21(DE3) in auto-
induction media at 25°C. Cells harboring OHED hydratase were grown at 37°C and the incubation
temperature was changed to be 25 °C when OD600 of the culture reached 0.5, 1.0 and 2.0,
respectively. The protein expression was allowed to continue for another 18 hr. The samples of
culture bacteria of each conditions were collected after induction at various times including 5 hr., 10
hr. and 18 hr., respectively. The cells were harvested and disrupted by sonication in 50 mM HEPES
pH 7.0 containing 60 [LIM PMSF. The crude extract, supernatant and pellet were quantitated using
Bradford method and 20 [lg of protein of each samples was analyzed using SDS-PAGE (15%)
analysis. Lane M; protein markers, Lane C; crude extract harboring OHED hydratase, Lane S;
supernatant of induced E. coli harboring OHED hydratase, Lane P; pellet of induced E. coli

harboring OHED hydratase.
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Figure 3.2 SDS-PAGE analysis of OHED hydratase. The sample from each purification step was
analyzed by 15% SDS-PAGE. Lane M; standard protein markers, Lane C; crude extract harboring
OHED hydratase, Lane S; supernatant of induced E. coli harboring OHED hydratase, Lane PEI;
supernatant of induced E. coli harboring OHED hydratase was discarded nucleic acid by 0.1% PEI
precipitation, Lane D ; protein solution after dialysis of ammonium sulphate fractionation at final
concentration around 10-30% w/v , Lane DEAE; eluting fractions that contain OHED hydratase from
DEAE-Sepharose were pooled and concentrated. Lane G-25; protein after desalted, exchanged

buffer and concentrated.

3.2 Native molecular mass of OHED hydratase from Acinetobacter baumannii

The native molecular mass of OHED hydratase was determined using a Fast
Protein Liquid Chromatography (FPLC) (AKTA purifier, Bio-Rad, USA) instrument
equipped with SephadexTM 200 Increase 10/300 GL size exclusion chromatography
column. The commercial proteins that known accurate molecular mass including blue
dextran (2000 kDa, VO0), thyroglobulin (690 kDa), ferritin (440 kDa), B-amylase (200
kDa), aldolase (158 kDa), bovine serum albumin (66 kDa), ovalbumin (43 kDa),
carbonic anhydrase (26 kDa) were used as molecular mass standards. All of protein
standards were injected and eluted from a column as showed gel filtration
chromatogram in figure 3.3 A. The calculating of ratio between elution volume (Ve) and
void volume (VO) as a blue dextran to obtain linear equation which derived from the

relations of log MW and Ve/VO (Figure 3.3 B) OHED hydratase showed the elution



volume (Ve) at 11.0475 ml so then the native molecular mass of enzyme was calculated
to be 300.9805 kDa. The denatural formation of OHED hydratase was analyzed by
SDS-PAGE and provided enzyme subunit that is around 29 kDa. Based on the ExPaSy
primary structure analysis algorithm indicated molecular subunit of OHED hydratase is
29.7 kDa. Thus, the result represents that the native quaternary structure of OHED
hydratase is decameric enzyme. The oligomeric states of OHED hydratase at various
forms including holo-OHED, apo-OHED and metal (Mn ?*, Zn #*, Ca ? and Mg %)
substitution of apo-OHED hydratase were determined to observe the effect of metal ions
on the oligomeric state of OHED hydratase. The results show that all conditions show
the same elution volume so the results indicated that metal ions don’t involve in

oligomer formation of OHED hydratase.
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Figure 3.3. A) Gel filtration chromatogram of protein standards and OHED hydratase to determine
native molecular weight of hydratrase using SephadexTM 200 Increase 10/300 GL size exclusion
chromatography column and elution volume (ml) of the all proteins was showed as 1, 2, 3, 4, 5, 6, 7
and 8 for Blue dextran (2000 kDa), Thyroglobulin (960 kDa), Ferritin (440 kDa), B-amylase (200
kDa), aldolase (158 kDa), bovine serum albumin (66 kDa), Ovalbumin (43 kDa) and carbonic
anhydrase (26 kDa), respectively. B) The plot of log MW vs Ve/VO resulting a linear relationship and
native molecular weight of OHED hydratase was determined as 300.9805 kDa.



3.3 Native metal identification of OHED hydratase from Acinetobacter baumannii

Screening for metal cofactor candidates of OHED hydratase was determined
using Microwave Plasma — Atomic Emission Spectrometer (MP-AES) and observation of
metal content of metal substituted in Apo-OHED hydratase was performed using

Inductive Couple Plasma — Optical Emission Spectrometer (ICP-OES).

Screening of metal cofactor candidates by Microwave Plasma - Atomic Emission
Spectrometer (MP-AES)

The MP-AES analysis was calibrated with various concentration of standard
metal solutions including Mn?*, Zn**, Ca**, Mg, Cr**, Co®, Ni** and Cu®". The standard
calibration curve showed linear relationship between emission intensity of metal ion
concentration (ppm) in the range of 0-2 ppm (Figure 3.4). The purified OHED hydratase
was analyzed in the same condition and the concentration of metal candidates that
found in enzyme solution was determined (figure 3.5A). The result showed that the
metal cofactor candidates were Ag®*, AI**, Ba**, Ca**, Co?*, Cu®*, Mg*, Mn?**, Ni**, Pb*
and Zn®*. The metal contents in the enzyme that purified in different buffering systems,
50 mM of HEPES buffer pH 7.0 and 50 mM of sodium phosphate buffer pH 7.0 were
also determined. The results in Figure 3.5 A showed that the enzyme that purified using
50 mM of HEPES buffer pH 7.0 has high concentration of metal ions than that using 50
mM of sodium phosphate buffer pH 7.0. It indicated that sodium phosphate buffer act as
chelating agent. From this result, 50 mM of HEPES buffer pH 7.0 was chosen as buffer
solution in the purification process of OHED hydratase.

The concentration of metal candidate was calculated in term of mole ratio per
enzyme subunit to indicate the amount of metal atom occupying in one subunit of the
enzyme as shown in Figure 3.5B. The results showed that in purified-OHED hydratase
had high metal mole ratio of Ca®*, Mg®*, Zn** and Mn?*. So, these four metal ions were
chosen to investigate further using Inductive Couple Plasma-Optical Emission

Spectrometer (ICP-OES) analysis.
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Figure 3.4. Standard calibration curve of various metal ions including Mn (green), Zn (blue), Ca
(tight green), Mg (black), Cr (pink), Co (light blue), Ni (yellow) and Cu (orange) in linearity range 0-2
ppm.
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Figure 3.5 Metal candidates of purified hydratase. A: Concentration of metal candidates
(Ag*, AP*, Ba®", Ca®*, Co*', Cu®", Mg*, Mn%, Ni**, Pb®* and Zn?*) found in purified-OHED
hydratase. B: The mole ratio of metal candidates per enzyme subunit is reported. Black and
white bars indicate the enzyme purified using 50 mM HEPES pH 7.0, and 50 mM NaH2PO4
pH 7.0 respectively.



Metal content determination in OHED hydratase using Inductive Couple Plasma -
Optical Emission Spectrometer (ICP-OES)

Based on MP-OES results, all metal candidates ( Mn?*, Zn*, Ca®**, Mg®* and
mixed metal ions) were reconstituted with Apo-OHED hydratase and the amount of
metal ions containing in metals substituted enzyme and apo-enzyme were determined
and compared using ICP-OES. The experiment using ICP-OES was calibrated with
various concentration of standard metals (Mn?*, Zn?*, Ca®* and Mg?*) and the standard
calibration curve showed linear relationship between emission intensity and
concentration of metal ion in the range of 0-4 ppm. The metal removal efficiency of Apo-
enzyme preparation between using EDTA chelating and CHELAX100 resin method
were compared as showed in Figure 3.6 A. The results showed that preparing Apo-
enzyme using CHELAX100 resin is more efficiency than that using EDTA chelating. So
Chelex@100 resin was used for the apo-enzyme preparation.

The apo-OHED was substituted with metal candidates including CaCl,, MgCl,,
MnCl,, ZnCl, and mixed metal ions were determined metal content and calculated mole
ratio of metal per enzyme subunit. The results in Figure 3.6 B showed that the mole
ratio of metal ions per enzyme subunit of all conditions was similar which are 1.00, 1.25,
1.30 and 1.24 for Ca®*, Mg*, Mn** and Zn** respectively. However, apo-enzyme
reconstituted with mixed metal ions showed the mole ratio of metal ions per enzyme
subunit about 0.5 for Zn®** and Mn?*, which higher than Ca?* and Mg** about 0.2. The
results indicated that Zn** and Mn** could occupy to enzyme better than Ca®* and Mg**
and it also indicated that Zn** and/or Mn** may be a native metal ion for OHED
hydratase. We further determined the binding affinity of apo-OHED with Mn?* and zZn?*
ions using ITC. Unfortunately, the ITC experiment could not provide any interpretable

result.
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Figure 3.6. (A) The efficiency of apo-enzyme preparation between EDTA chelating and CHELAX100
resin were determined with ICP-OES. (B) Mole ratio of metal per enzyme sub unit of Apo OHED

hydratase substituted with metal candidates; Ca®* (blue), Mg?* (green), Mn*(red) and Mg* (gray).

3.4 Effect of pH on the reaction of OHED hydratase

Single component buffer

The activity of purified OHED hydratase was performed at various pHs (pH 3-
10) to determine an optimal pH for OHED hydratase activity using single component
buffer solution including 100 mM glycine buffer (pH 2-4), 100mM acetate buffer (pH 4-
6.5), 100 mM and 100 mM HEPES (pH 7-9). The reaction mixture was initiated by
adding OHED hydratase and monitored the product formation using HPLC/MS analysis.
The specific activity was calculated and plotted against pH as pH profile activity (Figure

3.7). The result showed that the optimal pH for OHED activity is pH 7.0.
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Figure 3.7. The pH dependent activity of OHED hydratase using trans-fumarate as a substrate
analogue. The single component buffer system with various pHs from 3 to 10 which are composed
of 100 mM of glycine, 100 mM of acetate buffer and 100 mM of HEPES. The OHED hydratase
activity were performed with this buffer system. The malate production was determined using

HPLC/MS and calculated the specific activity (unit/ mg of protein)



Three component buffer

- Bis-tris, triethanolamine and acetic acid system

The activity of purified OHED hydratase was performed at various pHs (pH 4-9) to
determine an optimal pH for OHED hydratase activity using three component buffer
solution. The buffer at various pHs (pH 4-9) were prepared from three component of
0.05 M Bis-tris, 0.05 M triethanolamine and 0.1 M acetic acid. The reactions were
performed by premix solution of trans-fumarate and buffers and the reaction initiated by
adding OHED hydratase and the product formation was determined by using HPLC/MS
analysis. The pH profile activity of OHED hydratase showed in Figure 3.8 (A) and the
optimal pH value for OHED activity is 6.4. However, the specific activity of OHED
hydratase in the three component buffer system is about 3 fold lower than that single
component buffer system at pH 7.0. These results suggest that a component in three
component buffer systems may inhibit OHED hydratase activity.

- MES, diethanolamine and TAPSO system

The activity of purified OHED hydratase also was performed at various pHs (pH 6-9)
to determine an optimal pH for OHED hydratase activity using three component buffer
solution of 0.052M 22-(N-Morpholino) ethanesulfonic acid (MES), 0.052M 3-[N-
(Trishydroxymethyl)methylamino]-2-hydroxypropanesulfonic acid (TAPSO) and 0.1 M
diethanolamine. The pH profile activity of OHED hydratase showed in Figure 3.8 (B)
and the optimal pH value for OHED activity is 6.7. However, the specific activity of
OHED hydratase in this three component buffer system is about 6 fold lower than that
single component buffer system at pH 7.0. These results suggest that a component in
three component buffer using MES, diethanolamine and TAPSO system may inhibit
OHED hydratase activity and it also showed strongly inhibit reaction more than three
component buffer of bistris, triethanolamine and acetic acid system.

The study of the effect of pH on the reaction of OHED hydratase using trans
fumarate as substrate analogue in this section can conclude that the optimal pH for
OHED hydratase is pH 7.0. Using three component buffer of Bis-tris, triethanolamine
and acetic acid system and MES, diethanolamine and TAPSO system inhibit the activity
of OHED hydratase. So 100 mM HEPES buffer pH 7.0 is the suitable buffer for OHED

hydratase assay.
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Figure 3.8 The pH dependent activity of OHED hydratase using trans-fumarate as a substrate
analogue. A) pH dependent activity of OHED hydratase in bis-tris, triethanolamine and acetic acid
buffering system. B) pH dependent activity of OHED hydratase in MES, diethanolamine and TAPSO

buffering system

4.5 The effect of temperature to the OHED hydratase activity

The activity of OHED hydratase using trans-fumarate substrate was determined
in 100 mM HEPES, pH 7.0 at various temperatures (5°C-70°C). The reaction mixture
was performed by premixing of trans-fumarate in 100 mM HEPES, pH 7.0 at room
temperature and then aliquot into 1.5 ml microcentrifuge tube and incubated at 5°C-
70°C for 15 min. The reaction was initiated by adding OHED hydratase and the reaction
mixture was incubated for 30 min and quenched with 5% of formic acid. The product
formation was determined using HPLC/MS and the specific activities (unit/mg of protein)
was calculated and the activity—temperature profile was plotted as shown in Figure3.9.
The results indicated that the optimal temperature for the activity of the enzyme was
40°C.
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Figure 3.9 The activity — temperature profiles of OHED hydratase with transfumarate substrate. The
specificity of OHED hydratase at various temperatures (5°C-70°C) were determined and plotted

against temperature.



3.6 Thermostability of OHED hydratase in the presence of various metal ion

The effect of metal ion on structural stability of OHED hydratase was determined
using Thermoflour assay, the temperature was varied in the range of 25°C-95°C using
RT-PCR program. OHED hydratase of various forms including to purified-enzyme, apo-
enzyme, and metal substitution of apo-enzyme were determined and compared the
melting temperature (Tm). The melting curve of the first derivative of fluorescent
intensity (dRFU/dT) versus temperature (°C) was used to determined Tm and the lowest
value of curve indicated a melting temperature of enzyme. The results showed that the
melting temperatures of purified-OHED (light green) and purified-OHED incubated with
various metal chloride ions as Co*" (purple), Mn?* (light blue), Zn** (blue), Ca®'
(orange), Mg®* (pink), Cu®* (green), Fe** (cyan) and Ni** (green) in were similar with the
value of 58°C, but the Tm of Zn-OHED (blue) showed a lower Tm with the value of
46°C (Figure 3.10A). This result related with Tm of apo-OHED hydratase substituted
various metal ions as apo-OHED (purple), Mn-apo-OHED (light blue), Zn-apo-OHED
(blue), Ca-apo-OHED (orange), Mg-apo-OHED (pink) and mixed metals substitution of
apo-OHED (green) (Figure 3.10B), indicating that metal ions did not enhance the
enzyme stability since purified-enzyme and apo-enzyme showed the same Tm.
Interestingly, in case of Zn-OHED and Zn-apo-OHED, the enzymes showed lower Tm
that indicated the destabilizing effect of Zn?** on OHED hydratase. Also the results from
apo-OHED substituted with mix metal ions (the mixture of Mn**, Ca®*, Zn** and Mg?*)
showed similar Tm to Zn-apo-OHED. This may indicate that in the mixture of metal ions,
Zn*' is able to bind tighter than others metals. However, it is unclear how the binding of
Zn?* decreases the stability of OHED hydratase. The geometry of Zn®* binding to
enzyme may be different from the other metal ions. Generally, the coordination of Zn?*
with amino acid in enzyme active site is tetrahedral (Laitaoja et al. 2013) but Mn?*, Ca®*
and Mg”* are octahedral (Bujacz et al. 1997), so the geometry of the coordination of
metal ion with amino acid residues in enzyme active site may affect the enzyme

stability.
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Figure 3.10. The melting curve of OHED hydratase with various metal ions using
thermofluor assay. The first derivative curve is plotted between -dRFU/dT of fluorescent
intensity and temperature (°C). The melting temperature (Tm) corresponds to the lowest
point of first derivatives (-dRFU/dT). The OHED hydratase with various forms were
investigated as Holo-OHED (light green), Apo-OHED (purple), Mn-Apo-OHED (light
blue), Zn-Apo-OHED (blue), Ca-Apo-OHED (orange), Mg-Apo-OHED (pink) and mixed
metals substitution of Apo-OHED (green).



3.7 Substrate specificity of OHED hydratase from Acinetobacter baumannii

The native substrate for OHED hydratase is not commercially available. In order
to determine OHED hydratase activity, the substrate screening was performed and
focused on the compounds that chemical structure containing of carbon double bond
adjacent to carboxyl group (Table 1). The enzymatic reaction was performed with
various substrates including cinamic acid, 4-hydroxy cinamic acid (caffeic acid), 3,4-
dihydroxy cinamic acid (p-coumaric acid), 3,4,5-trihydroxy cinamic acid (THCA), trans-
ferulic acid, crotonic acid, cis —maleic acid, trans-fumaric acid and oleic acid (C18:1)
and compared between reaction with (reaction) and without (negative control) enzyme.
Among all tested substrates, there was no new product peak observed, except for trans-
fumarate and L-malate reaction. These new product peaks were expected to be malate
and fumarate, respectively. The results were confirmed by a similar retention times with
authentic malate standard.

In cis-maleic acid, which is isomer of trans-fumaric acid, the enzyme cannot
catalyze reaction to produce new product. So the result indicated that the OHED
hydratase has a regiospecificity. Moreover, we also found that the enzyme cannot
catalyze reaction using substrates that structure containing of aromatic ring and/or
containing of only one carboxylic group at terminus as cinamic acid, caffeic acid, p-
coumaric acid, THCA and trans-ferulic acid. These results indicated that OHED
hydratase has very high substrate specificity. So, trans-fumaric acid was chosen as

substrate for enzyme assay to study the effect of metal ion on the activity of enzyme.



Table 1. Chemical structures of substrates for screening OHED hydratase activity.

Substrate Chemical structure Exact mass (m/z) New
substrate product substrate product product
peak
Cinamic acid ©/§)‘L ©/c:/°k 148.05 166.06 X
OH OH
4-hydroxy cinamic acid /@N‘L /©/t)°k 164.05 182.06 X
OH OH
(Caffeic acid) oM oH
3,4-dihydroxy cinamic acid M P 180.04 198.05 X
OH OH
(p-coumaric acid) OH/Q/\A OH/QM
OH OH
3,4,5-trihydroxy cinamic acid PP PP 196.04 214.05 X
OH OH
e OH/@NK OHQM
OH OH
. . [o] OH O
trans-ferulic acid X 194.06 212.07 X
OH OH
OH OHQM
OCH3 OCH3
Crotonic acid R on R 86.04 104.05 X
/_JK oH )_)k oH
cis —maleic acid 1 R X 116.01 134.02 X
OH)lt/U\OH OH):E_/U\OH
. . [o] [o]
trans-fumaric acid 116.01 134.02 \/
OH)V\H,OH OH)WOH
o OH
L-malate h 3 13402 116.01 v

)
I
o—:<<‘
I
o
o
I
!
I
o ;
o
I

a (\/) indicates product formation and (X) indicates no product formation.

® All of substrates using in this study can be divided into two groups based on the chemical structure
1) aromatic carbon double bond conjugated carboxyl group and 2) aliphatic carbon double bond

conjugated carboxyl group which are consist of cis- or trans- formation.

OHED hydratase substituted with various metal ions (Mn**, Zn?*, Ca*" and Mg®")
and mixed all metal ions were assayed using trans-fumaric acid as substrate. The
specific activity of malate formation of all metal-substituted enzymes were compared
and summarized in Table 2. The results showed that the activity of purified OHED, apo-
OHED and Mn?*, Ca®* and Mg®*-substituted enzymes are similar. However, the absent
of activity found in Zn®*-substituted enzyme and metal mixture-substituted enzymes. The
results indicated that the binding of Zn?* ion in active site of the enzyme can inhibit
enzyme activity for catalyzing reaction using trans-fumaric acid as substrate. This result

correlate with the results of the previous section that Zn®* metal ion can decrease the



enzyme stability. Zn?** has been found to have different chemical co-ordination as
represent as tetrahedral fashion and trigonal bipyramid (Mazurkewich et al. 2016) when
compared with octahedral fashion for Mn?* and Mg®* (Wang et al. 2005, Fukasawa et al.
2011). In thermophilic nitrile hydratase, Zn?* inhibited the enzyme activity, probably due
to their reaction with essential sulfhydryl groups in active site, while magnesium chloride
had no effect (Cramp et al.1999). The Zn** and Mn?* found to have inhibitory effect on
6-aminolevulinic acid dehydratase and phosphopyruvate hydratase activities (Chiba et
al. 1984, Saito 1967).

Table 2. The specific activity of OHED hydratase activity with trans-fumarate using

various metal substitution.

Conditions Specific activity R?

(Mmole min™ mg protein ™)

Purified-OHED 0.018 0.9929
Apo-OHED 0.015 0.9999
Mn?*-OHED 0.016 0.9981
Zn*-OHED 0.0000 0.0000
Ca®"-OHED 0.015 0.9972
Mg?*-OHED 0.014 0.9975

Mixed-OHED 0.0000 0.0000




4.8 Steady-state kinetic parameters of reaction catalyzed by OHED hydratase

Steady-state kinetic parameters of OHED hydratase were investigated in 100
mM HEPES pH 7.0 at ambient temperature using trans-fumarate as substrate. The
initial velocity of OHED hydratase activity at various concentrations of trans-fumarate (5,
10, 20, 50, 100, 200, 500, 1000 and 2000 MM) was determined using enzyme
concentration of 25 UM. The initial velocity of the reaction was calculated from the
slope of relative plot between malate formation (JIM) and time (min). The kinetic
parameters as K, and V., were obtained from the plot of initial velocity (JAM/min) and
substrate concentration (M) according to Michaelis-Menten equation as shown in
Figure 3.11A. The K,, and V. were determined to be 1.22 + 0.07 x 10° M and 1.27+
0.02 x 10 M/s, respectively (Table 3).

The steady-state kinetic parameters of reversible activity of OHED hydratase
were also determined using similar conditions described in forward reaction, but using
L-malate as a substrate. The kinetic parameters (K., and V,,..) were obtained from the
plotted of initial velocity (JAM/min) versus substrate concentration ([LM) as shown in
Figure 3.11B. From the plot, K, and V,,.x were determined as 1.29 + 0.04 x 10* M and
4.07 + 0.03 x 10”° M/s, respectively (Table 3). Moreover, the catalytic constant (k..;) was
calculated from the maximum velocity divide by total enzyme concentration. The results
were summarized in Table 3 and showed that k., of forward reaction was about 30
folds higher than the k., of reverse reaction. The catalytic efficiency (k.. /K,,) of forward
and reverse reaction were calculated and compared in Table 3. The result showed that
OHED hydratase catalyzed hydration 30-time more efficient than those of dehydration

reaction.
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Figure 3.11 Michaelis — Menten plot of forward and reverse reaction catalyzed by
OHED hydratase. The kinetic parameters were obtained from the plot of initial velocity
(KM/min) versus substrate concentration ([AM) according to Michaelis-menten equation.
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Table 3. Steady-state kinetic parameter of AbOHED hydratase with hydroxylation and
dehydration activity

Kinetic parameter Forward reaction Reverse reaction

K, (M) 1.22 £ 0.07 x 10°® 1.29 + 0.04 x 10™

Vinax (M/8) 1.27 £ 0.02 x 10 4.07 £0.03 x 10°

ket (57) 5.07 + 0.07 x 10™ 1.63 + 0.02 x 10™
ko/K, (M7 sT) 415 +0.95 1.26 +0.38

4.9 Stereo-specificity of OHED hydratase catalyze reverse reaction

From the enzyme activity assay in section 3.7 Substrate specificity investigation
of OHED hydratase indicated that the OHED hydratase was specific for trans-fumarate,
so substrate stereo-specificity for reverse reaction was investigated by comparing the
enzyme activity when substrate either L-malate or racemic mixture of D,L-malate was
used. The reaction was performed at low concentration of substrate (5, 10, 15, 20 and
25 UM) and using 25 UM of OHED hydratase. At this condition, the reaction may occur
only one round (single turnover reaction) because the concentration of substrate was
less than or equal to concentration of enzyme. This experiment might be clarifying the
stereo-specific of OHED hydratase. If enzyme has a stereo-specific with L-malate, the
specific activity of L-malate condition is higher than the D,L-malate condition around 2
folds. In other hand, if enzyme has stereo-specific with D-malate, the fumarate formation
should be found in D,L-malate condition only. While if the enzyme has not stereo-
specific, the specific activity of D,L-malate and L-malate condition should be the same
value.

The reaction mixture was performed in 100 mM HEPES pH 7 and incubated at
room temperature for 3 hr. The reaction was quenched using 5% formic acid and the
formation of fumarate was determined using HPLC-MS and the specific activity (unit/mg

of protein) was calculated. The results indicated (Figure 3.12) that the fumarate



production of reverse reaction using L-malate substrate was approximately 2 times
higher than using racemic D,L-malate substrate. The result clearly indicated that OHED

hydratase was specific to L-malate substrate in reverse reaction.
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Figure 3.12 Fumarate production of OHED hydratase catalyze reaction using D,Lmalate and L-
malate substrate. The reversible reactions were performed in 100 mM HEPES pH 7.0 with various
concentrations of L-malate (black bars) and D,L-malate (white bars) for 3 hr at room temperature

after adding 25 UM of OHED hydratase.

4. Conclusion and Discussion

2-oxo-hepta-3-ene-1,7-dioic acid (OHED) hydratase catalyzes the water addition
to unsaturated carbon bond substrate of 2-oxo-hepta-3-ene-1,7-dioic acid. The new
chiral carbon atom of alcohol compound is produced as a 2,4-dihydroxy-hepta-2-ene-
1,7-dioic acid. Several hydratases in HPA degradation pathway and related pathway
have been studied. It was found that all enzymes were divalent metals-dependent, such
as Zn?* cofactor in 4-carboxy-2-hydroxymuconate hydratase, GalB (Mazurkewich et al.
2016) and (3Z)-2-keto-4-carboxy-3-hexenedioleatete, LigJ (Hogancamp 2018), Mg®*
cofactor in 2-oxo-hept-4-ene-1,7-dioleatete hydratase, HpcG (lzumi et al. 2007) and 2-

hydroxypent-2,4-dienoleatete hydratase, BphH (Wang and Seah 2005), and Mn?*



cofactor in 2-hydroxypentadienoic acid hydratase, MhpD (Adachi et al. 2006) and
vinylpyruvate hydratases, VPH (Johnson Stack et. al. 2016). Sequence analysis of
deduced amino acid of OHED hydratase from 4-HPA degradation of A. baumannii
suggested that OHED hydratase may require a metal ion cofactor as it had percent
identity up to 72.28% and 32.71% with HpcG in homoprotocatechuate degradation of E.
coli and MhpD in 3-phenylpropanoleatete degradation of E. coli, respectively. Both of
HpcG and MhpD are metal-dependent enzymes requiring divalent metals for their
activity (Izumi et al. 2007, Adachi et al. 2006). HpcG hydratase, the highest percent
identity to OHED hydratase, showed specificity for metal cofactors with more preference
toward Mn?*" as a native metal cofactor but showed the highest activity with Mg2+ (lzumi
et al. 2007). This is similar to the MhpD metal-dependent enzyme (Adachi et al. 2006).
However, the results of reaction of OHED hydratase with substrate analogue indeed
showed metal independent activity, probably suggesting another catalytically function of
enzyme in this group if it catalyzes non-natural substrate. In this study, we have studied
new OHED hydratase from A. baumannii and reported the biocatalytic properties of the

enzyme which is unique and different from the previous report hydratases.

Biochemical and biophysical properties of OHED hydratase

The OHED hydratase was successfully overexpressed in pET11a using auto-
induction rich media. This enzyme could be overexpressed in soluble form in E. coli
system. The highest amount of OHED hydratase could be produced at condition of
25°C for 18 hr. The OHED hydratase was purified with 3 steps of purification process
including PEI precipitation, ammonium sulfate precipitation and DEAE column which
provided approximately 1 g enzyme from 4 L culture judged to 95% purity (Figure 3.2).
The purified OHED was stored in 50 mM HEPES pH 7.0 at -80°C before using.

The native molecular mass of OHED was determined by gel filtration
chromatography using FPLC analysis as 300.9805 kDa (Figure 3.3) while enzyme
subunit analyzed by SDS-PAGE was 29.7 kDa. So, this indicated the quaternary
structure of decameric enzyme. This is similar to the HpcG in homoprotocatechuate
degradation of E. coli that is decameric enzyme (lzumi et al. 2007). The crystal structure
of HpcG showed a dimer of pentamer ring stacked together to form decameric structure
(Adachi et al. 2006). While MhpD in the degradation pathway of phenylpropionic acid
from E. coli has a subunit molecular mass of 28 kDa (Pollard and Timothy 1998) and
the crystal structure of MhpD showed the quaternary structure of enzyme is pentameric

(Montgomery et al. 2010).



Metal analysis of OHED using MP-AES and ICP-OES techniques indicated that
various divalent metals were found in purified enzyme, including Mn®* Zn?* Ca®* and
Mg?* (Figure 3.6A). After the apo-enzyme was prepared and substituted with each metal
ion candidate, the mole ratio of metal ion per enzyme subunit was not significantly
different. However, when the apo-enzyme was substituted with mixed-metal ions, the
results showed that mole metal ratio per enzyme subunit of Mn** and Zn®* were similar
(0.5:0.5 mole ratio) and these values were higher than other metal ions, indicating
higher occupancy of Mn?* and Zn** metal ions (Figure 3.6B). When the effect of metal
ion on enzyme activity was studied using trans-fumarate as substrate. It was found that
purified enzyme, apo form and apo-enzyme substituent with metal candidates had
similar enzyme activity. However, no enzyme activity was detected in all conditions
containing Zn®* ion. These results well correlate with the thermal stability result using
Thermal Shift Assay (ThermoFluor), in which all conditions containing Zn?* ion
decreased the melting temperature of enzyme from 58°C to 46°C, while other metal ions
did not alter the melting temperature of the enzyme.

Therefore, all metal analysis, enzyme activity and thermal shift assay potentially
indicate that native metal cofactor of OHED hydratase is likely to be Mn?*, since it can
occupy the apo enzyme better than other ions without decrease thermal stability of

enzyme.

The functional role of metal ion and water activation on OHED hydratase

The functional roles of metal in the active sites of different hydratases in HPA
degradation pathway and related hydratase have been studied. In HpcG, the crystal
structure was solved in apo form, with Mg®* and oxalate (inhibitor) bound (Izumi Rea et
al. 2007). It revealed that Mg?* ion was coordinated with Glu106, Glu108 and Glu139
and the oxalate binds to a Mg2+ ion (Figure 6). Using oxalate binding as a model to
indicate substrate binding, it could predict that the terminal carboxyl group and carboxyl
oxygen at C-1 and C-2 atom coordinated the metal ion in a bidentate fashion, favoring
the enol tautomer. Asp79 residue formed a hydrogen bond with a water molecule which
was in a position close to the predicted C-4 carbon of substrate. However, this water
molecule was quite far and might not be activated by metal ion during enzyme
catalyzed reaction. The enzyme completely lost activity if this aspartate residue was
mutated to Alanine (Izumi Rea et al. 2007). The metal ion in HpcG seems to be
involved with the binding selectivity of substrate enol from rather than directly activating

a molecular water. In LigJ, Glu284 residues was proposed to act as general acid to



abstract proton from water molecule for nucleophilic attack of substrate, while Zn®" is
important for substrate binding and facilitate the nucleophilic attack by stabilization of
the delocalization of the negative charge via the carbonyl group at C2 of substrate
(Hogancamp Mabanglo et al. 2018). For MhpD, the reaction mechanism was proposed
that metal ion directly involved on activation of the attacking water (Pollard Bugg 1998)
and the enzyme required native metal cofactor for catalytic reaction (Wang and Seah
2005). The functional role of metal ion of MhpD is similar as proposed reaction
mechanism of GalB in which Zn?* ion is involved with the activation of a water molecule
leading to the addition of the activated water to C4 double bond (Mazurkewich Brott et
al. 2016). In BphH, the changing of metal ion cofactor led to alters k., rather than K,
suggesting the metal had a catalytic role rather than involved in a substrate-binding
(Wang and Seah 2005). Therefore, the functional roles of metal ion in various
hydratases were different and depending on the enzyme active site.

In this study, OHED hydratase activity toward trans-fumarate substrate was
found to independent on metal ion (table 2). The activation of water molecule in OHED
hydratase active site seems to not involved with metal ion. Because the hydration rate
of apo-form and metal ion substituent to apo-form showed similar value. This result
indicates that the hydration can proceed without the facilitation of metal ions when using
trans-fumarate and L-malate as substrate. So the water addition might be activated by
amino acid residue residing in enzyme active site. This phenomenon was also
previously reported in HpcG, in which water molecule was activated by Asp79 (lzumi
Rea et al. 2007). In order to address this notion, the information from site-directed
mutagenesis will be further studied. However, in case of native substrates of OHED, the
enzyme might strictly require the metal cofactor and we cannot exclude the role of metal

in the enzyme catalysis.

The effect of pH and temperature on OHED hydratase activity

pH-dependent profiling based OHED hydratase activity assay using trans-
fumarate was carried out in various buffer systems (single component and three-
component buffers). In single component buffer, the enzyme showed the highest
specific activity in 100 mM HEPES pH 7.0 (Figure 3.7). In order to control an effect of
ionic strength, the three-component buffers (bis-tris, triethanolamine, acetic acid and
MES, TAPSO, diethanolamine) were used and the enzyme showed the optimal pH in
the range of 6-6.5 (Figure 3.8). However, the specific activity of the enzyme in both

three-component buffer systems were lower than a single component buffer about 3



folds, indicating that component in buffer may inhibit the reaction of malate production.
The optimal pH of OHED hydratase activity is slightly acid and narrower than the other
hydratases in aromatic degradation. In BphH, a constant hydration activity was observed
at pH values between 6.0-8.0 conducted in constant ionic strength pH buffers. The
activity of the enzyme rapidly decreased when the reaction performed out of this pH
range (Wang and Seah 2005). This were similar with the MhpD and GalB hydratases
which have an optimal pH in the range of 5.5-8.0 and 6.5-8.0, respectively (Wang and
Seah 2005, Mazurkewich Brott et al. 2016). The similar of pH optimum range of MhpD
and GalB hydratases suggests that both enzymes utilize similar residues with pKa
values for catalysis and may be different from the OHED hydratase. Optimum
temperature of OHED hydratase was carried out with enzyme activity assay in 5-70°C
conditions. The optimal temperature of OHED hydratase activity was determined as
40°C (Figure 3.9). The specific activity was rapidly decreased when the temperature
was higher than 45°C and completely lost activity when the temperature was higher
than 50°C. This situation might be the effect of the loss of protein stability and
precipitation during temperature increment. The enzyme precipitation was observed

when the temperature was increased more than 40°C.

The substrate specificity and stereo selectivity of OHED hydratase

Substrate specificity of OHED was investigated using various compounds
containing of carbon double bond adjacent to carboxyl group (Table 1). The results
showed that all of the substrates containing aromatic ring (cinamic acid, caffeic acid, p-
coumaric acid, THCA, crotonic acid, cis—maleic acid, trans-fumarate and L-malate) were
not catalyzed by OHED hydratase. These results can be speculated that the aromatic
ring moiety of substrate may not be able to bind enzyme active site. In case of aliphatic
substrate, only trans-fumarate could be catalyzed by OHED hydratase to produce
malate. When the cis isomer of fumarate, cis-maleic acid, was used as substrate, the
enzyme could not convert to form new product. This indicates that OHED hydratase has
a very high stereo-selectivity. The enzyme was unable to use trans-crotonic acid as
substrate, although the overall molecular structure of trans-crotonic acid composed of
four-carbon atom and one double bond adjacent to carboxyl group similarly to the trans-
fumarate. One difference in having only one carboxylic group of trans-crotonic acid
compared to the trans-fumarate resulted in noncatalyzed reaction. The results may

indicate that the enzyme prefers substrate containing of two carboxyl groups at both



end of molecular structure resembling to native substrate 2-oxo-hepta-3-ene-1,7-dioic
acid (OHED).

In case of HpcG, a homologue of OHED hydratase, the reaction mechanism has
been proposed based on the investigation using native substrate and intermediate in Z-
isomer (Izumi Rea et al. 2007). This z-isomer intermediate was also proposed in MhpD
reaction of cis-2-ketopent-3-enoic acid (Pollard Bugg 1998). In Figure 5A The native
substrate of HpcG (1) was tautomerized to enol form (2) which can spontaneously
decay to 3E-isomer (3). This compound cannot be proceeded to product (5) by HpcG
reaction. These might be the steric effect of carboxylate group that come close together
with trans-formation (3). The alcohol product (5) was generated by HpcG and proposed
that 3Z-isomer intermediate (4) was occurred during the reaction process. So the actual
substrate of HpcG might be stable with enol form and oxyanion can coordinate to metal
ion cofactor.

So, it can indicate that the geometric isomer of intermediate of reaction
catalyzed by OHED hydratase may be different from HpcG and MhpD. The reverse
reaction of OHED was carried out using 50% racemic compound of D,L-malate and L-
malate as substrates. The production of fumarate using L-malate as substrate was
higher than D,L-malate about 50% conversion (Figure 3.12). So the reverse reaction of
OHED hydratase prefer L-configuration rather than D-configuration. It also may indicate
that the product of forward reaction is L-malate. In GlaB, only the (-)-enantiomer of
product (4-carboxy-4-hydroxy-2-oxoleatedipate, CHA) was produced for hydration
reaction. Similarly, in reverse reaction, the enzyme could dehydrate only the (-)-

enantiomers (Mazurkewich Brott et al. 2016).

The kinetic studied and catalytic efficiency of OHED hydratase

Normally, most of hydratases in aromatic degradation pathway have a very high
substrate specificity and can catalyze reaction using compounds that structure is closely
related to their native substrate. Most of them catalyze reaction using native substrate
with catalytic efficiency (ke./Knm) of 11.4 x 10, 1.23 x 10°, 2.6 x 10° and 1.1 x 10" M's™
reported in BphH, GalB, Ligd and MhpD, respectively (Wang and Seah 2005,
Mazurkewich Brott et al. 2016, Hogancamp Mabanglo et al. 2018, Adachi Izumi et al.
2006). In GalB, steady state kinetics of hydration reaction were studied using different
substrates with relate structure as 4-carboxy-2-hydroxy-muconate (CHM), (4- carboxy-2-
hydroxypenta-2,4-dienoleatete (CHPD), 4-carboxy-4-hydroxy-2-oxoleatedipate (CHA)
and 4-hydroxy-4-methyl-2-oxoglutarate (HMG) and the catalytic efficiency (k../K.) were



determined as 8.12 x 10°, 3.97 x 10° 7.91 x 10* and 3.61 x 10> M's™, respectively.
Although chemical structure of CHPD and CHM were similar to the chemical structure to
native substrate, but the catalytic and binding ability were decreasing around 200-fold
(Mazurkewich Brott et al. 2016). This is consistent to data reported in nitrile hydratase
and BphH hydratase, the catalytic efficiency of substrate analogue was lower than
native substrate (Seiffert Ullmann et al. 2007, Wang and Seah 2005).

In our system, the steady state kinetic parameters of hydration and dehydration
reaction using trans-fumarate and L-malate were determined. The catalytic efficiency
(kea/K.,) Of hydration reaction (forward reaction) was determined as 41.5 + 0.95 s™ (K,
=1.22 £ 0.07 x 10° M, Va0 = 1.27 £ 0.02 x 10® M s and kcat = 5.07 + 0.07 x 10™s™).
The catalytic efficiency of OHED hydratase is very low compared to other hydratases
and were about 1.90 x 10* and 6.08 x 10* folds lower than the MhpD and GalB
respectively. It might be due to the trans-fumarate is not native substrate of OHED
hydratase and this reaction is not dependent on metal cofactor, without participating of
metal activation can lead to a low efficiency. The catalytic efficiency of reverse reaction
(Kea/K) Was determined as 1.26 + 0.38 s (K, = 1.29 + 0.04 x 10°* M, V.., = 4.07 +
0.03 x 10° M s™ and k., = 1.63 + 0.02 x 10* s™). The results indicate that the forward
reaction is faster than the reverse reaction about 30 folds and forward reaction has
lower K., than the reverse reaction about 10 folds. This result is consistent to the
previous report of GalB reaction, in which the catalytic efficiency of forward reaction was

3 folds higher than the reverse reaction (Mazurkewich Brott et al. 2016).

Conclusion

OHED hydratase from A. baumannii was successfully overexpressed as a
soluble recombinant enzyme in E. coli overexpression system using auto-induction
media (ZYM) with yielding of 40 g cell/4 L. The OHED hydratase could be purified
through 3 steps of purification including 0.2% PEI precipitation, 10-30% ammonium
sulfate precipitation and DEAE column chromatography and yielded 1 g/ 4 L of purified
enzyme with more than 90% purity. The oligomeric state of purified OHED hydratase
showed the native conformation of decameric enzyme with subunit molecular mass
around 29.7 kDa. Metal analysis of OHED hydratase using MP-AES and ICP-OES
techniques indicated that various divalent metals were found in purified enzyme,
including Mn** Zn*" Ca?*" and Mg?*. Thermostability determined in purified enzyme, apo-
enzyme and metal substituted apo-enzyme showed similar melting temperature (Tm) at

around 57°C, except for Zn** ion which decreased Tm to 42°C. Optimal temperature of



purified OHED hydratase activity was observed at around 40°C and the pH rate profile
showed optimal pH at 7.0. The information from enzyme activity assay using trans-
fumarate as substrate and thermal shift assay can indicate native cofactor of OHED
hydratase as Mn?*, since it can occupy the apo enzyme better than other metal ions
without decreasing thermal stability of enzyme. The OHED hydratase did not require
metal cofactor to catalyze reaction when using trans-fumarate as substrate. The water
activation required in metal independent activity of OHED hydratase with trans-fumarate
substrate was proposed to be enabled by active site amino acid residue.

Substrate specificity of OHED was investigated using various compounds
containing of carbon double bond adjacent to carboxyl group. The results showed that
all substrates containing aromatic ring were not catalyzed by OHED hydratase. The
enzyme preferred substrate containing of two carboxyl groups at both end of structure.
The enzyme had high stereo-selectivity as selectively catalyzed only trans-fumarate to
from L-malate. The steady-state kinetic parameters of the hydration and dehydration
reaction catalyzed by OHED hydratase using trans-fumarate and L-malate were
determined. The OHED hydratase can faster catalyze forward reaction than the reverse
reaction about 30-fold. The kinetic parameters of hydration reaction (forward reaction)
were catalytic efficiency (k../K,,) of 41.5 + 0.95 M s, K, of 1.22 + 0.07 x 10° M, and
k.o of 5.07 + 0.07 x 10™ s”. While, the kinetic parameters of reverse reaction were
catalytic efficiency (k.a/K.) of 1.26 + 0.38 M s™, K., of 1.29 + 0.04 x 10™* M, and kg of
1.63 £ 0.02 x 10* s™.
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