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ABSTRACT

Neutral cholesterol ester hydrolase 1 (NCEH1), also known as KIAA1363 and
arylacetamide deacetylase-like 1 (AADACL1), has been found to be upregulated in
several invasive cancers. The ability of this enzyme to act as a biomarker and possible
therapeutic target increased the desire for research that elucidated the endogenous
substrate of NCEH1, which was initially demonstrated to be 2-acetyl
monoalkylglycerol ether (2-acetyl MAGE), a de novo precursor to platelet-activating
factor. Later work also demonstrated a controversial role of NCEHL1 in the hydrolysis
of cholesterol esters in macrophages, preventing the rupture of foam cells and thereby
preventing atherosclerosis. In recent years, research on NCEH1 has continued to
portray the enzyme as a pro-tumorigenic, anti-atherosclerotic, regulatory enzyme.
However, its role has also expanded to include participation in the regulation of
platelet aggregation, and it has surfaced as a potential protein engineering target due to
its ability to hydrolyze toxic organophosphate compounds. The structural knowledge
of NCEH1 is limited to structures of homologous serine hydrolases, the existence of
an N-terminal transmembrane helix and posttranslational glycosylation predicted to
occur at residues 270, 287, and 389.

A variety of fusion E. coli constructs were created using a truncated NCEH1
which removed the transmembrane helix. Further truncation removing a second
hydrophobic region was found to have no effect on solubility. It was determined that
NCEH1 requires a large fusion protein, like MBP, to help with the stability of the
enzyme, and cleavage of MBP fusion resulted in degradation of the protein.
Functional characterization of the NCEH1 fusion protein was carried out with para-

nitrophenyl acetate and a modified natural substrate 2-thio-acetyl MAGE. Also

Xiv



reported within this work are the first reported Km and kcat Values for the hydrolysis of
PNPA by NCEH1, determined to be 5.3 mM and 4 s, respectively.

In an effort to isolate purified enzyme lacking a fusion protein partner,
constructs of the 111-440 NCEH1 truncation were developed for expression in the
eukaryotic yeast system Pichia pastoris. Both intracellular and secreted expression
protocols were developed and generated a stable construct with a small histidine tag.
The construct was further modified to include a TEV protease cleavage site to allow
for the removal of the histidine tag after purification and both expression protocols
yielded purified stable NCEH1. The enzyme was recovered in high purity and
adequate concentration for the screening of optimal crystallization conditions
providing an important first step toward the structural elucidation of NCEH1.

Previous research has indicated glycosylation for functional activity; however
the work of this thesis provides an alternative view of the need for glycosylation.
Instability of NCEHL1 in an E. coli expression system supports a more structural role
for glycosylation over functional. Mutation of the three glycosylation residues in the
Pichia pastoris secretory expression system, without a loss in functional ability, also
demonstrates the possible need for glycosylation in folding and stability.

The work compiled in this thesis advances our knowledge of NCEH1. The
development of an expression and purification protocol generating a purified enzyme
advances the ability to functionally characterize NCEH1. In addition, preliminary
crystallization screens provided three potential conditions for future protein crystal
optimization. The NCEHL1 structure will ultimately further our knowledge and ability

to elevate the treatments of diseases directly correlated to its function.
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Chapter 1

INTRODUCTION

1.1 The Role of Neutral Cholesterol Ester Hydrolase 1 in Cancer and
Atherosclerosis

Neutral cholesterol ester hydrolase 1 (NCEH1), also known as KIAA1363 and
arylacetamide deacetylase-like 1 (AADACLL1), was first discovered by Dr. Benjamin
Cravatt via activity based protein profiling (ABPP). The purpose of ABPP is to
develop probes that bind to the active site of a protein. ABPP probes can be
engineered to be general, and recognize either large classes of proteins like serine
hydrolases, or they can be highly specific and recognize more individual targets such
as NCEHL1. In addition to a reactive region, each probe also contains a region that can
be used to detect its presence, in the form of a fluorophore or biotin.! Jessani et al.
used ABPP to visualize serine hydrolase activity in several different human cancer cell
lines. Their results indicated an upregulation of NCEH1 in human breast, melanoma,
and ovarian cancers. 2 Additional studies linked NCEH1 to aggressive forms of brain,
pancreatic, and prostate cancers, making the elucidation of its natural substrate critical
to understanding the enzyme’s link to tumorigenesis.2 Chiang et al. developed a
selective inhibitor using ABPP which aided in the discovery that 2-acetyl
monoalkylglycerol ether (2-acetyl MAGE), a precursor to the de novo synthesis of
platelet activating factor, was the endogenous substrate of NCEH1.® The predicted
reaction, shown in Figure 1.1, cleaves 2-acetyl MAGE to produce a C16 MAGE.
Figure 1.1 also illustrates how the MAGE product of the NCEH1 reaction can be



further modified by phosphorylation to create alkyl lysophosphatidic acid (Alkyl
LPA), which is a known modulator of tumor invasiveness. ® Disruption of this reaction
reduced cancer cell migration and tumor growth in vivo, making NCEHL1 a therapeutic

target of interest for the treatment of several invasive cancers.

2-Acetyl MAGE

NCEH1
v OH
O\)\/OH
MAGE
Lipid Kinase
OH
' POV,
~./
Alkyl LPA AN
o

Figure 1.1: The ester hydrolysis reaction catalyzed by NCEH1. NCEH1 mediated
cleavage of 2-acetyl MAGE to MAGE which can then be phosphorylated into alkyl-
LPA a known modulator of tumor invasiveness.

As shown in Figure 1.1, up-regulation of NCEH1 leads to the formation of the
pro-tumorigenic compound alkyl LPA. While the down-regulation of NCEH1 would
prevent this reaction and cause an accumulation of 2-acetyl MAGE. The metabolite 2-
acetyl MAGE is an immediate precursor to platelet activating factor (PAF), a potent
lipid mediator that causes inflammation and leads to atherosclerosis, a leading cause of

heart disease and stroke.® > 7 The significant point of this observation is that NCEH1

promotes tumor invasiveness, while simultaneously preventing atherosclerosis.



Further work performed in macrophages and megakaryocytes showed that NCEH1
was indeed involved in the prevention of atherosclerosis.”° However, while the vast
majority of the literature is in agreement that NCEH1 appears to have an anti-

atherosclerotic effect, the mechanism of prevention remains controversial.

Atherosclerosis develops when foam cells, generated by the unlimited uptake
of modified lipid droplets containing esterified cholesterol, rupture creating an
immune response that leads to plaques within the arteries.® To combat this process,
cholesterol esters (CE) must be hydrolyzed to form free cholesterol, which can be
safely secreted from the cell. In 2008, Okazaki et al. determined that NCEH1 plays a
role in the hydrolysis of cholesterol esters to free cholesterol. This work is where the
name NCEH1 (neutral cholesterol ester hydrolase 1) was acquired.!®

In 2010, the results of the Okazaki study were challenged by Buchebner et al.
when they were unable to replicate their results in mice.” However, recent studies have
concluded that there are differences in the hydrolysis of CE among macrophages from
different species leading to the conclusion that mice are not an appropriate model for
human cholesterol esterase activity. 8 %12 In 2011, Igarashi et al. utilized human
monocyte-derived macrophages to study NCEH1 and concluded that it was
responsible for the majority of the neutral CE hydrolase activity, reaffirming its role as
a neutral cholesterol ester hydrolase.’

To further complicate the role NCEH1 plays in human biology, its natural
substrate, 2-acetyl MAGE, is also a known component of platelets. In 2012, Holly et
al. suggested that the accumulation of 2-acetyl MAGE could inhibit the signaling
cascade for integrin allbp3 activation implying a regulatory role of NCEHL1 in platelet

aggregation.® In this instance, 2-acetyl MAGE competes with a separate upregulated



component that binds to Protein Kinase C (PKC), the responsible enzyme for
activating the integrin allbf3. The binding of 2-acetyl MAGE to PKC prevents the
activation of the integrin, thus preventing the aggregation of platelets. The up-
regulation of NCEH1 would lead to a decrease in the concentration of 2-acetyl MAGE
and result in an increase in platelet aggregation. This increase, may lead to clot
formation responsible for heart attacks or stroke. The regulatory role of NCEHL1 in
platelets, its anti-atherosclerotic behavior in macrophages, and its promotion of tumor
invasiveness all strongly justify the need to further characterize its structure and

function.

1.2 Inhibition of NCEH1 by Organophosphorus Compounds

Organophosphorus (OPs) compounds are a major class of insecticides as well
as potent chemical warfare agents.*® In addition to being shown to hydrolyze
acetylated MAGE and cholesterol esters, NCEHL1 has also displayed the ability to
detoxify common organophosphorus compounds such as chlorpyrifos oxon (CPO),
parathion, and paraoxon.> ® 314 Nomura et al. demonstrated the defense of nerve
tissue against the dangerous effects of OPs by comparing cholinergic symptoms such
as tremoring and mortality of wild type mice verse NCEH1 knockout mice. Their
results showed a drastic increase in both tremoring and mortality in the knockout mice
when treated with insecticides CPF and parathion.®> NCEH1 not only demonstrated a
protective role, but also displays an unusual ability to spontaneously reactivate from
phosphorylation preventing its deactivation, creating a therapeutic interest for a
soluble form of NCEH1 be obtained.’

Structural determination of NCEH1 could provide the possibility of directed

mutagenesis to improve the catalytic efficiency of NCEHL1 against dangerous nerve



agents. The ability to obtain soluble protein could also provide the ability to create a
bioscavenger capable of hydrolyzing OPs in the blood plasma before they came in

contact with acetylcholinesterase.

1.3 Known Structural Components of NCEH1

NCEH1 is a single membrane spanning type Il membrane protein. It has three
domains: an N-terminal domain predicted to be required for localization to the ER
membrane, a catalytic domain, and a C-terminal lipid binding domain.'® There are
three predicted human isoforms of NCEHL1, varying in length between 448, 440, and
275 amino acids. Much of the literature has focused on the mouse form of the protein
with very few studies focused on the human isoforms. The sequence alignment
between the three human isoforms and the mouse isoform of NCEHL1 is shown in

Figure 1.2.
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IsofornC 248

Figure 1.2: The sequence alignment of NCEH1. Alignment shows the three human
isoforms and the mouse isoform of NCEH1. The characteristic oxyanion hole is
highlighted in yellow, while the active site residues at S191, D348, and H378 are
highlighted in red. The three predicted human glycosylation sites are dictated by the
red arrows at N270, N287, and N389. The human and mouse form share Asn-
glycosylation sites at N270 and N389, however the mouse form lacks the asparagine at
position 287 and has been shown to be glycosylated at position 367 demonstrated by
the red astricks.



The alignment shows human isoforms A and B only differ in the addition of a
short amino acid sequence approximately one hundred and sixty amino acids into the
protein. The purpose of this sequence has not been previously studied. Isoform C is
shortened relative to the other two isoforms due to a start codon downstream of the
previous two. This isoform also has a stronger Kozak sequence. Functional differences
of this shortened isoform have not been studied experimentally. The mouse form of
the protein is approximately 32 amino acids shorter than human isoform B, giving rise
to a protein 408 amino acids in length. Comparing the sequences of human isoform B
and the mouse protein yields a protein sequence identity of 88%, however this identity
value does not include the mouse form’s lack of the first 32 amino acids present in the
human form of the protein.

Both human and mouse have three predicted glycosylation sites. The mouse
glycosylation sites, verified by Igarashi et al., are at amino acid 270, 367, and 389.1°
The human form shares glycosylation sites at the amino acid positions 270 and 389,
however it is important to note that the human form of NCEH1 does not contain an
asparagine at location 367, but has a third predicted glycosylation site at position 287.
Previous research has demonstrated an importance of glycosylation as it is predicted to
be required for catalytic activity of NCEH1.%°

Figure 1.3 demonstrates the predicted transmembrane region comprising the

first 50 amino acids of NCEHL1 isoform b. The transmembrane helix is predicted to



functionally localize the enzyme to the ER membrane and the catalytic core of the

protein faces the lumen.®

S0 100 150 200 250 300 350 400

Figure 1.3: Transmembrane prediction of NCEH1. Prediction generated from the
transmembrane prediction software http://www.cbs.dtu.dk/servicessTMHMMY/ created
by Krogh et al. The transmembrane spans the ER membrane and the catalytic domain
faces the lumen. ¢

A second hydrophobic region can be seen immediately after the
transmembrane helix. The sequence corresponding to this second region was inserted
into a helical wheel projection model and is shown in Figure 1.4. The helical wheel
demonstrates a hydrophobic region, shown as diamonds within the model, with

flanking hydrophilic residues, shown as circles, indicating this to be an amphipathic

sequence, which would likely be peripherally associated to the membrane of the ER.



Figure 1.4: Helical wheel projection of the second hydrophobic sequence in NCEHL1.
The projection was completed using the program from http://rzlab.ucr.edu created by
Don Armstrong and Raphael. Zidovetzki. Version: Id: wheel.pl,v 1.4 2009-10-20
21:23:36 don Exp. Hydrophobic resides are displayed as diamonds with an increasing
gradient of green to demonstrate varying levels of hydrophobicity. The neutral and
hydrophilic resides are displayed as circles with an increasing gradient of red to show
an increase in hydrophilic nature . The two blue residues represent histidine, which
would be mostly neutral in the native ER environment with a pH of 7.3. The sequence
"YLGLSHHLLALNFIIVSFG” corresponding to amino acids 84 to 102, shows a
hydrophobic side flanked by hydrophilic residues. This alpha helical structure
indicates an association to the ER membrane.

1.4 Summary and Thesis Direction
NCEHL1 has been linked to the top three killers of the United States: cancer,

heart attack, and stroke. It has been shown to have an invasive tumorigenic effect in



cancer®*, aid in the prevention of atherosclerosis®*!, regulate platelet aggregation®,
and detoxify OP compounds® *’. Multiple sources have indicated that NCEHL1 is a
possible therapeutic drug target,? > yet its structure has not been elucidated. In
addition, the association of NCEH1 to a membrane has prevented purification for
functional and structural characterization. As a result, the majority of the work
completed on NCEH1 has been in mammalian expression or mouse models, neither of
which provided an adequate yield or the ability to purify NCEHL1 for structural studies.
Previous functional studies of NCEH1 have been completed with the use of crude
lysates, macrophages, platelets, or from cellular tissue.® 1> 151820 However, true
determinations of intrinsic kinetic values such as Kv and kcat are ideally carried out
using purified protein. The following describes the work that has led to the successful
expression, purification and preliminary crystallization of NCEH1. In chapter 2, the
expression and purification of NCEH1 from the recombinant Escherichia coli system
will be discussed. Limitations of the system due to prokaryotic folding pathways lead
to the inability to express the enzyme without a large fusion tag. This tag was unable
to be cleaved effectively and functional characterization was carried out with the
fusion of maltose binding protein still attached. Functional characterization discussed
on the basis of activity toward para-nitrophenyl acetate (PNPA) and a modified natural
substrate 2-thio-acetyl MAGE resulted in the direct measurement of Kiv and kcat and
contrasted the previously reported data® suggesting glycosylation was needed for
catalytic ability. Chapter 3 discusses the expression and purification of NCEH1 from
Pichia pastoris and demonstrates the advantages of this eukaryotic expression system.
Here we report the first successful isolation of a stable and purified NCEH1, without a

fusion tag, from both an intracellular and secretion based expression protocol. In
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addition, the purification of NCEH1 from Pichia pastoris lead to the recovery of
concentrations adequate enough for extensive protein crystal screening to begin. The
conclusions of this work will be stated in chapter 4 along with the future goals and

directions of the NCEH1 project.
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Chapter 2

PURIFICATION OF NEUTRAL CHOLESTEROL ESTER HYDROLASE 1
FROM ESCHERICHIA COLI

2.1 Introduction

Neutral cholesterol ester hydrolase 1 (NCEH1) was first identified as a protein
of interest in cancer cell invasiveness by Jessani et al. in 2002. With the use of activity
based protein profiling (ABPP) NCEH1, known as KIAA1363, was identified as being
up-regulated in highly aggressive cancerous cell lines. * NCEH1 was shown to be
associated with a membrane component of the cell and posttranslationally modified
via glycosylation. Research has suggested that this glycosylation is required for the
activity of the protein.' 2 While the drawbacks of being up-regulated in cancerous cell
lines are obvious, other research has identified NCEHL1 as serving a critical role in the
prevention of atherosclerosis. This work has suggested that NCEH1 plays a critical
protective role, by acting as a cholesterol esterase. NCEH1 helps to prevent the
formation of the macrophage foam cells that lead to atherosclerosis by cleaving the
cholesterol esters.® While this work remains controversial,* our current understanding
of NCEH1 indicates that it is both pro-cancerous and anti-atherosclerotic. Thus, an
analysis of the structure of NCEH1 and an in-depth characterization of its functional
components remain critical to our understanding of this crucial enzyme.

NCEH1 has been predicted to have a single transmembrane (TM) helix,
thereby making it a transmembrane protein? and significantly increasing the
complexity of expression and purification. As a consequence of this complexity,

researchers have generally utilized localization and functional studies from
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mammalian cell lysates, knock-out mice, or adenovirus expressions to study NCEH1
357 The primary advantage of this form of experimentation is the ability to test the
enzyme’s activity in the presence of possible cofactors and small molecule
modulators; however, the lack of purified protein precludes the ability to calculate
critical kinetic parameters such as keat and K. > In order to measure the kinetic
parameters that describe the functional activity of NCEH1, this work pursued
recombinant over expression methods. Utilizing a recombinant expression system has
many advantages over mammalian expression protocols. These advantages include
ease of use, cost efficiency, and most importantly the yield and purity of the
production of a protein of interest. With a recombinant approach, large amounts of
soluble proteins can be purified easily and efficiently.

The work presented in this chapter will explore several expression and
purification strategies and evaluate the ability of NCEH1 to be expressed and purified
from E. coli. Furthermore, insights will be provided into the influence of post-
translational modification on the activity of NCEHL1. E. coli lack the machinery to
perform many mammalian post-translational modifications and are therefore

particularly well suited for this purpose.

2.2 Materials and Methods

2.2.1 PCR Primers Utilized for E. coli Expression

The coding DNA for the NCEH1 gene was obtained from Dr. Benjamin F.
Cravatt (The Scripps Research Institute, La Jolla, CA) with the first 55 amino acids

truncated, which removed the N-terminal the TM helix, from this construct. The DNA
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was amplified for the insertion of the NCEH1 construct into a variety of different
expression vectors, with the goal of optimizing the expression and purification
conditions. The primers utilized for the insertion of NCEH1 into the E. coli expression
vectors are listed in Table 2.1. The primers are identified by name, primer sequence in
the 5°-3” direction, and their corresponding restriction enzyme. The primers
corresponding to the insertion of NCEH1 into the pET100/D-topo expression vector
lack restriction enzymes. As will be discussed later, the topo expression system does

not require the use of restriction enzymes to subclone the gene into the vector.

Primer Name Primer Sequence 5° — 3’ Restriction Site
KIAA-forward  |AAAAAAGAATTCCGTGTCCGACCCCTGGAAGCTG ECORI
KIAA-reverse  |AGACAGCGTCGACTTATTACAGGTTTTGATCTAGCCAC SALI

Topo-forward  |CACCTTCCGTGTCCGACCCCTGGAAGCTG
Topo-reverse TTACAGGTTTTGATCTAGCCGTGTCCGACCCCTGGAAGCTG

His-forward AAAAAAAACATATGTTCCGTGTCCGACCCCTGGAAGCTG NDEI

His-reverse AAAAAAGTCGACCAGGTTTTGATCTAGCCACTTG SALI
Trunc35 AAAAAAGAATTCACTGGCACTGAATTTTATCATTG ECORI
Truncb5 AAAAAAGAATTCAAGGGAGACACAGACTTTGATGG ECORI
Pmals6Forward |AAAAAACATATGTCCGTGTCCGACCCCTGGAAGCTG NDEI
Pmall15Forward |AAAAAACATATGACCGACACAGACTTTGATGG NDEI
For275 AAAAACATATGGCTGAGGAATTGAATGC NDE1

Table 2.1: The PCR primers utilized in the amplification of NCEHL1 for E. coli. The
primers are listed by name, sequence in the 5'-3' direction, and the associated
restriction enzymes required for insertion into the vector of interest. The Topo forward
and reverse primers did not require restriction enzymes in their ligation protocol.

2.2.2 Cloning into pET100/D-TOPO, pET20b+, and Expression of NCEH1

The NCEH1 gene was amplified for insertion into the pET100/D-topo

expression vector using the Topo-forward and Topo-Reverse primers listed in Table
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2.1. The underlined sequence in the forward primer corresponds to a short overhang
allowing the gene to be inserted into the expression vector. The reverse primer lacks
an overhanging sequence and is ligated into the vector with a blunt end ligation
technique. The sequence was ligated into the expression vector with PCR blunt Topo,
provided by Invitrogen, and transformed into chemically competent One Shot Top10
E. coli cells with the use of the Champion pET100 Directional TOPO cloning reaction
mix. The mixture was then heat shocked before rocking at 37 °C with 1 mL Lysogeny
Broth (LB). Transformation products were plated on LB agar containing 0.2 mg/mL
ampicillin. Single colonies were chosen to be grown-up individually overnight and the
resulting vector contained an N-terminal histidine tag confirmed by Genewiz, inc
sequencing.

Multiple constructs of truncated 56-440 NCEH1 were amplified for insertion
into the pET20b+ expression vector by varying the primers used to amplify the
sequence. KIAA-forward, His-forward, KIAA-reverse, and His-reverse primers, listed
in Table 2.1 were used to generate a variety of unique constructs that demonstrated
different features including histidine tags and a periplasmic localization sequence. The
amplified DNA was PCR purified using a Qiagen preparation Kit, and separated by gel
electrophoresis. The band of interest was then excised and purified a second time with
a Qiagen preparation kit. Purified DNA, as well as purified empty vector, were double
digested with the appropriate restriction enzymes for approximately 3 h at 37 °C
before being separated and purified by gel electrophoresis. The resulting purified,

digested DNA and plasmid were ligated overnight at 14 °C with T4 DNA ligase (New
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England Biolabs). The ligated sample was dialyzed against pure distilled and
deionized H,O (ddH-0O) for 20 min before a small portion was mixed with 20 pL of
DH5a electrocompetent cells and stored on ice for 5 min. The cells were placed in an
electroporation chamber and pulsed at 25 kV. The electroporated sample was mixed
with antibiotic free LB, and grown at 37 °C for 1 h. Aliquots of the mixture were
plated on LB agar containing 0.2 mg/mL ampicillin and incubated overnight at 37 °C.
Single colonies were selected and grown overnight in LB, allowing for the plasmid
purification of each colony. Sequencing via Genewiz Inc. confirmed the presence of
the appropriate insert and the plasmids containing the NCEH1 sequence were
transformed into BL21-CodonPlus(DE3)-RIPL cells (Agilent). Small aliquots from
the single colony sample grown overnight were retained for further experimentation
and stored at -80 °C until required.

The stored aliquots of cells containing the NCEH1 expression vector were used
to inoculate overnight cultures for a small scale expression of the various NCEH1
constructs. Overnights were used to inoculate 50 mL of LB broth containing 0.2
mg/mL ampicillin and the cells were grown for approximately 3 h until an ODegoo Of 1
was achieved. Expression was induced with 1 mM isopropyl -D-1-
thiogalactopyranoside, IPTG, and the cells were grown at 30 °C for another 6 h before
harvesting the pellet. The pellets were resuspended in 50 mM sodium phosphate buffer
containing 150 mM NacCl, pH 7.4. Each resuspension was sonicated 3 times for 30 s
with 5 min of rest on ice between each cycle. After the suspensions darkened in color,

they were incubated with 1% tween 20, and rocked for 20 min at 4 °C. The
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suspensions were then centrifuged for twenty min at 23000 x g to remove the
membrane fraction and the resulting supernatant was decanted and further analyzed by

SDS page.

2.2.3 Cloning into pGEX-4T3, Expression and Purification of NCEH1

The NCEH1 gene was amplified for ligation into pGEX-4T3 using the forward
primers KIAA-forward, Trunc35, and Trunc55, listed in Table 2.1 and all
corresponding to separate truncations of the NCEH1 gene. All of the DNA that was
amplified utilized the same reverse primer, listed as KIAA-reverse in Table 2.1.
Restriction digest was performed with NDEI and SALI restriction enzymes (New
England Biolabs) and the DNA was ligated overnight at 14 °C with T4 DNA ligase.
The ligated vector was electroporated with electrocompetent DH5a cells as previously
described, and plated overnight for single colonies. After verification of the sequence,
individual colonies were transformed into BL21-CodonPlus(DE3)-RIPL cells.

Small scale expressions were completed as previously described; however
pellets were resuspended in 50 mM Tris buffer, 150 mM NaCl, 1 mM EDTA, 1 uM
pepstatin, pH 7.8. The pellets were lysed by sonication, rocked at 4 °C with 1% tween
20 for 20 min, and centrifuged at 23000 x g for 20 min. The supernatant was utilized
for verification of overexpression with SDS PAGE analysis.

Once expression was verified, colonies were selected for large scale
expression. Six 7 L flasks containing 1 L of LB with 0.2 mg/mL ampicillin each were
inoculated at a ratio of 1/100 from an overnight stock solution. The cells were grown
for approximately 4 h at 37 °C until an ODsoo Of 1 was reached. The cells were

induced with 1 mM IPTG, expressed overnight at room temperature and harvested by
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centrifugation at 8,200 x g. The pellets were stored at -80 °C for future
experimentation.

Pellets were resuspended in 50 mM Tris buffer, 150 mM NaCl, 1 mM EDTA,
1 UM pepstatin, pH 7.8. They were sonicated for 1 min intervals with 50% power
three times. There were 5 min of rest on ice between each sonication to maintain the
temperature of solution. After sonication, the lysed cells were supplemented with 1%
tween 20 and rocked at 4 °C for twenty min before being centrifuged at 23000 x g for
an additional twenty min. To eliminate chaperone proteins that have been identified as
purifying with GST the supernatant was shaken at 37 °C for twenty min with 5 mM
ATP and 20 mM MgCl> before being centrifuged at 23000 x g for a second twenty
min spin. The supernatant was incubated, rocking at 4 °C in a gravity flow
chromatography column supplemented with glutathione sepharose beads (GE
healthcare) for 1 h. The supernatant was drained and the column was washed with 50
mM Tris buffer, 150 mM NaCl, 1 mM EDTA, pH 7.8. Protein was eluted from the
glutathione beads with sequential 10 mL elutions of 50 mM Tris buffer, 150 mM
NaCl, 1 mM EDTA, 25 mM reduced glutathione, pH 7.8. Each elution rocked for 10
min at room temperature before being drained from the column. The protein elutions
were combined and concentrated to 3 mL with an Amicon centrifugation column
possessing a molecular cutoff of 30 kDa. The reduced glutathione was then removed
by overnight dialysis into a 50 mM Tris buffer, containing 150 mM NaCl, 1 mM
EDTA, pH 7.8. After overnight dialysis, the sample was incubated rocking at 4 °C for
4 h with thrombin protease to cleave the GST tag. The resulting sample was incubated,
and rocked at 4°C on a glutathione sepharose gravity column for 1 h to remove the

cleaved GST from the sample. The cleaved NCEH1 eluate was then loaded onto a
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gravity flow column containing benzamidine sepharose (GE healthcare) and rocked
for 1 h at 4 °C to remove the thrombin protease from the purified sample. The
unretained protein was then concentrated to 500 pL before dialyzing overnight into 10
mM HEPES, 10 mM NaCl, pH 7.4. The dialyzed sample was either used or frozen
immediately. Retained samples were kept at -80 °C until needed for further

experimentation.

2.2.4 Cloning into pMAL-C5X, Expression and Purification of NCEH1

The DNA for the insertion of NCEH1 into the pMAL-C5X vector was
amplified using the forward primers pmal56forward, pmall15forward, and For275
whose sequences are displayed in Table 2.1. These primers represent the 56-440
truncation removing the transmembrane helix, the 115-440 truncation removes the
transmembrane helix as well as a second hydrophobic region, and the final 165-440
truncation mimics the third human isoform of NCEH1. The reverse primer, KIAA-
reverse, remained the same. The amplified DNA was digested with SALI and NDEI
restriction enzymes (New England Biolabs) and followed the same ligation and
transformation protocol previously described for the cloning of NCEHL1 into pGEX-
4T3. Once the sequence was verified, the samples were transformed into BL21-
CodonPlus(DE3)-RIPL cells, and expressed following the same protocol as the pGEX

vector.
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Pelleted cells containing the NCEH1 gene were resuspended in 50 mM sodium
phosphate buffer, 300 mM NaCl, pH 7.4. The cells were then lysed by sonicating three
times for 1 min intervals at 50% power with a 5 min rest on ice between each
sonication. Tween 20 was added to a final concentration of 1% and the suspension was
rocked at 4 °C for twenty min. The membrane portion of the sample was then removed
by two rounds of centrifugation for twenty min at 23000 x g. After the first spin, the
supernatant was added to a second tube and spun again. The supernatant was then
incubated on a gravity flow column containing Ni-sepharose beads (GE healthcare) for
1 h. The unretained portion of the supernatant was drained, and the column was
washed with 50 mM sodium phosphate buffer, 300 mM NaCl, pH 7.4. A second wash
with 50 mM sodium phosphate buffer, 300 mM NaCl, 100 mM imidazole, pH 7.4 was
completed before the protein was eluted in 10 mL elutions of 50 mM sodium
phosphate buffer, 300 mM NaCl, 300 mM imidazole, pH 7.2. The elutions were
combined and concentrated to 3 mL before being dialyzed overnight into 10 mM

HEPES, 10 mM NacCl, pH 7.4.

2.2.5 Activity Assays of Neutral Cholesterol Ester Hydrolase 1

NCEH1 was functionally characterized with the use of Para-
Nitrophenylacetate (Sigma), abbreviated PNPA. Various amounts of PNPA were
added to a 1 mL cuvette containing 50 mM Tris-base buffer, pH 7.8. NCEH1 was
added and mixed thoroughly to start the reaction. Each sample was monitored for 30 s
at 405 nm.

NCEHL1 activity was also detected with a modified natural substrate 2-thio-
acetyl MAGE (Caymen Chemical). Various amounts of 2-thio-acetyl MAGE were

included in a 1 mL total volume assay containing 50 mM sodium phosphate buffer, pH
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7.4, 10 mM 5,5'-dithiobis(2-nitrobenzoic acid) or DTNB (Sigma), and the reaction
was started by thoroughly mixing NCEH1 into solution. Each sample was monitored

for 300 s at 412 nm.

2.2.6 Protein Crystallization Screening of NCEH1

Protein samples utilized for structural characterization were purified from the
PMAL expression system and remained as a MBP fusion protein. Samples
demonstrating a concentration higher than 0.5 mg/mL and a purity greater than 90%
were utilized for initial hanging drop screening after being forced through a syringe
filter. Crystal screens 1 and 2 were obtained from Hampton Research and stored at
room temperature after preparation. Hanging drops were prepared by mixing 1 uL of

sample with 1 uL of well solution.

2.2.7 Random Mutagenesis Protocol

Random mutagenesis was carried out on the DNA of truncation 56-440
NCEH1 using the Pmal56forward primer and KIAA-reverse primer listed in Table 2.1
for insertion into the pMAL_c5x vector. The initial PCR to create a library of
mutagenic DNA utilized a low fidelity tag polymerase and 10 mM mutagenic dNTPs
8-0x0-2'-deoxyguanosine-5'-triphosphate and 2'-deoxy-P-nucleoside-5'-triphosphate
(Trilink Biotechnologies). The PCR reaction was carried out in duplicate 50 uL
samples for 20 cycles with 1 uL of fresh template added to each tube after the tenth
cycle. The two prepared reactions were combined and PCR purified using Qiagen spin
columns to create one library. The purified sample was used as a template for a second
PCR procedure, following standard PCR protocols for the amplification of the DNA

library. Amplified mutagenic DNA was inserted into the pMAL_c5X expression
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vector and transformed directly into BL21-CodonPlus(DE3)-RIPL cells for expression
screening. Small scale expressions were carried out shaking in 5 mL volumes at 37 °C.
These expressions were induced with 0.3 mM IPTG and expressed for 2 h at 37 °C.
Each of the small scale expressions were then spun down for 10 min at 3,200 x g
before being resuspended in 2 mL of 50 mM Tris, 150 mM NaCl, 1 mM EDTA, pH
7.8. Each colony was lysed by sonication 3 times in 15 s bursts with a resting time on
ice between each cycle. A 1 mL aliquot from each sample was retrieved and
microcentrifuged at max speed for 10 min before the supernatant was removed and

tested for the hydrolysis of PNPA.

2.3 Results and Discussion

2.3.1 pET100/D-topo and pET20b+ Expressions

The pET100/D-topo expression vector includes a short N-terminal histidine
tag. The pET20b+ expression vector possesses a C-terminal histidine tag, and the
vector contains a pelB secretion sequence, which allows the possibility to secrete the
protein. Several constructs were designed to evaluate possible fusion combinations
and determine if any of these combinations would offer optimal expression of
NCEHL1. The different combinations of the tag and localization sequences present are

described in Figure 2.1.
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NCEH1 Escherichia coli Constructs

56-440 NCEH1 J GST [ 115-440 NCEH1 }

{
[ His-Tag M 56-440 NCEH1 } [ F’Y:SB;;J[ 115-440 NCEH1 }
{ 56-440 NCEH1 } His-Tag } Removal of Second Hydrophobic Region to
B 56-440 NCEH1 | HisTag | SEES SN
e M 56-440 NCEH1 J
[ GST M 56-440 NCEH1 } a/:??; [ 165-440 NCEH1 }

MBP + -
[ng[ 56-440 NCEH!1 } Construct Designed to Mimic Isoform C

Transmembrane Helix Removed for Stability

Figure 2.1: Summary of the NCEH1 constructs created for recombinant expression.
Each of the constructs varied either the location or identity of the fusion tag used to
improve the localization, solubility, or purification of the NCEH1 protein. The first
five constructs listed on the left side of the figure correspond to the pET100/D-topo
and pET20b+ expression vectors. All constructs listed with a GST tag associated to
NCEH1 were ligated into the pGEX-4T3 expression vector and all constructs
associated with MBP are referred to as pMAL-c5x.

The advantage of the pelB localization sequence is that it presents the
opportunity to increase the stability of the cloned gene by localizing it to the
periplasm. Meanwhile, the histidine tag facilitates protein purification on a nickel
affinity column. The constructs were designed to optimize expression by screening
several conditions. As shown in Figure 2.1, the structure of the constructs range from
containing no fusion to including both a periplasmic localization sequence and a small
histidine tag. Constructs were prepared with a histidine tag on either side of the
inserted gene. This was done to compensate for the possibility that the addition of a
small fusion tag would interfere with the protein’s folding pattern, causing it to

become unstable. The N-terminal periplasmic localization sequence was added in an
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attempt to increase the solubility of the NCEH1 gene if it was secreted into the
periplasm of the cell. However, as discussed with the histidine tag, these additional
amino acids may destabilize the protein. Therefore, additional constructs were created
that excluded this localization sequence. The construct lacking a tag altogether was
created in case an addition to either terminus of the protein resulted in its instability or
loss of function.

Each of the constructs above were cloned, verified with DNA sequencing,
transformed into BL21-CodonPlus(DE3)-RIPL cells and expressed from single
colonies on a small scale. After 5 h of induced expression there was no detectable
activity in the cells containing the NCEH1 gene when compared to the empty vectors.
Each of the samples were analyzed via SDS PAGE, and no protein band of the
appropriate molecular weight was detected that would indicate an overexpression of
NCEHL1. Based on this data, it was concluded that the pET vectors and our approach
were not successful to express the NCEH1 gene. The truncation of the first 55 amino
acids may limit proper folding or destabilize the protein, as suggested in Igarashi et al.
2 The results above support the conclusion of Igarashi et al. that this TM domain is
important for stability. Consequently, small fusion tags may not compensate for the

loss of this region, and something larger may be required to stabilize NCEH1.

2.3.2 Expression and Purification of pGEX-4T3
The pGEX expression vectors contain an N-terminal glutathione S-transferase

(GST) fusion tag with a thrombin cleavage signal. The GST fusion tag, approximately
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25 kDa in molecular weight, is a large fusion tag that could stabilize the fusion protein
as well as simplify purification via affinity chromatography. As discussed above, a
major predicted TM helix, amino acids 1-55, was truncated prior to the start of this
work. However, when the full sequence of NCEHL1 is inserted into the TM helix
prediction model a second fairly hydrophobic region is predicted to span amino acids
56-100. In an effort to remove any possibility of instability due to a hydrophobicity, an
additional truncation was made to remove the second hydrophobic region, leaving
amino acids 115-440. Both constructs, also shown in Figure 2.1, were cloned, verified
by DNA sequencing, and transformed into BL21-CodonPlus(DE3)-RIPL cells. Unlike
the previous experimentation with the two pET expression vectors, the pGEX
expression constructs demonstrated expression in small scale analysis. The presence of
protein was verified via SDS PAGE and activity was confirmed within the crude
lysate when compared to empty vector.

Figure 2.2 displays a gel showing the different stages of a typical sample
purification. As mentioned above, NCEH1 displayed expression with the pGEX-4T3
vector, representing a significant step forward relative to the pET vector. However, a
substantial amount of the expressed protein remained in the insoluble fraction.
Exhaustive experimentation utilizing multiple detergents, detergent incubation times,
expression temperatures, IPTG induction concentration, and the construction of the
115-440 NCEH1 truncation all failed to significantly increase the concentration of
NCEH1 retrieved from the soluble fraction. Ultimately, purification of all 6 L of the
large scale expression was necessary to retrieve even a small amount of the fusion
protein. The sample was loaded onto the glutathione beads, and washed as detailed in

the methods section above. Samples of each step were collected and analyzed for
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fusion protein. In Figure 2.2, the unretained portion and two wash samples show very
little fusion protein present in these samples. The NCEH1 was then eluted from the
column, over the course of three sequential incubations with reduced glutathione and
show relatively pure fusion protein at an apparent molecular weight of 70 kDa. Figure
2.2 also demonstrates the instability of the enzyme after incubation with thrombin
protease. The protease was unable to efficiently cleave the entirety of the fusion
protein, as evident with the remaining 70 kDa band, and the formation of several
smaller bands, as well as a precipitate, indicates instability of the cleaved protein. In
an attempt to further purify NCEH1 the sample was further incubated with both
glutathione sepharose and benzamidine sepharose to remove free GST and the
thrombin protease. Unfortunately as a serine hydrolase, NCEH1 also bound to the
benzamidine column making it an inefficient purification strategy.

To improve the yield of the purification, the dialyzed sample containing the
free GST, NCEH1 and thrombin was instead loaded onto an anion exchange column
and separated utilizing FPLC. The three proteins were able to be separated utilizing
this strategy; however, the protein yield remained too low for this to serve as a

practical method.
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Figure 2.2: SDS PAGE analysis of the purification of GST fused NCEH1 truncation
56-440. The protein molecular weight ladder is labeled to the left of the gel while each
of the lanes are identified at the top of the gel. Lane 1 and 2 represents the solubility of
NCEH1 as the pellet and supernatant of the cellular purification. Lanes 3-5 represent
the unretained supernatant and washes respectively and lanes 6-8 represent the
elutions of the NCEHL fusion protein. Lane 9 represents the protein before the
thrombin cleavage while lane 10 shows the breakdown of the protein after thrombin
cleavage.
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The conclusion reached for the pGEX-4T3 purification trials was that despite a
dramatic increase in the expression of NCEH1 relative to the pET vector, pGEX was
also not an optimal vector for expression. Furthermore, the thrombin protease was
unable to completely cleave the produced fusion protein and the protein that was
cleaved was unable to maintain stability in solution. Therefore, the pMAL-c5x vector

was pursued as a viable alternative option to the pGEX vector.

2.3.3 Expression and Purification of pMAL-C5x

The pMAL expression system includes an N-terminal maltose binding protein
(MBP) fusion tag with a Factor Xa cleavage signal. The vector was generously offered
from Dr. Sharon Rozovosky (University of Delaware) and had been modified to
include a histidine tag at the N-terminus of the MBP tag. Studies have suggested that
MBP has the ability to increase the solubility of an otherwise insoluble protein 8 and at
42 kDa still provided a large, stable and soluble fusion protein to promote the
expression and stability of NCEH1. Three truncations 56-440, 115-440, and 165-440
NCEH1 constructs were cloned, verified with sequencing, and transformed into BL21-
CodonPlus(DE3)-RIPL cells. Truncations 56-440 and 115-440 were both designed to
remove hydrophobic regions. Truncation 165-440 was designed to mimic the third
possible isoform of NCEH1. Truncations 56-440 and 115-440 both showed expression
at the projected molecular weight, approximately 80 and 75 kDa respectively, in small
scale expression trials. However 165-440 never showed any useful level of expression;
thus, suggesting that too much of the N-terminus had been removed even with the
MBP tag for stability. The large scale expressions showed a small increase in the
solubility of NCEH1, but the largest fraction of NCEH1 produced remained in the

insoluble fraction. The protein was purified utilizing a Ni-sepharose gravity flow
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column and fusion protein was eluted from the column with high concentrations of
imidazole. The resulting solution was concentrated and dialyzed into a buffer for
Factor Xa cleavage containing 20 mM Tris-Cl, 100 mM NacCl, and 2 mM CacCl», pH
8.0. The protein was incubated with Factor Xa, and once again displayed incomplete
cleavage and instability once cleaved from the MBP fusion protein.

The inability to effectively purify NCEH1 which had been cleaved from its
MBP fusion protein led to the decision to pursue characterization with the full MBP-
NCEH1 fusion. Aspects of expression and purification were modified in an effort to
increase the yield of the target NCEH1 fusion protein. An immediate increase in the
yield of NCEH1 was realized by switching from Ni-sepharose to Ni-NTA beads. Ni-
NTA also provided the additional advantage of decreasing the nonspecific binding
within the purification process, thus increasing the purity of the sample. However, the
yield of the MBP-NCEH1 fusion protein remained low, with concentrations typically
around 0.08 mg/L of expression. This low yield lead to an exploration of which
variables within the expression protocol could be further optimized.

The major limitation on the yield of NCEH1 remained to be the expression of
the mammalian protein within a recombinant system leading to an accumulation of
NCEH1 in the insoluble fraction. Oganesyan et al. evaluated the effect of osmotic
stress and heat shock in recombinant protein overexpression, and observed that it lead
to an increase in the solubility of previously insoluble proteins. Their findings
suggested that the addition of a short 30 min heat shock at 47 °C increases the E. coli
heat shock protein content, effectively increasing the availability of chaperone proteins
to facilitate stable folding of the induced protein. In addition to this finding, they noted

that increasing the NaCl concentration from 170 to 500 mM in LB also increased the
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solubility of previously insoluble proteins °. Therefore, both approaches were adopted
into the expression protocol in an attempt to increase the solubility of NCEH1. The
large scale flasks were still grown to an ODeoo Of approximately 1 at 37°C. However,
once an OD600 of 1 was obtained, the cells were incubated for 30 min at 47°C before
being incubated on ice for 1 h. The cells were induced with IPTG and incubated
shaking overnight at room temperature. These modifications increased the typical
purified expression yields from an average of 0.08 mg/L of expression to 0.15 mg/L of
expression. While still low, these yields were more suitable for the functional

characterization of the NCEH1 fusion protein.
2.3.4 Functional Characterization of NCEH1

It has been suggested that NCEH1 requires glycosylation for functionality?,
therefore NCEHL1 originating from a recombinant system lacking the ability to
glycosylate should show no activity. To test this hypothesis, NCEH1 was evaluated
with a modified natural substrate, 2-thio-acetyl MAGE. This molecule, and the
relevant reaction chemistry, is shown in Figure 2.3. Activity was also tested using the
common serine esterase substrate para-nitrophenyl acetate (PNPA), whose structure
and chemistry is shown below in Figure 2.4. As mentioned above, 2-thio-acteyl
MAGE is a substrate specific to the NCEHL1 protein. Therefore, the assay utilizing this
substrate was employed as a primary method to determine whether the protein purified
from the affinity column was active NCEH1. When the sample was tested, activity
was observed, data not shown, and further studies to evaluate Km, Vmax, and turnover

were begun with the PNPA substrate.
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NCEH1 catalyzed reaction with 2-thio-Acetyl MAGE
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Figure 2.3: The NCEHL1 catalyzed reaction of the modified natural substrate 2-thio-
acetyl MAGE with water. The natural substrate, acetyl MAGE simply has an oxygen
in the position of the sulfur creating an ester bond, this modification is demonstrated
with a dashed line. The reaction involves the hydrolysis of the thiol bond in 2-thio-
acetyl MAGE to create a free thiol and acetic acid. The free thiol can then attack the
disulfide bond of DTNB resulting in a product that can be spectroscopically monitored
at 412 nm.
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NCEH1 catalyzed PNPA Reaction
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Figure 2.4: NCEHL1 catalyzed ester cleavage of para-nitrophenyl acetate to para-
nitrophenol and acetic acid. Formation of para-nitrophenol can be spectroscopically
monitored for an increase in absorbance at 405 nm.

The assays were carried out at room temperature in 1 mL volumes of 50 mM
Tris buffer, pH 7.8 with known volumes of 100 mM PNPA. The assay was started
with the addition of purified NCEHL1 fusion protein to solution and the change in
absorbance was monitored at 405 nm for 30 s. The resulting data was analyzed with
GraphPad prism 7 and fitted with a nonlinear graphing function to obtain predicted
values for Km and Vmax. The Vimax was utilized to calculate the predicted Keat of
NCEH1 for the conversion of PNPA to PNP. An example of the nonlinear fit and the

calculated values for Km, Vimax and kcat are shown below in Figure 2.5.
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Figure 2.5: Example of the functional characterization of NCEH1 on the substrate
PNPA. The predicted Km and Vmax values were calculated from GraphPad Prism 7,
while the kcat Value is calculated from the respective Vmax and enzyme concentration
used within the assay. The results are the average of three separate assays performed
from three separate MBP_56-440 NCEH1 fusion protein purifications.

The results of the functional characterization of the fusion MBP_56-440
NCEH1 on PNPA showed a predicted Kv of approximately 5.3 mM, Vax of 6.6
uM/min, and a turnover of 4.02 s™. The characterization was also carried out on the
truncated 115-440 NCEH1 protein and no significant changes were noted (data not

shown).
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2.3.5 Protein Crystallization Screening of NCEH1

Protein samples of the MBP fusion for both 56-440 and 115-440 NCEH1
truncations obtained at a concentration higher than 0.5 mg/mL and with a purity
greater than 90% were used to lay crystal screens. Hanging drop crystal screens were
laid with the Hampton Research screen kits 1 and 2 with 1 uL of purified sample
mixed with 1 pL of each individual well’s solution. Each crystal tray was incubated at
room temperature and evaluated for the presence of crystals regularly. Within two
weeks the MBP_115-440 NCEHL1 truncation yielded very small microcrystals, shown
in Figure 2.6, in the condition corresponding to 0.2 M lithium sulfate monohydrate,

0.1M Tris hydrochloride pH 8.5, and 30% polyethylene glycol 4,000.
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Figure 2.6: MBP_115-440 NCEH1 fusion microcrystals. Crystals visualized after two
weeks in condition 17 of Hampton Research screen 1. The solution contained 0.2 M
lithium sulfate monohydrate, 0.1 M Tris hydrochloride pH 8.5, and 30% polyethylene
glycol 4,000.

Regretfully, screening around the conditions of the well solution yielding the
microcrystals failed to yield any crystals large enough to be of interest. As a result,

further screening of the fusion protein for crystallography purposes was suspended

until a higher protein yield could be obtained.

2.3.6 Random Mutagenesis
Previous experimentation designed to increase the solubility and yield of
NCEH1 included the manipulation of the expression and purification protocols.

However, mutation of the NCEH1 protein itself has not been explored. Mutations to
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the NCEH1 gene yield the possibility of increasing the protein’s stability and
solubility within the recombinant system. Site directed mutagenesis was not pursued
because of the lack of a reliable structure for NCEH1; however, random mutagenesis
provided the possibility of randomly inserting mutations that may aide in the stability
or solubility of the protein.

Random mutagenesis was carried out using the truncation 56-440 DNA
template of NCEHL1. PCR primers pMAL56forward and KIAA-reverse from Table 2.1
were utilized for the amplification of DNA. To induce mutagenesis, a low fidelity taq
polymerase was utilized as well as supplementation with 10 mM mutagenic dNTPs 8-
0x0-2'-deoxyguanosine-5'-triphosphate and 2'-deoxy-P-nucleoside-5'-triphosphate.
The mutagenic dNTPS introduce mutations at an approximate amount of 6-19% for
10-30 cycles of PCR°. Two separate tubes were prepared for PCR amplification with
fresh template being added after 10 cycles to maximize the mutation library. After 20
cycles the two tubes were combined to create one library and this sample was used
moving forward following standard PCR protocols for the amplification of the DNA
library. Amplified mutagenic DNA was inserted into the pMAL_c5X expression
vector and transformed directly into BL21-CodonPlus(DE3)-RIPL cells for expression
screening. Individual colonies were selected for small scale expression and resulting
supernatants were tested for PNPA activity compared to wild type 56-440 NCEH1 and

empty vector as shown in Figure 2.7.
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Figure 2.7: Hydrolysis activity of PNPA in mAbs/min by NCEH1. Normalizes
activity present in small scale expression supernatants normalized to empty
PMAL._c5x. The figure shows empty vector in the first column, followed by wild type
56-440 NCEH1 fusion protein, and 50 colonies chosen at random.

The three colonies with the highest activity for PNPA were selected,
expressed, and purified for NCEH1. The corresponding retrieved yields were
approximately 0.47 mg/L of expression, 0.43 mg/L of expression, and 0.52 mg/L of
expression. Each of these purifications offered some confidence that an increase in
either solubility or stability was achieved. Each of these colonies produced a
significantly higher yield that the 0.15 mg/L of expression that was previously being
purified. The increase in yield further progresses our ability to obtain a high enough
concentration of pure protein for protein crystallization trials. However, there is a
great deal of work that remains to be done in order to fully characterize the results of
this technique. For instance, at this point in time it is unknown if the increase in
protein yield is in direct correlation to a mutation(s) or because the result of
uncontrolled variation in the expression conditions within the cells themselves. The
possibility of the measured increase may also be a misrepresented artifact and not a

result of random mutagenesis. Additionally, if the individual colonies do contain
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mutations that lead to either increased stability or solubility of NCEH1, it is unknown
if the mutations are the same mutation or separate entirely.

Significant work still needs to be completed within this portion of the project.
Each of the plasmids needs to be prepared and re-inserted into DH5a cells for
propagation and sequencing analysis. The resulting sequences will be checked for
mutations and all mutations present will be evaluated against a homology model for

information regarding their possible effects on the NCEH1 gene.

2.4 Conclusions

Igarashi et al. predicted that the N-terminus amino acids 1-33 of NCEH1 are
required for its stability.? In the work described above, this hypothesis was supported
when multiple constructs of the NCEH1 truncated protein were unable to be expressed
when inserted into the pET expression vectors. The addition of the small histidine tag
was not a significant enough stabilizing force to assist in the folding of the NCEH1
protein, and the protein could not be obtained in a functional form using this construct.
The protein was able to be expressed within the pGEX and pMAL expression systems;
however, several limitations arose. The protein benefitted from the presence of the
glutathione transferase and maltose binding proteins fusion tags, but a large portion of
the expressed protein remained insoluble. Expression conditions were modified to
include a small heat shock response and change the osmolarity of the system with the
goal of increasing the solubility of NCEH1. These modifications increased the soluble
yield of protein by 80% from 0.08 mg/L of expression to approximately 0.15 mg/L of
expression. While this marks a significant increase, this value is still low to effectively
screen protein crystallization conditions to obtain suitable crystals for X-ray

crystallography structural work and only microcrystals were observed. The thrombin
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and Factor Xa proteases were also shown to be ineffective at quantitatively cleaving
the fusion protein. Furthermore, this work showed that the cleaved protein becomes
unstable and begins to fragment. Due to the physical limitations faced in trying to
purify NCEH1 cleaved from its fusion partner, functional characterization of
MBP_56-440 NCEH1 fusion protein was pursued. This work yielded kinetic
characterization of NCEH1 with a Ky value of 5.3 mM, Vmax of 6.6 uM/min, and a Kcat
value of 4 s*. The activity did not appear to be affected by further truncation of the N-
terminus to amino acid 115. In addition, the measured activity of recombinant NCEH1
that is not glycosylated with both PNPA and 2-thio-acetyl MAGE substrates is in
direct contrast to the work that states that glycosylation is required for activity of
NCEH1' 2. Based on these results, it seems more likely that glycosylation is required
for folding and subsequent stability of NCEH1, and not necessarily functionality itself.

The main goal of the neutral cholesterol ester hydrolase project continues to be
crystallization of the protein to obtain its structure. In an effort to further increase the
yield of NCEH1, random mutagenesis was performed on the DNA of the 56-440
truncation. Mutagenic DNA was transformed directly into BL21-CodonPlus(DE3)-
RIPL cells to screen multiple colonies for an increase in solubility or stability. Three
colonies were selected from this data for a large scale expression and purification. On
average, these colonies yielded approximately 0.47 mg/L of expression, significantly
higher than the 0.15 mg/L of expression obtained from previous work using un-
mutated DNA. However, the apparent increase in NCEHL1 solubility was not
confirmed to be directly linked to the mutagenesis.

Future work for the recombinant portion of the NCEH1 project will require

inserting the mutagenic NCEH1_pMAL-C5X expression vector into DHSa cells for
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sequencing analysis. At that point any mutations present can then be compared to a
homology model of NCEHL1 to evaluate the cause of their effectiveness. The overall
protein yield of NCEH1 will need to be much higher for successful crystallization
from a recombinant system. At this point in time, the inability to retrieve high levels of
soluble NCEH1 reduces the effectiveness of recombinant expression for the pursuit of
crystallographic structure determination. In an effort to increase the overall yield of
NCEHL1 protein, the next chapter will explore NCEH1 expression in a Pichia pastoris

system.
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Chapter 3

PURIFICATION OF NCEH1 FROM PICHIA PASTORIS

3.1 Introduction

Escherichia coli overexpression approaches have been used in the production
of proteins of interest for decades. However, broad application of this system with
eukaryotic genes tends to be problematic. This is due to the lack of machinery for
both posttranslational modification and eukaryotic protein folding. Therefore, the
attempt to express eukaryotic proteins in E. coli frequently results in the expression of
the protein of interest into inclusion bodies.! As noted in the previous chapter,
expression of NCEHL1 in an E. coli expression system yielded a significant amount of
protein in the insoluble fraction. Thus, the E. coli model system was found to be
inadequate, as the main goal of this project was to obtain pure and high yields of
NCEHL1 for crystallization and structural characterization.

Leuking et al. explored the comparison of 29 separate cDNA clones in E. coli
and Pichia pastoris. Their work showed a strong increase in the soluble expression in
P. pastoris when compared to the E. coli expression system. All 29 clones were
successfully expressed into the soluble fraction with P. pastoris while only 9 were
detected in the soluble component of the E. coli expression.?

As discussed in chapter 2, the E. coli expression of NCEH1 was not only
heavily biased toward the insoluble fraction, but the soluble NCEH1 also became
highly unstable without the presence of a large protein fusion tag. This observation led
to the conclusion that the fusion tag, and possibly posttranslational modifications,
stabilize the protein. For this reason P. pastoris was investigated as an expression

system for NCEH1. The purpose of this chapter is to highlight the benefits of
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expression and purification of NCEH1 within the P. pastoris system. This chapter will
highlight the creation of a successful expression and purification strategy, while

exploring further structural and functional characterization of NCEHL1.

3.2 Materials and Methods

3.2.1 Preparation of Competent Pichia Pastoris Cells

Competent cells for the transformation of P. pastoris need to be freshly
prepared before each transformation. Each of the three cell lines, X-33, GS115, and
KM71H, were prepared following the following protocol. The cells were grown up
overnight in 5 mL of yeast peptide dextrose (YPD) at 30 °C. The overnight was used
to inoculate 500 mL of fresh YPD, and the fresh cells were grown to an ODego of 1.3-
1.5 before being centrifuged at 3,000 rpm for 5 min at 4 °C. The pellet was
resuspended in 500 mL of ice—cold, sterile water and centrifuged a second time. The
pellet was then re-suspended in 250 mL of ice-cold, sterile water, centrifuged again,
and re-suspended in 20 mL of ice-cold 1 M sorbitol. The process was completed with
a final centrifugation at 3,600 rpm and the pellet was resuspended into 1 mL of ice

cold sorbitol.

3.2.2 Cloning of NCEHI1 into pPICZa and pPICZ

The pPICZa and pPICZ expression vectors were generously obtained from Dr.
Colin Thorpe (University of Delaware, Newark, DE) and originated from the
Invitrogen Pichia pastoris expression kit. The primers used for the amplification of
NCEHL1 are listed in Table 3.1 with the corresponding sequence and restriction
enzymes, and the primers utilized in the cloning of NCEHL1 into Pichia pastoris. The

forward primers PiczAfor 58, PiczAforl111, PiczAlpha56, PiczAlphall were each
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used for insertion into their corresponding pPICZ/a expression vector with an N-
terminal truncation at either amino acid 56 or 111. The pPICZ expression vector lacks
an initiation start codon; therefore, the forward primers PiczAfor58 and PiczAfor111
each had to contain a yeast consensus sequence. This consensus sequence is bolded
and underlined in Table 3.1. PiczANot1Rev was utilized as a reverse primer to create
a construct without a protease cleavage site, leaving the short c-myc tag and histidine
tag intact. A TEV protease site was also engineered into both vectors with the use of

the KiaaRevTevl, PicZalphaTev2, and PiczANot1Tev2 reverse primers.

Primer Name Primer Sequence 5'-3' Restricition Site
PiczAfor58 AAAAAGAATTCAAAATAATGTCTTCCGTGTCCGACCCC ECORI
PiczAfor111 AAAAAGAATTCAAAATAATGTCTAAGGTGACCGACACAG  ECORI
PiczArev AAAAAGGGCCCCAGGTTTTGATCTAGCCACTTG APAI
PiczAlpha56 AAAAAGAATTCCCTGGCTCCGTGTCCGACCCC ECORI
PiczAlphalll  AAAAAGAATTCCAAGTGAAGGTGACCGACACAG ECORI
KiaaRevTevl GTAGAGGTTCTCCAGGTTTTGATCTAGCCACTTG

PiczAlphaTev2  TTTTTTGCGGCCGCGGACTGGAAGTAGAGGTTCTC NOTI
PiczANotlTev2 TTTTTTGCGGCCGCGGGACTGGAAGTAGAGGTTCTC NOTI
PiczANotlRev  AAAAAGCGGCCGCGCAGGTTTTGTTGATCTAGCCACTTG NOTI

Table 3.1: Primers utilized in the cloning of NCEHL1 into P. pastoris. Forward primers
PiczAfor 58, PiczAforl11, PiczAlpha56, PiczAlphall were each used as the forward
primers for insertion into their corresponding pPICZ/a expression vector with either a
truncation at amino acid 56 or 111. PiczANot1Rev was utilized as a reverse primer to
create a construct with no protease cleavage site, leaving the short c-myc tag and
histidine tag intact. A tev protease site was also engineered into both vectors with the
use of the KiaaRevTevl, PicZalphaTev2, and PiczANot1Tev2 reverse primers.

The DNA was amplified using PCR, digested with the corresponding restriction
enzymes, gel purified, and ligated overnight at 14 °C into the corresponding vector.
The ligated vector containing NCEH1 was transformed into DH5a E. coli cells by
electroporation for amplification purposes. Single colonies containing the plasmid of

interest were grown overnight on LB agar plates containing 25 puM Zeocin
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(Invitrogen). Plasmids isolated from single colonies were sequenced by Genewiz, Inc.,
and purified plasmids verified to contain NCEH1 were linearized with a single
restriction enzyme digestion with PMEI (New England Biolabs) for 3 h at 37 °C. The
linearized DNA was purified with a Qiagen Mini prep kit prior to being mixed with
one of the following Pichia pastoris competent cell strains: X-33, KM71H, GS115,
and stored on ice for 5 min. The cellular mixture was electroporated with a single 1.5
kV pulse, mixed with 1 mL of ice-cold sorbitol and incubated at 30 °C, without
shaking, for 2 h. The cells were plated on YPD agar containing 100 uM of zeocin,
incubated at 30 °C for 3-5 days until the appearance of single yeast colonies was
observed. Colonies were chosen and grown up at 30 °C. Each colony was incubated
with zymolase (Sigma-Aldrich) to cleave the yeast cell wall and NCEH1 was
amplified utilizing primers specific for the AOX gene within the expression vector.
The PCR products were used for the verification of the NCEH1 sequence by Genewiz,

Inc.

3.2.3 Glycosylation Mutagenesis in pPICZa

NCEH1 has three predicted Asn glycosylation sites located at amino acids 270,
287, and 389. Mutagenesis was performed at each of these sites by changing
asparagine to glutamine. Glutamine is similar in structure and charge to asparagine,
but lacks the ability to be glycosylated. Site-directed mutagenesis was carried out
with the PCR primers listed in Table 3.2. Template DNA from NCEHL, already
ligated into pPICZa, was utilized with a PCR elongation time of 12 min per run to
achieve complete replication of the pPICZa plasmid. The mutagenesis was completed

over 15 cycles, and the resulting amplified DNA was subjected to DPN1 digestion for
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2 h at 37 °C to digest the original wild type DNA. The sample was then gel purified
and the purified DNA was mixed with chemically competent DH5a E. coli cells. The
cell mixture was heat shocked for 45 s at 42 °C and incubated on ice for 5 min before
1 mL of LB was added to the cells and incubated, shaking at 37 °C for 1 h. The cells
were plated on LB agar containing 25 pM Zeocin overnight at 37 °C. Single colonies
were selected for sequencing analysis before being inserted into the Pichia pastoris

KMT71H strain as previously described.

Primer Name Primer Sequence 5'-3' Original Sequence
ForwardK270Q CGTTAACCAACACACTTCACTTG AAT
ReverseK270Q CAAGTGAAGTGTGTTGGTTAACG

ForwardK287Q GGGCCCGTCTACAATGGACATCC AAC
ReverseK287Q GATGTCCATTGTAGACGGGCCC

ForwardK389Q CTGGCCCACCCAATTCTCAGTGG AAC
ReverseK389Q CCACTGAGAATTGGGTGGGCCAG

Table 3.2: Table showing the PCR mutagenic primers for the N to Q mutagenesis.
Asparagine residues mutated located at amino acids 270, 287, and 389. The table
displays the primer name, sequence in the 5’ to 3’ direction, and the original amino
acid sequence of the DNA. The mutagenic DNA is bolded and underlined within the
primer sequence.

3.2.4 Expression of NCEH1 in Pichia pastoris

Overnights of the NCEH1 constructs in both pPICZ and pICZa were grown up
at 30 °C and used to inoculate six 4 L flasks containing 1 L of buffered minimum
glycerol media 100 mM potassium phosphate, pH 6.0, 1.3% yeast nitrogen base, 2.5
uM Biotin, 1% glycerol. The 4 L flasks were grown up for 24 h at 30 °C before being
pelleted by centrifugation. Each pellet was resuspended in 200 mL of buffered

minimum methanol media, 100 mM potassium phosphate, pH 6.0, 1.34% yeast
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nitrogen base, 2.5 uM Biotin, 0.5% methanol. The expression was then continued at
30 °C. Expression of pPICZa was supplemented with 100 mM sorbitol at 12 h
intervals during the expression. The pellets of the constructs within the pPICZ vector
were harvested by centrifugation and stored at -80 °C for further experimentation. The
various constructs from the pPICZa had their supernatant stored at -80 °C for further

experimentation.

3.2.5 Purification of NCEHL1 in Pichia pastoris

3.25.1 pPICZ

Once expressed pPICZ pellets containing NCEH1 were re-suspended in
50 mM sodium phosphate buffer, 300 mM NaCL, pH 7.4. The cells were lysed by
sonication using three 1 min cycles at 50% power with a 5 min rest on ice between
each cycle. Tween 20 was added to a final concentration of 1% and the suspension
was rocked at 4 °C for 20 min. The membrane portion was then removed by two
rounds of centrifugation for 20 min at 23000 x g. After the first spin, the supernatant
was added to a fresh tube and spun again. To bind the His-tag of NCEHL1, the
supernatant was then incubated on a gravity chromatography column containing Ni-
sepharose beads (GE Healthcare) for 1 h. The unretained supernatant was removed
and the column was washed with a solution containing 50 mM sodium phosphate
buffer and 300 mM NaCl at pH 7.4. A second wash was performed using a solution
containing 50 mM sodium phosphate buffer, 300 mM NaCl and 100 mM imidazole at
pH 7.4. The protein was eluted from the column using three 10 mL aliquots of a
solution containing 50 mM sodium phosphate buffer, 300 mM NaCl and 300 mM

imidazole at pH 7.2. The eluted protein samples were combined and concentrated to 3
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mL before being dialyzed overnight into 10 mM HEPES containing 10 mM NacCl at
pH 7.4.

3252 plCZa

The supernatant of pICZa containing the expressed NCEH1 constructs was
dialyzed against 50 mM sodium phosphate buffer, pH 7.4, containing 300 mM NacCl.
The dialyzed supernatant was then applied to a 5 mL nickel sepharose FPLC column
(GE Healthcare). The column was washed with 50 mM sodium phosphate buffer, pH
7.4, with 300 mM NaCl and eluted with a 0-300 mM gradient of imidazole. Fractions
containing protein were evaluated for activity using the 2-thio-acetyl MAGE assay
described in Chapter 2, and the fractions containing NCEH1 were pooled and
concentrated. The purified NCEH1 was dialyzed overnight into 10 mM HEPES
containing 10 mM NaCl at pH 7.4.

3.2.6 Functional Characterization of NCEH1

The concentration of the purified NCEH1 was determined by a BCA assay
(Pierce) and its purity was determined via SDS PAGE coupled to ImageJ software.?
The activity of the purified protein was determined by analysis with PNPA and 2-thio-
acetyl MAGE. PNPA assays were performed in 1 mL total volume in 50 mM Tris
buffer, pH 7.8, with approximately 10 mM PNPA. The assay was monitored at 405
nm for 30 s following the addition of NCEH1. The hydrolysis of 2-thio-acetyl MAGE
is followed by monitoring a coupled reaction with DTNB, described previously in
chapter 2, monitored for 300 s at 412 nm. The assay was completed in 1 mL volumes
containing 50 mM sodium phosphate buffer pH 7.8, 10 mM DTNB, and various

amounts of substrate.
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3.2.7 Structural Characterization of NCEH1

Purified protein obtained at a concentration higher than 0.5 mg/mL and greater
than 90% purity, as determined by ImageJ, was utilized for crystal screening trials.
Initial hanging drop screening was completed with crystal screens 1 and 2 from
Hampton Research and stored at room temperature. To prepare protein samples for
crystal screening each sample was forced through a syringe filter before hanging drops
were prepared by mixing a 1 pL of protein sample with a 1 pL of well solution. When
necessary, certain conditions were further screened with the additive screen kit also
provided by Hampton Research. All screens were closely monitored for the formation
of crystals and all solutions yielding crystals were recreated in the laboratory for
further screening. The crystallography solutions recreated in the laboratory are listed
in Table 3.3, along with their corresponding Hampton Research kit well solution
number. Sodium acetate trihydrate, calcium acetate hydrate, sodium cacodylate, and
polyethylene glycol (PEG) 4,000 and 8,000 were each from Sigma-Aldrich. The other
chemicals utilized for crystallography, including ammonium sulfate and Tris

hydrochloride, were purchased from Fisher Scientific.

Hampton Research Screen Well Number  Condition

1 45 .2M Zinc acetate dihydrate, .1M sodium cacodylate trihydrate pH 6.5, 18% PEG 8,000
1 46 .2M Calcium acetatae trihydrate, .1M sodium cacodylate pH 6.5, 15% PEG 8,000

2 22 .2M Sodium acetate trihydrate, .M Tris hydrochloride pH 8.5, 30% PEG 4,000

2 30 .2M Ammonium Sulfate, 30% PEG 8,000

Table 3.3: Table of crystal conditions used for the optimization of crystallization of
NCEH1.
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3.3 Results and Discussion

3.3.1 Expression Optimization of NCEH1

Heterologous expression of NCEHL1 in Pichia pastoris could be achieved
either by intracellular expression using pPICZ, or by secreted expression, using
pPICZa. DNA of the truncated 56-440 or 111-440 NCEH1 was amplified, digested,
and ligated into both of the expression vectors for the purpose of defining optimal
expression conditions. Figure 3.1 demonstrates the various constructs designed for the

expression of NCEHL1 in Pichia pastoris.

NCEH1 Pichia pastoris Expression Constructs

pPICZ pPICZa.

TEV| C-myc+ 56-440 NCEH1 W TEV C-myc +
[ 56-440 NCEH1 J His Tag @ ) His Tag
C-myc + C-myc +
- . 56-440 NCEH1 .
[ 56-440 NCEH1 I His Tag } @ I His Tag

111-440 NCEH1 | rev C-myc + 111-440 NCEH1 i C-mye +
) His Tag His Tag

B C-myc + } C-myc +
[ 111-440 NCEH1 1 His Tag ] @ 111-440 NCEH1 I His Tag }

Figure 3.1: NCEHL1 constructs developed for expression in Pichia pastoris.
Constructs developed for intracellular expression with pPICZ are labeled to the left,
while constructs developed for secretion with pPICZa are labeled to the right. Each of
the constructs are grouped by truncation length and separated on the presence of a tev
protease site that was engineered into the expression vectors. The pPICZa vector
contains an N-terminal a-factor secretion sequence for the secretion of NCEH1 into
the media during expression.

Insertion of a TEV protease site into both pPICZ and pPICZa. vectors was

completed with the use of multiple rounds of PCR. The first round of PCR utilized
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the KiaaRevTev1 reverse primer, while the second round utilized the PiczANot1Tev2
reverse primer. The protease site was successfully added before digestion and
insertion into the expression vectors. Expression vectors containing each of the
constructs listed within Figure 3.1 were transformed into E. coli DH5a cells for
propagation and sequencing. Once their sequence was confirmed, the constructs were
linearized and inserted into one of three Pichia pastoris strains: X-33, GS115 or
KM71H. The X-33 strain has a wild type genotype. GS115 has a mutation that
prevents the synthesis of histidine, thus requiring GS115 to be supplemented with
histidine in minimal media. KM71H has an insertion that disrupts the AOX1 gene,
thereby disrupting the utilization of methanol, and creating a slower expression of the
cloned gene of interest. Small scale expression trials on multiple colonies of each
strain were conducted with both NCEH1 truncations 56-440 and 111-440 in all three
P. pastoris strains. The cells were resuspended in 1 mL of 50 mM sodium phosphate
buffer, pH 7.4, containing 300 mM NaCl. The cells were lysed by sonication with
three 15 s bursts on maximum power using the microtip. The samples were micro-
centrifuged at 13,000 rpm for 10 min and the resulting supernatants were analyzed for
activity. The end result indicated that KM71H, the cell strain demonstrating the
slowest rate of expression, appeared to yield the highest level of soluble NCEH1
protein.

After it was determined that all further experimentation would be completed
with KM71H, optimization of the expression was required. The original protocol,

suggested by the EasySelect Pichia Expression Kit from Invitrogen, included growing
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the cells overnight at 30 °C in a buffered minimal glycerol medium [100 mM
potassium phosphate, pH 6.0, 1.34% yeast nitrogen base, 2.5 uM Biotin, 1% glycerol].
The overnights were then used to inoculate 1 L of buffered minimum glycerol medium
ina 7 L flask and grown at 30 °C for 24 h. The cells were then pelleted by
centrifugation at 8,200 x g using 10 min spins before being resuspended in 200 mL of
buffered minimal methanol medium [100 mM potassium phosphate, pH 6.0, 1.34%
yeast nitrogen base, 2.5 uM Biotin, 0.5% methanol] in a 2 L flask to induce
expression. The cells were incubated while shaking at 30 °C for 24 h. Samples were
taken a few hours into the expression and activity was detected by PNPA activity
assays. After 24 h, the cells were harvested by centrifugation at 8,200 x g for 10 min.
In the case of pPICZ, the pellet was retained for NCEH1 purification, while the
supernatant was retained for secreted NCEH]1 from the pPICZa expression.
Interestingly, neither system provided noticeable activity levels after 24 h in direct
contrast to the samples tested previously after only a few hours. A time-course
expression was carried out to determine the optimal expression period of NCEHL1 in P.
pastoris as shown in Figure 3.2. Three separate KM71H colonies containing residues
111-440 of NCEH1 were selected for expression verification. Small aliquots of each
expression were removed for analysis by PNPA and the assay was carried out ina 1
mL volume with 50 mM Tris buffer, pH 7.8, containing 10 mM PNPA.
Approximately 50 uL of crude sample was added to start the assay. The reaction was

monitored at 405 nm for 30 s.
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Figure 3.2: Time course expression of Pichia pastoris. Experiment conducted with 3
separate colonies of 111-440 NCEH1 in KM71H P. pastoris. A small aliquot of the
expression of each colony was removed at the time point indicated and evaluated for
activity with a PNPA assay. Samples were normalized to their starting time point at 0
h. It was concluded that the optimal time period for expression was approximately 8 h
at 30 °C.

The results of the time course experiment indicated a loss of functional
NCEHL1 after approximately 8 h. This time period was confirmed in both pPICZ and

pPICZa expression systems. Therefore, further expressions were halted after 8 h of

incubation with methanol.

3.3.2 Purification Optimization of NCEH1 from pPICZa.
Methodologies for the purification of NCEH1 were first evaluated from the
expression constructs of pPICZa because of the ability of the NCEH1 protein to be

secreted from the cells. Pichia pastoris does not secrete a large number of native
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proteins, and therefore the secretion of NCEH1 offered the opportunity of obtaining
secreted protein with minimal efforts of purification. Expression trials were carried out
on both 56-440 and 111-440 truncations of NCEH1 and no discernable difference was
noted between the two. Truncation 111-440 was chosen for further experimentation
because of the lack of the second hydrophobic region predicted to be associated to the
membrane. It was predicted that removing this region may increase the ability of
NCEHL1 to crystallize, should a usable expression and purification system be achieved.
Colonies of 111-440 NCEH1_ pPICZa were expressed as previously described, and
after 8 h of expression the cellular suspensions were centrifuged at 8,200 x g for 10
min and the supernatant was retained for experimentation. Ammonium sulfate
precipitation of the protein from the resulting 1.2 L of expression was attempted, but
due to the large volume and small protein concentration in solution, it was not
successful. Therefore, a method to alleviate the problematic volume was required.
Incremental incubation of the supernatant on a gravity flow column containing Ni-
sepharose beads was considered, but these columns only hold 100 mL at a time and it
would take a minimum of 12 h for sequential incubations. In the interim, significant
protein could be lost. Andrew et al. evaluated the use of Aquacide Il to concentrate
protein solutions through dialysis tubing.* However, this method proved to be time
consuming and inefficient for the volume of solution utilized. Concentration through
centrifugation was also considered, but remained time consuming and not cost
effective. In the end it was determine that passing the protein supernatant across an
FPLC column was the best path forward. With a loading volume of approximately 5
mL/min all of the supernatant would be exposed to the FPLC column of choice within

4 h. Purification of NCEH1 by FPLC was achieved by the dialysis of the expression
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supernatant against 50 mM sodium phosphate buffer pH 7.4 containing 300 mM NaCl.
The protein was eluted off of the column with an elution buffer, 50 mM sodium
phosphate buffer pH 7.4 containing 300 mM NaCl and 300 mM imidazole resulting in

purified protein shown in Figure 3.3.

Ladder NCEH1
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100 kDa wn -
75kDa
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Figure 3.3: SDS PAGE analysis of a purification of NCEH1 from pPICZa. The
expected molecular weight of 111-440 NCEH1 without glycosylation is approximately
35 kDa. The presence of 2 upper molecular weight bands at 100 and 75 kDa suggested
the presence of hyper-glycosylation of NCEH1.

The purified protein sample, verified by activity analysis, contained two upper
molecular weight bands at approximately 100 kDa and 75 kDa. The expected
molecular weight of un-glycosylated 111-440 NCEH1 is approximately 35 kDa, thus

suggesting the protein is hyper-glycosylating. In an effort to reduce the hyper-

glycosylation, the temperature of the expression was reduced from 30 °C to 22 °C, and
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the resulting bands reduced to 55 kDa as demonstrated in Figure 3.4. This observation

added support to our hypothesis that secreted NCEHL1 is hyper-glycosylated.

Ladder NCEH1
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Figure 3.4: SDS analysis of a purification of 111-440 NCEH1 from pPICZa.
Expression was incubated at 22 °C. A single, although not homogeneous, band
corresponding to the NCEHL1 protein appears at approximately 55 kDa.

Although there was a reduction in hyper-glycosylation with expression at 22
°C, the reduction resulted in a protein band at approximately 55 kDa that was still
considerably higher than the expected 35 kDa molecular weight of the non-
glycosylated NCEH1 protein. The inability to decrease the amount of hyper-
glycosylation further, without mutation, led to the exploration of a purification
protocol for the NCEH1 pPICZ expression construct.

The pPICZ constructs expressed NCEH1 intracellularly. No difference was

observed in the expression level of the truncations 56-440 versus 111-440 NCEH1 and
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therefore, all further experimentation was carried out with truncation 111-440 with the
anticipation that this construct would be preferable for structural characterization by
X-ray crystallography. Cellular expression was halted after 8 h at 30 °C and the cells
were pelleted by centrifugation at 8,200 x g for 10 min. The pellets were resuspended
in 50 mM sodium phosphate buffer, pH 7.4, containing 300 mM NaCl and lysed by
sonication. The solution was sonicated for three 1 min intervals with a rest on ice
between each cycle. The sample had 1% tween 20 added and was rocked for 20 min at
4 °C before the membrane component was removed by 2 rounds of centrifugation at
23000 x g for 20 min each. The supernatant was originally incubated on Ni-sepharose
beads for 1 h before being sequentially washed with a buffer containing 50 mM
sodium phosphate, pH 7.4, containing 300 mM NaCl and a second wash buffer with
50 mM sodium phosphate pH 7.4 containing 300 mM NaCl and 100 mM imidazole.
The protein was eluted with 3 consecutive washes with 10 mL of 50 mM sodium
phosphate, pH 7.2, containing 300 mM NaCl, and 300 mM imidazole. The elutions
were concentrated to 3 mL and dialyzed overnight into 10 mM HEPES buffer, pH 7.8,
containing 10 mM NaCl. The resulting purified protein can be seen in Figure 3.5.
Although a band was observed at the expected molecular weight of 35 kDa, the
purified sample was estimated to be 60% pure by ImageJ analysis. The yield from the

purified NCEH1 sample was 0.26 mg/L of expression.
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Figure 3.5: SDS PAGE analysis of purified NCEH1 from the pPICZ expression
vector. Purification completed with nickel sepharose resin (GE Healthcare) and

resulted in a sample lacking in purity, approximately 60%, but a band present near the
expected 35 kDa molecular weight.

The goal of this portion of the project was to obtain pure NCEH1 in a high
yield for protein crystallization trials. Therefore, an increase in yield and purity was
required to justify the use of the Pichia expression system. In an effort to increase the
purity of the sample, a cobalt talon resin (Clontech) was utilized to replace the Ni-
sepharose. The new cobalt resin increased the purity of NCEH1 to 80%; however, it
reduced the yield to an average of 0.16 mg/L of expression. Ni-NTA provides a
nitrotriacetic acid linker between the Ni%* and the resin, decreasing the leaching of
Ni2* from the resin. Ni-NTA has been experimentally shown to increase yield and

purity in comparison to the nickel sepharose.® The Ni-NTA resin was capable of
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increasing the NCEH1 purity above 90% and still achieving a yield of approximately 1

mg/L of expression. The difference in purification resin can be visualized in Figure

3.6.
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—
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Purity: 60%
Yield: 0.26 mg/ L of
expression

Cobalt

Purity: 80%
Yield: 0.16 mg/ L of
expression
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Figure 3.6: SDS PAGE analysis of the purification of NCEH1 using Ni-sepharose,
cobalt, and Ni-NTA resins. The gel furthest to the left shows the purified protein
lacking in purity with Ni-sepharose. Cobalt, shown in the middle, increased the purity
of NCEH1, however decreases the yield in relationship to the Ni-sepharose column.
The Ni-NTA resin, shown to the right, provided the highest purity and yields for the
purification of NCEH1.

The purification of NCEH1 with Ni-NTA was the first successful purification

to yield pure protein, and at a concentration viable for protein crystallization trials.

Before screening for optimal crystal conditions could occur, the functionality of the
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NCEH1 expressed from pPICZ was characterized. The presence of functional protein
was verified using the 2-thio-acetyl MAGE assay before the sample was utilized for

crystal screening.

3.3.3 Functional Characterization of NCEH1 from pPICZ

Igarashi et al. found that upon truncation of the N-terminus of NCEH1, the
inability to glycosylate the protein led to a loss of activity. This information led to the
prediction that glycosylation was required for NCEH1 activity.® In chapter 2 of this
work, data was presented that also suggested that NCEH1 became unstable upon
truncation of the N-terminus. Specifically, the protein was unable to be expressed
when a histidine tag was added, but was well expressed when a larger chaperone
protein fusion partner was added. Pichia pastoris is a eukaryote, and therefore offers
intracellular machinery that is more appropriate for assisting in the folding of
mammalian proteins, such as NCEHL1. At this point, expression of NCEH1 in Pichia
has been demonstrated with a simple histidine tag, showing a vast improvement in the
folding environment for this protein. However, functionality of NCEH1 needed to be
verified. The modified substrate 2-thio-acetyl MAGE, shown in Figure 2.3 in chapter
2, was utilized in an effort to confirm the functionality of NCEH1.

Due to the poor water solubility of the modified substrate, high enough
concentrations could not be achieved to enable saturation Michaelis-Menten
characterization. Therefore, an alternative strategy was explored, and activity was
verified in concert with the use of the potent and selective inhibitor JW480 (shown in
Figure 3.7) designed by Dr. Benjamin Cravatt.” Activity assays were conducted in 1

mL volumes of 75 uM 2-thio-acetyl MAGE, 1 mM DTNB, and 50 mM sodium
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phosphate pH 7.8. The assay was started by mixing approximately 0.1 puM of protein
into solution and monitoring the absorbance change at 412 nm for 60 s. The results
demonstrated in Figure 3.7 show an increase in activity in the purified protein sample

when compared to the assays run in the presence of only buffer or NCEH1 previously

incubated with JW480.
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Figure 3.7: The structure of the inhibitor JW480. The inhibitor was designed by Dr.
Benjamin Cravatt for specificity against NCEH1’. The graph to right displays the
normalized activity of the NCEHL1 cleavage of 2-thio-acetyl MAGE in comparison to
buffer and protein incubated with JW480.

The noted increase in activity of the purified protein sample indicated the
presence of NCEH1. However, the decrease in activity to background levels of the

protein sample incubated with JW480 confirmed that the hydrolysis of 2-thio-acetyl

MAGE was in fact by NCEH1.
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3.3.4 Crystallization Screening of NCEH1 from pPICZ

NCEH1 crystal trays were laid using the sample depicted in Figure 3.8. This
sample had a concentration of 1.2 mg/mL, as measured using a BSA assay and a
purity of greater than 95%, as determined by ImageJ. This sample was used to lay two
crystal trays, screens 1 and 2. During these trials, multiple wells showed the presence
of microcrystals after a 5-10 day incubation. After 4 weeks of monitoring, four
conditions were selected that showed the most promise. These conditions are shown

below in Table 3.4 and crystals are shown in Figure 3.8.

Hampton Research Screen Well Number  Condition

1 45 .2M Zinc acetate dihydrate, .1M sodium cacodylate trinydrate pH 6.5, 18% PEG 8,000
1 46 .2M Calcium acetatae trihydrate, .M sodium cacodylate pH 6.5, 15% PEG 8,000

2 22 .2M Sodium acetate trihydrate, .1M Tris hydrochloride pH 8.5, 30% PEG 4,000

2 30 .2M Ammonium Sulfate, 30% PEG 8,000

Table 3.4: Crystallography solutions yielding microcrystals. Crystallography
conditions arose from Hampton Research screens 1 and 2. The corresponding screen,
1 or 2, is listed in the first column of the table followed by the corresponding well
solution number and chemical contents.

Figure 3.8 shows the original microcrystals obtained from the conditions listed
above. Each of the conditions were replicated and after the formation of crystals,
hanging drops were selected and carefully washed with the corresponding well
solution. The wash removed un-crystalized protein from the sample, while leaving the
precipitated crystals. The remaining crystals were selected and dissolved in water and
1x SDS PAGE loading dye. The samples were boiled for 10 min and loaded onto an
SDS PAGE gel for analysis. Figure 3.8 shows the resulting SDS gels from each well
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solution to the right of the corresponding crystal image. Each SDS gel shows the
corresponding protein next to a broad range ladder and each of the conditions tested
yielded the NCEH1 band with the exception of the calcium acetate hydrate solution,
Figure 3.8 C. Density of the resulting SDS PAGE band was dependent on the number
of crystals selected and dissolved. The decrease in the apparent concentration

represents fewer dissolved microcrystals.
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Figure 3.8: SDS PAGE gel representation of the NCEH1 sample used to lay hanging
drop crystal screens 1 and 2. BSA analysis found the concentration of the NCEH1 to
be approximately 1.2 mg/mL and purity to be greater than 95% as estimated by
ImagelJ. Several wells resulted in the formation of microcrystals as demonstrated in the
figure. The crystals are ordered from top to bottom starting with the sodium acetate
condition (a), the ammonium sulfate condition (b), the calcium acetate hydrate
condition (c) and the zinc acetate dihydrate condition (d). Drops were carefully
washed with well solution to remove excess un-crystallized protein before crystals
were selected and resuspended for SDS PAGE analysis. With the exception of calcium
acetate hydrate condition, each condition verified the presence of a protein at the
expected 35 kDa band.
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To optimize crystal formation, the sodium acetate (Figure 3.8a), ammonium
sulfate (Figure 3.8b) and zinc acetate dihydrate (Figure 3.8d) solutions were prepared,
filtered, and used as the well solution for an additive screen (Hampton Research).
Crystal trays for each of the three conditions were laid, and the first forty-eight additives
from the Hampton Research screen were sequentially pipetted into the wells, resulting
in 48 unique solutions. In most cases the additive did not affect the formation of crystals;
however, the additive screen for the sodium acetate solution (Figure 3.8a), with the
addition of 2.5 mM adenosine 5 triphosphate disodium salt hydrate, yielded the crystal

shown in Figure 3.9.

Figure 3.9: Crystal resulting from 0.2 M sodium acetate trihydrate, 0.1 Tris
hydrochloride pH 8.5, 30% w/v PEG 4,000, 2.5 mM ATP.
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Crystallography screens were halted when a similar molecular weight protein
was isolated during a shortened purification of empty pPICZ vector, and work was
started to determine its identity. The impurity was identified as mitochondrial alcohol
dehydrogenase, mADH, with a molecular weight of 37 kDa. As demonstrated in Chen
et al., mADH can be removed from the Ni-NTA resin with imidazole concentrations
of 50-100 mM.8 The full purification protocol used to generate the crystals above
utilized a 500 mL 100 mM imidazole wash of the Ni-NTA resin. This should be more
than sufficient to remove mADH, and its sudden appearance is attributed to utilizing
the shortened wash protocol without a 100 mM imidazole wash in the empty vector
purification.

Future crystallography work will continue the screening for optimal
crystallization conditions around the three verified crystallography conditions that
yielded crystals. Variations in the pH, precipitant concentration, incubation
temperature, and protein concentration can all be utilized in screening to further
optimize crystallization conditions. The purified protein sample may also be subjected
to second purification step utilizing an anion exchange FPLC column to guarantee the

removal of mADH.

3.3.5 Glycosylation Mutagenesis of NCEH]1 in pPICZa
Previous experimentation with NCEH1 in the pPICZa vector demonstrated the
secretion of NCEH1,; however, the protein appeared to be hyper-glycosylated.

Experimentation with NCEH1 within the pPICZ vector showed the protein to be un-
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glycosylated and demonstrated activity on its modified natural substrate 2-thio-acetyl
MAGE. This observation suggested that the glycosylation sites (amino acids 270, 287
and 389) on NCEH1 purified from pPICZa could be mutated and the protein would
remain active NCEH1.

The three asparagine to glutamine mutations were introduced by PCR
mutagenesis to the already verified NCEHI construct ligated into the pPICZa vector.
The glutamine mutation was chosen to maintain relative size and charge at each of the
amino acid locations, while preventing the actual glycosylation. The mutants were
each transformed into DH5a cells for DNA sequence confirmation before being
inserted into the KM71H strain of Pichia pastoris. Previous experimentation, Figure
3.2, showed evidence of that the yeast cells became unstable after incubation in
methanol for 8 h. Previously, it has been shown that Pichia cells cannot maintain
themselves on methanol alone. ! The expression medium containing 100 mM
potassium phosphate, pH 6.0, 1.34% yeast nitrogen base, 2.5uM Biotin and 0.5%
methanol was supplemented with 100 mM sorbitol allowing for sustained growth of
Pichia pastoris without downregulating the AOX promoter, as would be seen with
glycerol. This change in expression media allowed for the elongation of the expression
protocol from 8 h to 48 h. The increase in expression translated to an increase in
protein yield from 0.17 mg/L of expression to 1.0 mg/L of expression.

Initially the purification of NCEHI1 from pPICZa was completed by dialysis of
the pPICZa supernatant into 50 mM sodium phosphate buffer containing 300 mM
NaCl at a pH of 7.4. The supernatant was passed through a Ni sepharose column for
binding, washed with the sodium phosphate buffer and eluted with the same wash

buffer but with the addition of 300 mM imidazole. The resulting purifications are
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depicted in Figure 3.10. This figure shows a purification of the hyper-glycosylated
wild type (a) as well as the corresponding decrease in glycosylation states that resulted
from the elimination of glycosylation sites in the N270Q/N287Q double mutant (b)
and N270Q/N287Q/N389Q triple mutant (c). Also shown in Figure 3.10 is the
treatment of wild type protein with a de-glycosylase (PNGase), leading to the
formation of 35 kDa band (d). The formation of the 35 kDa band indicates that the
wild type NCEHL1 is undergoing glycosylation as a posttranslational modification.
Due to the high molecular weight observed for the triple mutant, the possibility of an
unknown glycosylation site on the NCEH1 protein was explored. However, when the
purified triple mutant N270Q/N287Q/N389Q was subjected to PNGase, no detectable
change was observed indicating that either the additional glycosylation site was not
accessible or that there was an uncontrolled and unintended modification to the

protein.
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Figure 3.10: SDS PAGE analysis of the purifications of NCEH1 glycosylation
mutagenesis from pPICZa. This figure shows a purification of the hyper-glycosylated
wild type (a) as well as the corresponding decrease in glycosylation states that resulted
from the elimination of glycosylation sites in the N270Q/N287Q double mutant (b)
and N270Q/N287Q/N389Q triple mutant (c). Also shown in Figure 3.10 is the
treatment of wild type protein with a de-glycosylase (PNGase), leading to the
formation of 35 kDa band (d). The formation of the 35 kDa band indicates that the
wild type NCEHL1 is undergoing glycosylation as a posttranslational modification.
Although a clear decrease is apparent in the gels a, b, and c the final product of the
triple mutant purification shown in panel c still yielded a protein at approximately 55
kDa while the predicted molecular weight remained at 35 kDa. Panel d demonstrates
an incomplete deglycosylase reaction of the wild type NCEH1 sample. The formation
of the appropriately sized 35 kDa NCEH1, marked by the red arrow, was observed
proving the proving the protein to be 35 kDa with the removal of glycosylation.

The existence of a band at 35 kDa for the wild type enzyme treated with
PNGase strongly suggests all glycosylation sites are surface accessible, and the
enzyme can be stably purified in the absence of glycosylation. The presence of a 55
kDa band for the triple mutant shown in Figure 3.10 does not have a satisfactory
explanation, if the three glycosylation sites are at positions 270, 287 and 389, as one

would expect to see a band at 35 kDa. To eliminate any anomalies of the triple mutant
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that may have arisen due to a molecular biology issue, the triple mutant plasmid was
reconstructed from the E. coli vector. The verified plasmid was grown, purified, and
reinserted into the Pichia pastoris KM71H strain. The strain was grown in a small
scale analysis, lysed, used as a template for PCR verification of the original DNA. The
resulting DNA from the PCR was verified by sequencing to contain the mutations of
interest.

The reconstructed triple mutant was expressed and because pPICZa does not
secrete many proteins an anion exchange FPLC column, HiTrap Q Sepharose (GE
Healthcare) was chosen for purification over the previously used nickel
chromatography. This modification of the original nickel purification was made to
eliminate the possibility of nonspecific contamination. The supernatant was dialyzed
into 50 mM Tris buffer pH 7.8 containing 150 mM NaCl and 1 mM EDTA. The
sample was applied across the HiTrap column and washed with 50 mM Tris buffer, 1
mM EDTA, pH 7.8 and eluted with an NaCl gradient increasing to 1 M NaCl.
Fractions were collected, and those containing protein were evaluated for activity by
2-thio-acetyl MAGE analysis. The fractions containing NCEH1 were pooled and
concentrated. The purified NCEH1 was dialyzed overnight into 10 mM hepes, 10 mM
NaCl, pH 7.4. The protein concentration for this purification was close to 1 mg/mL
and can be visualized in Figure 3.11 along with its activity toward 2-thio-acetyl

MAGE, in comparison to buffer.
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Figure 3.11: SDS PAGE analysis of the pPICZa expressed NCEHL triple mutant. The
triple mutant N270Q/N287Q/N389Q, at its expected 35 kDa molecular weight and its
corresponding ability to cleave 2-thio-acetyl MAGE proving the presence of NCEH1
in the purified sample.

3.4 Conclusions

In the previous chapter, NCEH1 was shown to demonstrate significant
instability. Due to this instability, the protein required a large chaperone protein, such
as GST or MBP, to be fused to the N-terminus for optimal folding and expression.
NCEH1 quickly destabilized if the fusion was removed resulting in the need for a
more appropriate expression system. The yeast P. pastoris is a eukaryotic system that
has been previously shown to increase the efficiency of mammalian protein expression

relative to E. coli. The Pichia system also has the ability to either express the protein
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of interest intracellularly (pPI1CZ), or to secrete the protein into the expression media
(pPICZa). Expression of NCEH1 was carried out in both expression vectors, and after
careful analysis, the KM71H strain was predicted to be the most appropriate
expression strain for NCEHL1. Initially, an expression time of 8 h was shown to be
optimal for both intracellular and secreted expression methods. However, further
expression experimentation showed that Pichia pastoris was unable to survive on
methanol alone, and the expression media was regularly supplemented with sorbitol to
provide an additional carbon source for growth without inhibiting the AOX operon.
This increased the available expression time from 8 h to 48 h for the pPICZa secreted
expression, and importantly this significantly increased the yield of NCEH1 produced.
Although this method has not been tested yet with the pPICZ expression, it is expected
to have the same increased expression time and yield of NCEH1 produced.

The purification from the intracellular expression followed a very similar
protocol to the approach previously discussed for E. coli expression. The pellet was
resuspended, lysed, and centrifuged to remove the membrane component. The
supernatant was applied to a Ni-sepharose column washed and eluted with buffers
containing various amounts of imidazole. The purification yield of NCEH1 was
improved from 0.26 mg/L of expression to 1.0 mg/ L of expression by changing to the
Ni-NTA affinity beads. Cobalt was also analyzed, and while it had moderately
increased the purity of the sample it was at a significant cost in yield. The Ni-NTA
purification was the clear winner as it increased both yield and purity of NCEH1 from
pPICZ. This increase in yield allowed for purification of soluble NCEH1 to
concentrations of greater than 1 mg/mL. The concentration of soluble NCEHL1 in

combination with purity of greater than 90% allowed for the screening of
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crystallography conditions. Three main crystal conditions were verified to contain
microcrystals of NCEH1 and further screening produced crystals slightly larger in size
with addition of 25 mM ATP to the sodium acetate solution. An additional purification
step with anion exchange chromatography should be completed to guarantee the
removal of mMADH before further screening of each of the three conditions around
optimal pH, precipitant levels, temperature, and additives is still needed to continue

the examination for optimal crystallization conditions of NCEH1.

NCEH1 was also expressed and purified from pPICZa. In this expression
protocol, the NCEH1 protein was secreted into the medium as an initial step to
purification. However, the concentration of NCEH1 in the medium remained low
enough to eliminate ammonium sulfate precipitation as an optimal method of
purification from supernatant. Various methods to reduce the 1.2 L of supernatant
were tested including concentration, a forced dialysis method with Aquacide 11, and
incubating the supernatant on a gravity flow affinity column. Each of these protocols
failed to provide a viable method to retain a significant amount of the protein in a
clean, timely and cost efficient manner. The best method consisted of dialyzing the
supernatant against a loading buffer for an FPLC column, loading the supernatant
across a nickel or anion exchange column, and testing eluted protein fractions for
activity. After analysis of the eluted protein, it was discovered that the pPICZa
expression hyper-glycosylated the NCEH1 protein. In an effort to reduce the hyper-
glycosylation three asparagine to glutamine mutations were made at amino acids 270,

287, and 389. Functional protein at the expected molecular weight of 35 kDa was
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isolated with the use of an anion exchange column with a similar concentration and
purity to the intracellular expression. These results represent the first time NCEH1 has
been expressed and purified outside of a mammalian expression system. Not only was
an increase in purity achieved from P. pastoris expression, but it was achieved without
a large protein fusion partner on the N-terminus of NCEHL1. The stability of NCEH1
from P. pastoris indicates that NCEH1 can maintain stability without the first 111
amino acids of the N-terminus of the protein. In addition, the three asparagine to
glutamine mutations removed the posttranslational modifications of NCEH1 without
effecting the activity of NCEH1, as seen with the turnover of the modified natural
substrate 2-thio-acetyl MAGE. This confirms that glycosylation is not required for
catalytic ability, and suggests more of a structural role for glycosylation in mammalian
cells.

Although this expression and purification protocol has resulted in a large
improvement in the ability to isolate purified NCEH1, it can still be improved. The
intracellular expression has not been completed in the presence of sorbitol, and neither
expression has been completed in a complex media. Both of these expression
modifications have the potential to significantly increase the soluble yield of NCEH1
from Pichia pastoris. The increase in yield and purity of NCEH1 from the Pichia
pastoris system will allow an in depth look at the functional and structural components

of NCEHL1 for the first time.
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Chapter 4

CONCLUSIONS AND FUTURE DIRECTIONS

4.1 NCEH1 Expression and Purification from E. Coli

The truncation of the membrane protein’s transmembrane helix has been
shown to decrease the stability of NCEH1.? The work reported in Chapter 2, utilizing
the recombinant E. coli system, supported the need for a chaperone protein fusion
partner. The inability to express the N-terminally truncated enzyme alone, or with only
a small histidine fusion tag lead to the discovery that the enzyme required a larger
fusion protein such as GST or MBP to assist in the folding of NCEH1. Successful
expression of NCEH1 was achieved with both GST and MBP fusion tags. However,
these larger fusion partner constructs were still expressed almost exclusively into the
insoluble fraction. In an effort to increase the solubility of NCEH1, N-terminal
truncations were made to remove predicted hydrophobic regions. The NCEH1
expression construct obtained from Dr. Benjamin Cravatt had already removed the
first 55 amino acids corresponding to the N-terminal transmembrane helix. After
expression experiments showed that the protein remained in the insoluble fraction a
second hydrophobic domain was removed creating the NCEH1 truncation 111-440.
No significant improvement in solubility was observed. In a last attempt to improve
solubility through truncation a construct of amino acids 165-440 was created to mimic
the third human isoform of NCEH1. This truncation was not successfully expressed
with either the GST or MBP fusion proteins, and has not been attempted in Pichia
pastoris. The lack of solubility led to the requirement of purifying large volumes of
expressed NCEHL1 in an effort to recover a large enough quantity of enzyme for

functional and structural studies.
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Purification of NCEH1 from the E. coli recombinant system also provided
evidence of the protein’s instability as the protein was unable to be cleaved
successfully from its fusion tag. Thrombin and Factor Xa, were both incapable of
complete cleavage of the MBP-NCEHL1 fusion proteins. The NCEH1 that was cleaved
by either protease was rapidly destabilized and degraded. Due to the limitations in
protein cleavage, functional and structural characterization of the MBP-NCEH1 fusion
protein was pursued without the cleavage of the MBP fusion tag. Modifications to the
expression and purification protocol increased the yield of recovered protein from 0.08
mg/L of expression to 0.15 mg/L of expression.

Functional characterization was completed by monitoring the hydrolysis of
para-nitrophenyl acetate (PNPA) and the modified natural substrate 2-thio-acetyl
MAGE. The poor solubility of the natural substrate precluded Michaelis-Menten
kinetics; however, the use of this substrate confirmed the activity was attributed to
NCEH1. As a substitute for 2-thio-acetyl MAGE, PNPA was used for kinetic studies
and a K and Kear Were calculated to be 5.3 mM and 4 s respectively.

Samples demonstrating soluble fusion protein concentrations greater than 0.5
mg/mL, and with a purity of greater than 90%, were utilized for crystallization trials.
Hanging drop preparations utilizing Hampton Research screens 1 and 2 were laid and
incubated at room temperature. Microcrystals were achieved; however, the protein
concentration remained low and the size and quality of crystals grown could not be
improved.

Previous work by Nomura et al. suggested directed mutagenesis could improve
the solubility of NCEH1.2 Due to the lack of a verified structure for the enzyme, this

random mutagenesis was used instead in an effort to increase the soluble fraction of
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the enzyme. Random mutagenesis was accomplished with the addition of modified
dNTPS, 8-0x0-2'-deoxyguanosine-5'-triphosphate and 2'-deoxy-P-nucleoside-5'-
triphosphate, to a PCR protocol containing the DNA template 56-440 NCEH1 with a
predicted mutation rate of 6-19%. Mutagenic DNA was transformed directly into
BL21-CodonPlus(DE3)-RIPL cells, colonies were screened for activity, and three
colonies were selected for large scale expression and purification. The average yield of
recovered NCEH1 was 0.47 mg/L of expression, an improvement over the previous

recovery of 0.15 mg/L of expression.

4.2 Pichia Pastoris

The instability of NCEH1 from E. coli led to the decision to switch expression
systems and attempt to obtain purified enzyme from Pichia pastoris, a eukaryotic
system better equipped for the folding mammalian proteins. Both the 56-440 and 111-
440 NCEHL1 truncations were sub-cloned into two expression vectors, pPICZ and
pPICZa, selected for the ability to intracellularly express or secrete NCEH1,
respectively. Both vectors contained a short C-terminal histidine tag and lacked a large
chaperone on the N-terminus of the protein. NCEH1 was successfully expressed in
both vectors. In contrast to NCEH1 expressed from E. coli and regardless of the lack
of an N-terminal chaperone, the successful expression of NCEH1 from Pichia strongly
suggested that the N-terminus was not required for stability of the protein and that the
protein benefited from the Pichia folding mechanisms.

The expression of NCEH1 demonstrated a time dependent curve that
maximized protein production at 8 h following methanol addition. This was caused by
the inability of the KM71H strain to completely utilize methanol as a carbon source.

The addition of sorbitol to the expression medium elongated the expression time of
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pPICZa, increasing the available NCEH1. This method has not been tested for pPICZ,
but is predicted to have the same elongating effect.

Purification of NCEH1 from P. pastoris has resulted in a protein concentration
of 1 mg/L of expression for both expression vectors. The protein was estimated to be
90% pure by ImageJ, resulting in the first time NCEH1 has been successfully purified
with the lack of a chaperone protein in concentrations and purity high enough for
crystallization trials. Hanging drop preparations of crystal screens 1 and 2 were laid
using protein samples with concentrations greater than 1 mg/mL resulting in several
conditions yielding microcrystals. Microcrystals from four separate conditions were
re-solubilized and analyzed via SDS PAGE. Three of the four showed an apparent
band at the predicted 35 kDa providing evidence to pursue crystallization screening
around each of the three conditions.

A disadvantage to the pPICZ expression vector was the expression of the
endogenous Pichia protein mitochondrial alcohol dehydrogenase or mADH. This
protein was found to have a very similar molecular weight to NCEH1 at 37 kDa.
Research has shown that this enzyme elutes from a Nickel column at imidazole
concentrations of 50-100 mM while NCEH1 has been shown to elute above 100 mM.3
The difference in elution characteristics make it unlikely that mADH is co-purifying
with NCEH1. Although not demonstrated in this work, mADH could also be removed
with anion exchange chromatography as the proteins do not have the same pl.
Fortunately, the co-expression of mADH can be circumvented using pPICZa, which
will excrete NCEHL1 into the media. Unfortunately, the secretion of NCEHL1 led to a
hyper-glycosylated state. The three predicted glycosylated asparagines located at

amino acid 270, 287, and 389 were successfully mutated to glutamines, eliminating
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the hyper-glycosylated protein. Although abnormalities arose with this protocol,
modifications to the purification scheme resulted in the recovery of a functional 35
kDa band of NCEH1 as previously predicted without glycosylation.

The demonstration of activity of NCEH1 expressed from both E. coli, which is
incapable of glycosylation, and P. pastoris with all three glycosylation sites mutated
demonstrated functional protein can be prepared without glycosylation. These results
contradict previous notions that glycosylation is required for catalytic activity®.
Current evidence appears to signify glycosylation plays a role in stabilizing NCEH1
during folding. This was demonstrated by the inability of NCEH1 to maintain
stability without a chaperone protein in E. coli, but maintain stability in P. pastoris

without a chaperone.
4.3 Future Directions

4.3.1 Escherichia coli Expression

Due to the instability of NCEH1 from the E. coli expression system, a large
chaperone protein was required to remain fused to the enzyme. The ability to isolate
higher concentrations of NCEH1, without a chaperone, from Pichia pastoris
eliminates the need for future work to improve the recovery of NCEH1 from E. coli.
However, further experimentation involving the random mutagenesis of NCEH1 is
still best completed with the E. coli system to enhance our understanding of
therapeutic approaches to NCEHL1.

Random mutagenesis within this work has already shown colonies with an
apparent increase in solubility, however the sequences from the random mutagenic

strains have not been isolated. Thus, it is unclear if the apparent increase in solubility
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is due to mutation or another cellular variation. The sequencing of these variants is the
next step to answer the question of whether mutation or unknown variation of
expression is the reason for the increase in recovered NCEH1. The difficulty of
sequencing from BL21 cells requires these plasmids to be retransformed into DH5a
cells for propagation and subsequent sequencing analysis. Understanding the
mutations present could improve the solubility of NCEH1, and if needed, could then
be incorporated into the sequences of the P. pastoris expression system. This
improvement could enhance the yield of NCEHL1, creating better opportunities for
crystallization, as well as our ability to perform the directed mutagenesis required to
increase in solubility.

An additional direction for mutagenic NCEHL is to increase the functional
ability to cleave organophosphorus compounds. As discussed in appendix A of this
work, random mutagenesis of platelet-activating factor acetylhydrolase (PAF-AH), a
similar process has already been initiated with PAFAH. A similarly designed protocol
could also be carried out with NCEHL1 in an effort toward improved organophosphate
hydrolase activity. This protein engineering would be beneficial for the catalytic

bioscavenging of nerve agents and pesticides used within the environment.

4.3.2 Pichia Pastoris

The ability to purify NCEHL1 in concentrations and purity high enough for
crystallization trials is a critical first step for the elucidation of the structure of the
enzyme. Although this work reports concentrations of soluble protein above 1 mg/mL,
this is still on the low end for optimal crystallization screening. Future work to
increase the concentration of soluble NCEH1 retrieved for the P. pastoris expression

system includes the following paths. As previously mentioned, the incorporation of
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mutations from the sequencing of the E. coli random mutants may increase the soluble
fraction of NCEH1. Solubility may also be increased by switching the growth and
expression media from minimal to complex by including yeast extract and peptone for
the growth and stability. In addition, the NCEH1 truncation 165-440, created to
replicate human isoform c, was never constructed for Pichia expression. The lack of
expression in E. coli does not necessarily preclude stability within the Pichia
expression system, as noted by the ability of P. pastoris to express stable NCEH1
lacking an N-terminal fusion protein. The 165-440 construct may prove critical in the
ability to achieve high concentrations of soluble enzyme with an increase in
homogeneity critical for the crystallization of NCEHL1.

Initial crystallization trials indicated that there were three possible
crystallography conditions to optimize for further screening. Future work around the
crystallization of NCEH1 will include the screening of conditions previously
mentioned and will be performed on highly pure samples, such as shown in Figure
3.11. Variables such as pH, temperature, enzyme concentration and precipitant
concentrations will be varied, and oil overlays, and new additives will be evaluated.
Crystallization screening with the inhibitors bound, such as the Cravatt ABPP
inhibitor JW480 should also be explored.

Functional characterization of the intrinsic Kinetic parameters of Km, Vmax, and
Keat, have also only been explored with the fusion MBP_NCEH1 construct from the E.
coli expression system. However, the instability of the enzyme upon cleavage of the
fusion MBP would suggest an imperfection in the folding of NCEH1. The NCEH1
enzyme expressed from Pichia pastoris does not require a large fusion chaperone for

stability, and therefore this method of expression most likely produces a more
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accurately folded enzyme. Functional characterization of the intrinsic kinetic
parameters should be further studied on the enzyme resulting from the Pichia system.
At this time purified NCEH1 has also never been demonstrated to catalytically
cleave cholesterol esters. A coupled catalytic cholesterol esterase assay should be
performed with the purified enzyme to further study its role as a neutral cholesterol

esterase.

4.3.3 Other Expression Systems

As previously mentioned in Chapter 1 of this work, NCEHL1 is predicted to
have three human isoforms; however, extensive research has not been carried out to
identify the importance of these isoforms or the role they play in different cell types.
Further experimentation is required to identify the isoforms of NCEH1 associated with
various cellular types, such as macrophages and platelets, as well as disease states
involving atherosclerosis and cancer. Experimentation should also focus on the effect
of the different isoforms on natural substrates.

The isolation of purified and functional NCEH1 from both E. coli and P.
pastoris strongly suggests that glycosylation plays a role in the stability of NCEH1
while folding; although, the Pichia system lacks the ability to glycosylate the protein
identically as the mammalian system would. The actual physiological role of
glycosylation cannot be adequately studied in either E. coli or Pichia, and therefore
requires an in-depth analysis from a mammalian system. Igarashi et al. demonstrated
an importance of glycosylation pattern of the mouse form of NCEH1. However,
glycosylation is only predicted to share two similar sites between the mouse and
human form. In addition to this, the human form is only predicted to contain the three

glycosylation sites. However, only two molecular weights were visualized at 45 kDa
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and 50 kDa in mammalian cells 2#, Upon treatment with a deglycosylase the
molecular weight was visualized at 40 kDa*. The only plausible experiment to study
the role of glycosylation would require the expression and functional characterization
of human NCEH1 within a mammalian expression system. It could be beneficial to the
therapeutic approaches to NCEHL1 to confirm the three glycosylation sites, as well as
any pattern these glycosylation sites may play within the various cell types containing
NCEHL1. Investigation into the glycosylation pattern involving both healthy and
cancerous cell lines could improve our knowledge of the functional activity of NCEH1
pertaining to aggressive cancers and atherosclerosis. This information could be
coupled to testing constructs of various glycosylation patterns, in their physiological
conditions, to isolate any correlation between their differences and their functional
ability pertaining to the endogenous substrates 2-acetyl MAGE, cholesterol esters, and

organophosphates.
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Appendix A
RANDOM MUTAGENESIS OF PLATELET-ACTIVATING FACTOR
ACETYLHYDROLASE

A.1 Introduction

As discussed in the introduction of this work platelet-activating factor (PAF) is
a potent lipid mediator that causes inflammation and atherosclerosis.} The regulation
of PAF is a part of numerous biological pathways including the inflammatory
response, anaphylaxis, hypotension, and smooth muscle contraction.® In addition to
the hydrolysis 2-acetyl MAGE by NCEH1, PAF is predominantly regulated by
platelet-activating factor acetylhydrolase, (PAFAH) also via hydrolysis. This reaction

is shown in Figure A.1.

0 Lo PAFAH % OH
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Figure A.1: The hydrolysis of PAF by PAFAH. The reaction forms a biologically
inactive lyso-PAF and acetate ion.

PAFAH is a serine hydrolase exhibiting the classic a/p-hydrolase fold whose
structure was previously reported by Samanta et al. in 2008.°> Although significant
research on the PAFAH enzyme has involved elucidating its role in atherosclerosis, it
also has implications in the hydrolysis of organophosphate (OP) compounds such as

paraoxon, sarin, tabun, and soman shown in Figure A.2. This figure, originally printed
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in Samanta et al. in 2009, demonstrates the process of OP hydrolysis and its
complications with PAFAH.® As can be seen in Figure A.2, the organophosphate
compound binds to the active site of the serine hydrolase, progressing the enzyme first
to a “non-aged” complex. This complex is an inhibited form PAFAH, but theoretically

could be hydrolyzed with the addition of a catalytic base to activate a water molecule.
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Figure A.2: Serine hydrolase reaction with organophosphates. A) The interactions of
organophosphate compounds with serine hydrolases. In enzymes such as
acetylcholinesterase, the OP compound binds the active site of the serine hydrolase
inactivating the enzyme causing the formation of an “aged” complex. The addition of
an optimally placed basic compound can participate in the turnover of the OP
preventing the “aged” complex from forming. B) Example of toxic OP compound
structures paraoxon, tabun, sarin, and soman.

Reprinted from “Crystal structures of human group-VIIA phospholipase A2 inhibited
by organophosphorus nerve agents exhibit non-aged complexes”, (2009) Biochemical
Pharmacology 78, 420-429., with permission from Elsevier.
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Wild type PAFAH lacks the basic residue required for the dephosphorylation
of the active site serine, deactivating it in the presence of OP compounds. However,
the crystallization of PAFAH in the presence of sarin, soman, and tabun led to directed
mutagenesis of the tryptophan residue at position 298 to a histidine residue.” Kirby et
al. showed that this mutation was able to successfully dephosphorylate the catalytic
serine residue in the active site of PAFAH. This was a critical first step to the analysis
of PAFAH as a relevant catalytic bioscavenger against potentially life threatening OP
compounds. However, the novel somanase activity kcat was only reported as 5 min™’
This novel somanase activity led to the belief that further directed, or random,
mutagenesis was a possible means to increase the catalytic efficiency of PAFAH
against OP compounds. However, the screening of mutagenic DNA could be time
consuming and inefficient.

Cho et al. demonstrated the successful screening of randomly mutated DNA
through cell surface display of a organophosphorus hydrolase (OPH) in E. coli.? This
method provided the next step in the consideration of other mutations that could
increase the catalytic activity of PAFAH against OP compounds. The following work
presented in this appendix will discuss the current state of the mutagenesis of PAFAH,

and its ability to cleave the OP compound methyl paraoxon.
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A.2 Materials and Methods

A.2.1 Random Mutagenesis

The PAFAH DNA template spanning amino acids 49-423, and already
containing the W298H mutation, was obtained from Emily Hartzell and utilized for
random mutagenesis. Random mutagenesis was introduced into the PAFAH DNA
sequence with the use of 10 mM mutagenic dNTPS 8-oxo0-2'-deoxyguanosine-5'-
triphosphate and 2'-deoxy-P-nucleoside-5'-triphosphate (trilink biochemical), and a
low fidelity taq polymerase (Fisher scientific). The DNA was amplified with the
forward primer 5°-
GATGATGGATCCCGGCAGCTTCGGCCAAACTAAAATCCCCCG -3’ and
reverse primer 5’-GATGATAAGCTTTCAGTTAATGTTGGTCCCTGGAATAAG -
3” for 20 cycles with fresh DNA template added after the 10" cycle. The PCR reaction
was run in duplicate in an effort to maximize the mutagenic library and a mutation rate
of 6-19% was expected for this reaction.® The amplified DNA was PCR purified with
a Qiagen purification kit and eluted in ddH20. This sample was stored as the library of

mutagenic DNA for further PCR reactions.

A.2.2 Subcloning of PAFAH into the pINCOP Vector.

The pINCOP plasmid originally described in Shimazu et al.® ° utilized
throughout this portion of the experiment was obtained from Dr. Wilfred Chen and
contained a truncated ice nucleation protein (INP). INP created an anchor used to
display PAFAH on the surface of the cell. Cell surface display of PAFAH was
achieved previously by Emily Hartzell by fusing the enzyme onto INP within the
pINCOP vector. PAFAH was confirmed to be displayed by Emily in activity assays

showing the cells ability to hydrolyze a modified natural substrate of PAFAH 2-thio-
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PAF and was utilized as the template for a second PCR reaction, lacking the
mutagenic dNTPs and running for 30 cycles for maximum amplification. The pINCOP
vector and amplified DNA was digested with BamHI and Hindlll for 2 h at 37 °C. The
digested samples were gel purified with a Qiagen extraction kit and ligated overnight
at 14 °C with T4 Ligase (New England Biolabs).

Ligated DNA was subcloned into BL21(DE3) cells (New England Biolabs) by
a heat shock method. DNA was incubated with BL21(DE3) cells on ice for 5 min, heat
shocked at 42 °C for 45 s, and placed back on ice for 2 min. The samples were
incubated, shaking, at 37 °C for 1 h in 1 mL of LB. The mixture was then added to 5
mL of LB containing 100 pg/mL of ampicillin for growth overnight. This sample

contained a mixture of PAFAH mutants and was stored in aliquots at -80 °C.

A.2.3 Screening of Mutagenic PAFAH

BL21 cells containing the mutated PAFAH DNA were plated on numerous LB
agar plates supplemented with 100 pg/mL of ampicillin. The BL21 cell were also
plated on M9 agar plates supplemented with 0.1% tryptone, 0.05% yeast extract, 0.1%
casamino acids, 0.2% glucose, 100 pg/mL ampicillin, and 10 uM CoCl.. Plates were
grown at 37 °C for 16 h before a top agar containing 0.7% agar, 50 mM phosphate-
citrate buffer pH 8.0, and 1 uM methyl paraoxon (Sigma-Aldrich). Colonies
developing a yellow color were selected and grown up overnight at 37 °C in5 mL LB
containing 100 pg/mL ampicillin. Overnight samples containing wild type PAFAH
and W298H PAFAH constructs, which were ligated into the pINCOP vector as
controls.

Small aliquots of each overnight were stored at -80 °C for future

experimentation. Overnights were then centrifuged at 4000 rpm for 10 min and
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resuspended in 2 mL of 50 mM phosphate-citrate buffer pH 8.0. After resuspension an
additional volume of 50 mM phosphate-citrate buffer containing methyl paraoxon was
immediately added to each tube to a final reaction volume of 2.5 mL containing 1 pM
methyl paraoxon. The tubes were mixed and an initial spectrophotometer absorbance
at 405 nm was measured. The reaction proceeded for 10 min before a second
spectrophotometric reading was taken. Colonies expressing activity higher than the OP

hydrolase mutant, W298H, were saved for future experimentation.

A.2.4 Subcloning of Mutagenic DNA into pGEX-6P1

Colonies selected during the screening of mutagenic PAFAH for an increase in
activity toward methyl paraoxon were grown up overnight 5 mL of LB containing 100
ug/mL ampicillin. The pINCOP plasmid containing the mutagenic PAFAH was
purified using a Qiagen extraction kit and used as template for PCR amplification for
the subcloning of the mutagenic DNA into pGEX-6P-1 expression vector. The DNA
was amplified with the forward primer 5° —
AAAAAAGGATCCTCCTTTGGCCAAACT — 3’ and the reverse primer 5’ —
AAAAAACAGCTGGTTAATGTTGGTCCCT — 3°. The underlined segments
represent the corresponding BamHI and Sall restriction sites, respectively. The
amplified DNA was PCR purified by a Qiagen kit, and eluted with ddH.0. The
purified DNA and empty pGEX-6P-1 vector were digested with BamHI and Sall for 1
h at 37 °C before the addition of shrimp alkaline phosphatase (rSAP) obtained from
New England Biolabs. Following the addition, the digestion was continued at 37 °C
for 2 h before the entire sample was gel purified by a Qiagen extraction kit. The
purified, digested PAFAH DNA was mixed with electrocompetent DH5a cells and

electroporated with 2.5 kV. The cells were mixed with 1 mL of LB and incubated
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shaking at 37 °C for 1 h. The various quantities of the transformation were plated on

LB agar containing 100 pug/mL ampicillin.

A.3 Results and Discussion

The wild type truncation 49-423 PAFAH and the mutant W298H of the same
truncation were previously ligated into the pINCOP vector by Emily Hartzell, creating
the pINCPAF and pINCPAF298 expression vectors. This work had demonstrated that
PAFAH was successfully displayed at a high yield on the surface of the bacterial cells
by the functional hydrolysis of 2-thio-PAF, a modified natural substrate of PAFAH. In
an attempt to improve the OP hydrolase activity of PAFAH random mutagenesis was
pursued in conjunction with the cell surface display protocol described in Cho et al.®
for a medium-throughput screening of the catalytic activity of PAFAH.

Template DNA for random mutagenesis was obtained from the previously
expressed 49-423 truncated PAFAH. Random mutagenesis was introduced to the
PAFAH template DNA via a reduced efficiency PCR. The reaction included a low
fidelity tag polymerase coupled with the modified dNTPS 8-0x0-2'-deoxyguanosine-
5'-triphosphate and 2'-deoxy-P-nucleoside-5'-triphosphate to induce random
mutagenesis at a predicted rate of 6-19%.° The PCR was run for 20 cycles, with fresh
template added after 10 cycles to increase the library of mutagenic DNA. The thought
process behind the addition of fresh template was to correct any amplification bias
toward mutations that may have occurred in the first few rounds of amplification. The

reaction was also run in duplicate, with all of the PCR amplified DNA purified
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together to create one clean mutagenic library. The DNA library was utilized as the
template for a second PCR reaction in which the only goal was amplification of the
mutagenic library. This step was completed across four separate preparations that were
pooled together and PCR purified by a Qiagen extraction Kit.

Plasmid preparation for the subcloning of the mutagenic DNA proceeded via
the amplification and purification of the previously created pINCPAF vector. The
original vector, obtained from Dr. Wilfred Chen, already contained an OP hydrolyzing
enzyme which was removed and replaced by PAFAH. Since PAFAH is incapable of
hydrolyzing the OP compounds without mutation, this vector was used to eliminate
false positives created by incomplete digestion of the original vector before subcloning
the mutagenic DNA. If the original vector made it through the digestion and ligation
process, the resulting colony would not be able to hydrolyze methyl paraoxon during
the screening phase. The pINCPAF vector, along with the purified and amplified
DNA, were both digested with BamHI and Hindlll, and ligated overnight with T4
ligase. The ligated sample was mixed directly with BL21 (DE3) cells and transformed
via a heat shock method. In contrast to a typical procedure, where the grown
transformation would be plated for single colonies, the mixture was grown up
overnight at 37 °C. This was done so that a solution of BL21 cells that represented the
whole library of mutagenic DNA could be stored for further experimentation.

The overnight sample, containing a variety of mutagenic PAFAH vectors, was
then used for a medium throughput screening for OP hydrolyzing ability. The

subcloned BL21 cells were plated in various amounts on both LB and supplemented
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M9 agar, which were previously described in the materials and methods. The M9
supplementation was used to increase growth, without an increase in background. LB
has a yellow color and using it might introduce interferences into the analysis. The
plates were incubated at 37 °C for 16-24 h before an agar overlay containing a 50 mM
phosphate-citrate buffer and 1 uM paraoxon was added to each plate. The colonies
were monitored for 30 min for the production of yellow color. Colonies exhibiting the
greatest qualitative change in color were selected for overnight 5 mL growth in 100
pg/mL ampicillin. Even with the background yellow hue, LB agar produced a
noticeable variation of yellow color. The slightly more labor intensive protocol of
making M9 plates was deemed unnecessary, and all further experimentation was
completed on LB containing 100 pg/mL of ampicillin.

After the selection of colonies for further screening overnights were prepared.
In parallel we also included overnights of the wild type pINCPAF and W298H
pPINCPAF as positive and negative controls. Upon binding of the OP compound, wild
type PAFAH becomes inactivated and is unable to hydrolyze the compound. Thus, no
formation of color should be evident in this sample. The directed mutagenesis of the
tryptophan to histidine mutation at amino acid 298, previously described by Kirby et
al. provided the ability to hydrolyze the OP compound albeit with a relatively slow Kcat
of 5 min™,

Small aliquots of the reactive overnight samples were removed and stored at -
80 °C as stocks. The overnight samples were then centrifuged at 3,200 x g and the

supernatants were discarded. The pellets were resuspended with 2 mL of 50 mM
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phosphate-citrate buffer, pH 8.0 and turbidity measured for the normalization of
cellular content. Additional 50 mM phosphate-citrate buffer containing 5 uM of
methyl paraoxon was added to each of the resuspended tubes to a final reaction
volume of 2.5 mL containing 1 uM of methyl paraoxon to begin the reaction. The
tubes were immediately mixed and absorbance at 405 nm measured. The reaction
progressed for 10 min before a second absorbance at 405 nm was measured and
colonies maintaining normalized catalytic ability above that of the W298H PAFAH

mutant were retained. An example of this assay can be visualized in Figure A.3.
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Figure A.3: The colorimetric reaction of PAFAH. Reaction follows the hydrolysis of
methyl paraoxon to para-nitrophenol displayed in wild type, W298H, and the
randomly mutagenic PAFAH. The reaction includes 2.5 mL of resuspended bacteria,
containing a cellular surface display of the associated PAFAH protein, in 50 mM
phosphate-citrate buffer pH 8.0 and 1 UM methyl paraoxon. The first tube on the left
contains the negative control of wild type PAFAH, which is incapable of hydrolyzing
the OP compound. The second tube from the left contains the positive W298H
PAFAH control, which displays a small level of hydrolysis. Each of the remaining
tubes account for colonies selected from previous screening of LB agar plates treated
with an overlay containing 1 pM methyl paraoxon.

This assay demonstrates the effectiveness of using random mutagenesis in
conjunction with the pINCOP cell surface display vector to screen for colonies with an
increased ability for PAFAH to hydrolyze OP compounds. As can be visualized in

Figure A.3, several colonies were produced with a greater activity that the positive
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control, W298H. It is also noticeable that several of the colonies exhibited behavior
similar to the positive control. During the initial screening phase, the change in color
was monitored after a 30 min incubation. This change was observed qualitatively,
meaning that colonies with a small to negligible change in hydrolytic capability were
not selected, but could be with a more quantitative approach. This quantitative assay
is one of the future goals of this project, outlined in the following section.

This qualitative assay does not suggest that each of the active colonies contain
separate mutations. Due to the amplification process during mutagenesis, a mutation
created early on in the PCR process would have been amplified exponentially
throughout both PCR reactions. A single mutation may be represented across several
colonies within this screening process. Colonies exhibiting the highest activity against
methyl paraoxon were selected for further screening.

The pINCOP vector was utilized significantly in this work due to its ability to
localize proteins to the cell surface; however, it is not useful for large scale expression
and purification methods. For sequencing purposes, as well as continued screening,
the mutated PAFAH will need to be subcloned into the pGEX-6P-1 vector. The DNA
was amplified from the pINCOP vector via PCR primers for the 49-423 PAFAH
truncation containing a BamHI and Sall restriction enzymes. Experimental difficulties
have arisen while using the Sall restriction enzyme and the subcloning of the mutated
PAFAH into pGEX-6P-1 has not been successfully obtained. A new reverse primer
changing the restriction enzyme will need to be designed for insertion into pGEX-6P-1

to successfully insert the mutated sequences.
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A.4 Conclusions and Future Directions

Cell surface display of the PAFAH enzyme proved to be critical to achieving
medium throughput screening of PAFAH mutant activity against the OP compound
methyl paraoxon. This work demonstrates that the combination of random
mutagenesis and cell surface display of the mutated enzymes is a successful approach
for the monitoring the catalytic activity of PAFAH. The results obtained in this work
provided several colonies of interest. These colonies exhibited an increase in methyl
paraoxon hydrolysis efficiency and will be utilized moving forward.

Going forward, a new reverse primer for the subcloning of each of the colonies
of interest should be designed for the successful insertion of mutated DNA into the
pPGEX-6P-1 expression vector. This vector will not only allow for the sequencing of
each of these mutagenic DNA samples, but also the expression and purification of the
mutants for kinetic characterization of purified enzyme. Colonies containing mutations
of increased catalytic efficiency could be crystallized, leading to a structural
explanations for their activity. These mutants with increased OP hydrolase activity
will next be evaluated for activity against OP nerve agents in collaboration with
USAMRICD. Finally these colonies could be used as templates for further
mutagenesis, random or directed, to further increase the catalytic efficiency and create
viable catalytic bioscavengers for the clearance of dangerous acetylcholinesterase

inhibitors.
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