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Abstract

Hydroxyacid Oxoacid Transhydrogenase and Succinate Semialdehyde:
Enzymes in the Oxidation of y-Hydroxybutyrate to Succinate
by
Istvan E. Szab6

Hydroxyacid oxoacid transhydrogenase (HOT) and succinate semialdehyde
dehydrogenase (SSADH) are a pair of oxidoreductases that operate along pathways adjacent
to the Szent—Gyorgyi—Krebs cycle and together catalyze the oxidation of y-hydroxybutyrate
(GHB) to succinate. GHB was initially synthesized to study the neurotransmitter GABA but
has become infamous as a date rape drug. Succinate is a well-known Krebs Cycle intermediate.

HOT is an iron-dependent group III alcohol dehydrogenase (ADH) and the only member
of this little-known, microbial-associated group found in animals. Despite its discovery in
1988, few studies on HOT have been published and the enzyme remains poorly characterized.
HOT is proposed to oxidize GHB to succinate semialdehyde with concomitant reduction of a
tightly bound NAD" cofactor that does not exchange with the solvent NAD" pool. The NAD"
cofactor is regenerated in the active site by reduction of an a-ketoglutarate co-substrate to
D-2-hydroxyglutarate (D2HG). Since D2HG has been identified as an oncometabolite involved
in tumor progression, and changes in HOT expression levels have been detected in some
cancers, HOT appears to be a potential drug target worthy of continued study.

In published research on HOT, animal organs have been primary source of the enzyme,
with cultured animal cells being secondary. However, structural (X-ray) studies demand a
relatively good amount of pure enzyme, while functional (enzyme kinetics) studies would

benefit from the ability to mutate active site residues. Recombinant HOT containing an affinity
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purification tag, transformed into E. coli or stably transfected into a mammalian cell line,
would ideally produce large amounts of pure and mutable HOT for structural and functional
studies. This manuscript describes the heterologous expression of human HOT in E. coli,
resulting in: 1) soluble and nearly pure recombinant HOT containing an N-terminal maltose
binding protein; and 2) soluble and partially purified recombinant HOT with an N-terminal
His-tag. Also described is the stable transfection of PC-12 cells (rat pheochromocytoma) with
a vector encoding recombinant HOT with a C-terminal HA-tag. Integration of this sequence
into the cell’s genome resulted in a line of cells that constitutively expressed this construct and,
upon lysis and chromatography, yielded moderately pure recombinant HOT.

Lastly, because the HOT-catalyzed reaction produces no measurable change in absorbance
or fluorescence under steady state conditions, the isolated reaction cannot be conveniently
followed by UV-Vis or fluorescence spectroscopy. However, the HOT reaction may be
coupled to the SSADH reaction since the succinate semialdehyde produced by HOT is the
substrate for SSADH and the SSADH reaction produces NAD(P)H. Because NAD(P)H has a
maximal absorbance at 340 nm, or fluorescence emission at 460 nm, the coupled reaction can
be conveniently followed using a UV-Vis spectrophotometer or a spectrofluorometer. E. coli
SSADH was chosen as the auxiliary enzyme for the coupled assay, though the enzyme kinetics
of this SSADH had yet to be thoroughly investigated. Thus, this dissertation also describes the
expression, purification and steady-state enzyme kinetics for recombinant E. coli SSADH
containing an N-terminal His-tag. This effort resulted in the determination of kinetic constants
and pH-rate profile for the SSADH-catalyzed oxidation of succinate semialdehyde to

succinate.
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Chapter 1

The Metabolism of Gamma-Aminobutyrate and

Gamma-Hydroxybutyrate

Abstract

Gamma-aminobutyrate (GABA) is a non-proteinogenic amino acid and the major
inhibitory neurotransmitter in the mature mammalian brain, where it binds to GABAA and
GABAGB receptors, which results in the hyperpolarization of post-synaptic membranes and a
decrease in neuronal excitability. Gamma-hydroxybutyrate (GHB) is a naturally occurring
compound found in the brain, as well as a drug of abuse, which binds to the GHB and GABAg
receptors, also resulting in central nervous system depression.

GABA is produced and maintained by the GABA shunt, a metabolic pathway that
branches off the Krebs cycle and then returns to it after a series of four enzymatic reactions.
The final reaction that completes the GABA shunt is catalyzed by succinate semialdehyde
dehydrogenase (SSADH), a member of a ubiquitous superfamily of enzymes found throughout
nature. SSADH oxidizes succinate semialdehyde (SSA) to succinate, which re-enters the Krebs
cycle. Although SSA is produced in the GABA shunt, from the transamination of GABA, it
can also be produced from the oxidation of GHB. In the mitochondrial matrix, GHB is oxidized
to SSA by hydroxyacid-oxoacid transhydrogenase (HOT), a NAD'-independent alcohol
dehydrogenase encoded by the gene ADHFel.

The catalytic activity of HOT is dependent on a-ketoglutarate, which is reduced to 2-D-
hydroxyglutarate (D2HG) during the oxidation of GHB. In recent years, D2ZHG has come to

be recognized as an oncometabolite that promotes carcinogenesis through various
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mechanisms. Given that D2HG is a product of GHB oxidation by HOT, or possibly even a
substrate for HOT in the reverse reaction, there may be a significant connection between
cancers and the enzymatic activity of HOT. Recent studies have found that the ADHFel gene
is hypermethylated and HOT expression is downregulated in various cancer lines, while a high
level of HOT expression has been corelated to patient survival in breast, colon and gastric
cancers.

Very little is known about the HOT enzyme mechanism and no experimental structure of
HOT exists. Therefore, further studies may prove a valuable activity in light of this enzyme’s
connection to cancer. SSADH may help in this endeavor, since the HOT reaction does not
produce an observable signal for continuous enzyme assays. However, because the two
enzymes are connected though the common substrate SSA, SSADH may serve as a reporter

enzyme in a coupled-enzyme assay for the study of HOT catalytic activity.



1.1 Introduction

The focus of this dissertation is on the recombinant expression and characterization of two
enzymes responsible for the oxidation of gamma-hydroxybutyrate (GHB) to succinate. These
two enzymes are: 1) hydroxyacid oxoacid transhydrogenase (HOT); and 2) succinate
semialdehyde dehydrogenase (SSADH) (Figure 1.1, both in green).

y-aminobutyrate (GABA)

GABA Shunt ...

o | e
| 0 | NADP* NADPH 0
Ho~ A3 o~ Ag A8
y-hydroxybutyrate ' : 3

(GHB) NAD* — NADH (SSA) succinate
Krebs
D-2-hydroxyglutarate NAD” ~— NADH a-ketoglutarate Cycle
O O O 0
NS GHB Pathway §AN A~
OH 0

Figure 1.1. The oxidation of GHB to succinate by the enzymes HOT and SSADH. Important metabolic
substrates are labeled in blue, key metabolic pathways are labeled in red, and the enzymes catalyzing reactions
are encircled with ovals (HOT and SSADH are labeled in green).

HOT oxidizes GHB to succinate semialdehyde (SSA) using a tightly bound NAD"
cofactor that does not exchange with the bulk solvent. Instead, the NADH formed during the
reaction must be oxidized back to NAD" in situ. This step is accomplished through the use of
a co-substrate, alpha-ketoglutarate, which is reduced to D-2-hydroxyglutarate in the active site,
regenerating the NAD™ cofactor. Because of the redox cycling of NAD"/NADH in the active
site, there is no net increase in NADH concentration that can be monitored at 340 nm, which
is the Amax for NADH and preferred method for following the progress of enzymatic reactions
that employ NAD(P)" coenzymes. In addition, none of the substrates or products involved in

the reaction have a UV-Vis absorption, so there is no convenient means of directly following



HOT catalysis with a spectrophotometer. However, the SSA produced by HOT is a substrate
for SSADH, which oxidizes SSA to succinate with the reduction of NADP" to NADPH, and
the NADP"/NADPH of this enzyme does exchange with the bulk solvent. As a result, the
reaction catalyzed by HOT can be followed by observing the increase in absorbance at 340 nm
produced by the activity of the second enzyme, SSADH, which serves as a reporter (auxiliary)
enzyme for HOT and forms the basis of the coupled enzyme assay depicted in Figure 1.1.

In order to fully appreciate the important roles that HOT and SSADH play in biochemistry,
Chapter 1 will: 1) introduce three substrates of importance (Figure 1.1, in blue); ii) describe
two vital metabolic pathways these enzymes participate in (Figure 1.1, in red); and iii) explain
how the three substrates and key enzymes in the pathways play critical roles in several serious
medical conditions.

Chapter 2 describes the present research on recombinant E. coli succinate semialdehyde
dehydrogenase (SSADH), an enzyme that oxidizes succinate semialdehyde to succinate in
Figure 1.1 (SSADH labeled in green). Although SSADH is the second enzyme in the coupled
reaction, it was necessary to express, purify and characterize SSADH before it could be used
as an auxiliary enzyme to detect HOT activity in a coupled enzyme assay. Therefore, in
keeping with the chronological order of the research, SSADH is presented first. A detailed
examination of the steady-state enzyme kinetics is presented, including values for the enzyme
kinetics parameters, a pH-rate profile including a rate-dependent active-site pKa, as well as a
possible enzyme mechanism for the reaction.

Chapter 3 and 4 document efforts to express and purify recombinant hydroxyacid oxoacid
transhydrogenase (HOT) in E. coli and mammalian cells. HOT catalyzes the oxidation of GHB

to succinate semialdehyde in the pathway depicted in Figure 1.1 (HOT colored green). A



number of strategies are described, including the use of various vectors, different expression
constructs, and a variety of both prokaryotic (Chapter 3) and eukaryotic (Chapter 4) lines.
Recombinant mouse HOT was ultimately expressed in PC-12 (rat pheochromocytoma) cells
and purified though a combination of anion-exchange and size exclusion chromatography.
Recombinant human HOT was expressed in soluble form in a variety of E. coli cell lines, using
solubility-enhancing tags and co-expressed molecular chaperones, and then purified using
affinity and size-exclusion chromatography.

As a final note, the naming of substrates, products and their associated enzymes will
indicate their probable ionization state within a physiologically relevant context, defined here
as between pH 7.0 and 8.0. The upper value reflects the mildly alkaline pH of the mitochondrial
matrix where many of these compounds are found.! For example, GABA stands for gamma-
aminobutyric acid, but at physiological pH the carboxylic acid group is deprotonated (pKa-
COOH = 4.03 and pKa.-NH; = 10.56). The abbreviation of GABA will still be used for
historical reasons but referred to as gamma-aminobutyrate and its structure will be drawn as
the expected zwitterion at pH 7-8 (see Figure 1.2). When labeling chemical structures in
figures, Greek letters may be used to save space (e.g., y-aminobutyrate). The same rules will
apply for the names of most enzymes, such as GABAT, which may be referred to as gamma-
aminobutyrate transaminase, or y-aminobutyrate transaminase. The notable exception will be
the use of the name hydroxyacid oxoacid transhydrogenase (HOT), which has a long-standing

naming precedent in scientific literature that will be respected here.



1.2 Important Metabolic Substrates

Three substrates (Figure 1.1 in blue; and Figure 1.2) warrant a brief introduction because
they play a significant role in several widely recognized medical disorders and are either direct
substrates for HOT, or in the case of GABA, serve as an intermediate in metabolic pathways

influenced by the activities of HOT and SSADH.

1.2.1 Gamma-Aminobutyrate

Gamma-aminobutyrate (GABA), or y-aminobutyrate (Figure 1.2), is a non-proteinogenic
amino acid and the major inhibitory neurotransmitter in the mature mammalian brain, where
it mainly acts to hyperpolarize post-synaptic membranes and decrease neuronal excitability.?
The name derives from location of the amino functional group (H3N'-), which is attached to
the C-4 carbon, also called the gamma-carbon (or y-carbon).

Initially identified in bacteria, yeast, plants, and in some non-neural mammalian tissues,

o} o}
Q ® 0 o Il ® o
S I~ NH, SA A~ or 0 0
OH
y-aminobutyrate v-hydroxybutyrate D-2-hydroxyglutarate
(GABA) (GHB) (D2HG)
4-aminobutanoate 4-hydroxybutanoate (R)-2-hydroxypentanedioate

Figure 1.2. Three important metabolic substrates.

it was not until 1950 when GABA was also discovered to be a major amine in protein-free
brain extracts.’ In some regions of the human brain the concentrations of GABA are relatively
high, in the millimolar range*, approximately 1,000 times higher than the neurotransmitters
dopamine and serotonin.’ It would take nearly a decade before the role of GABA would be
fully understood, when a compound—~Factor —known to have an inhibitory effect on crayfish

neurons was confirmed to be GABA.°



GABA binds to the active sites of two general classes of receptors, GABAA and GABAg
receptors. GABAA receptors are ligand-gated ion channels that allow the flow of chloride ions
across the cell membrane.” Some well-known allosteric activators of GABAA receptors are
benzodiazepines, barbiturates and ethanol.® GABAGR receptors are G-protein coupled receptors
linked to potassium channels.” In addition to the parent compound GABA, GABAg receptors
are also activated by gamma-hydroxybutyrate (GHB) and the muscle relaxer baclofen.!” In
recent years GABA-p receptors have been the focus of efforts to treat drug addition, anxiety
and pain.” "> The metabolic pathway for GABA is discussed in a later section (see § 7.3.1.
The GABA Shunt).

As noted earlier (see § 1.1. Introduction), GABA is a zwitterion (Figure 1.2) at
physiologically relevant pH values (7.0 — 8.0). Although evidence suggests that the blood-
brain barrier (BBB) is impermeable to charged compounds such as GABA!4, and that dietary
intake of GABA is unlikely to provide a significant source of this compound to the central
nervous system'> (CNS), this idea remains hotly debated today.!¢ Still, the historic belief that
GABA as a charged species cannot cross the BBB led to the use of exogenous butyric acid
derivatives, such as gamma-hydroxybutyrate, in an attempt alter CNS levels of GABA and

study its effects (see next section).

1.2.2 Gamma-Hydroxybutyrate

Gamma-hydroxybutyrate (GHB), or y-hydroxybutyrate (Figure 1.2), is a naturally
occurring compound found in the brain, where it acts as a CNS depressant.!” GHB is also found
in extra-neural tissues, such as kidney and muscle, where it is believed to function in
metabolism.'® The name derives from location of the hydroxy functional group (HO-), which
is attached to the C-4 carbon, also called the gamma-carbon (or y-carbon).
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Although the synthesis of GHB was first reported by famed chemist Alexander Zaitsev in
1874," it would be nearly a century before GHB would become the focus of intense chemical
research. While research on GABA was ongoing during the 1950s, the effects of short-chain
fatty acids, including butyrate, were being studied for their ability to induce narcosis when

injected into animals.?

Because a majority of the butyrate underwent B-oxidation after
injection, and it was known that GABA does not readily cross the BBB, researchers in the
1960s synthesized GHB from gamma-butyrolactone (GBL) believing that a gamma-hydroxy
group would prevent B-oxidation while still allowing the compound to enter the CNS to
produce hypnotic effects — a result that was ultimately observed.?! A 1963 communication in
Nature reported GHB to be a normal metabolite present in the brain tissue of rat, pigeon, and
humans, opening the possibility of a biosynthetic pathway for GHB, likely from GABA via a
succinate semialdehyde (SSA) intermediate.?” The discovery of these metabolic pathways for
GHB are discussed in a later section (see § 1.3.2. The GHB Pathway). Subsequent studies
confirmed that exogenously administered GHB does not significantly increase cerebral GABA
concentrations in sedated subjects as had been expected, suggesting that the observed hypnotic
effects were due to the CNS-inhibiting properties of GHB itself.?

While it would be eventually determined that GHB binds the GABAB receptor selectively,
albeit with low binding affinity** (Ki= 0.1 mM), early studies also provided evidence of distinct
GHB binding sites in rat cortex cell membranes that were high affinity?® (K4 = 95 nM) and
sodium-independent (i.e., not transporters). Two decades later the suspected GHB receptors
would be confirmed when they were cloned from, and characterized in, rats®® and humans?®’.

By the end of the 1990s, accumulated research on metabolic pathways, transporters, and

receptor interactions had established GHB as an endogenous neurotransmitter present at



micromolar concentrations in all regions in the brain and in several peripheral organs.?® Some
arguments against classifying GHB as a neurotransmitter include: (1) it has not been shown
that GHB is stored in presynaptic vesicles, ready for exocytosis; (2) GHB is found at higher
concentrations in extra-neural tissues; (3) unprecedented for a neurotransmitter, GHB readily
crosses the BBB.!?

Initial therapeutic interest in GHB focused on its use as a hypnotic and as an adjuvant in
anesthesia, with the latter falling out of favor because GHB lacks analgesic properties and can

produce seizure-type EEG activity in animals.?’ Today, the only FDA-approved use of GHB

is in the treatment of narcolepsy, a chronic neurological disorder involving unregulated sleep-

wake cycles. In addition to acting as a sedative, GHB can also induce a state of euphoria®,

produce anabolic effects by increasing the secretion of growth hormone®!, and cause physical
dependence®® when abused. For these reasons the use of GHB is tightly regulated as both a
Schedule I and Schedule III drug under the United States Controlled Substances Act.*® To the
author’s knowledge, GHB is the only endogenously produced neurotransmitter that has the
distinction of also being a controlled substance. Despite efforts to restrict non-medicinal
applications of GHB, it has become infamous in its use of a date-rape drug, where in high doses
it causes sedation and amnesia in victims.** In order to combat the surreptitious use of GHB,
the Parsons Lab at UCSB has developed and patented a rapid and reliable enzymatic assay for
GHB that can be deployed on a “dipstick” and can detect sub-pharmacological doses of GHB
in alcoholic beverages.*

Despite the negative connotations associated with GHB and its abuse potential, a number
of European studies have demonstrated that administration of exogenous GHB is effective in

36-39

aiding withdrawal from opiates and alcohol dependency**?. A recent analysis by the



Cochrane Collaboration, which included data from 13 randomized controlled trials comprising
648 participants, concluded that GHB is more effective than either disulfiram or naltrexone in
treating alcohol dependence.** One striking observation is that therapeutic doses of GHB do
not cause physical dependence.** However, the tendency to abuse GHB still is a concern.
Alcoholic patients with a history of other drug dependence tend to crave and abuse GHB, while
pure alcoholics do not.* It remains to be seen if researchers and regulators in the United States
are open to similar studies or would authorize the use of GHB in the treatment of substance

abuse.

1.2.3 D-2-Hydroxyglutarate

2-hydroxyglutaric acid, also known as alpha-hydroxyglutaric (a-hydroxyglutaric), is a
five-carbon dicarboxylic acid whose name derives from location of the hydroxy functional
group (HO-), which is attached to the C-2 carbon, also called the alpha-carbon (or a-carbon).
Because this a-carbon is a chiral center, the molecule exists as two possible enantiomers. One
of these is D-2-hydroxyglutarate (D2HG), or (R)-2-hydroxypentandioate (Figure 1.2), and the
other is L-2-hydroxyglutarate (L2HG), or (S)-2-hydroxypentanedioate. The R/S and D/L
nomenclatures refer to the absolute configuration at the chiral carbon based on the Cahn—
Ingold—Prelog priority rules and configuration relative to glyceraldehyde, respectively. Both
enantiomers are found in a variety of organisms, from bacteria to plants and animals, but their
clinical significance at high concentrations appears largely restricted to humans.*® Because the
primary focus of this and other sections is on D2HG, comments on the L-isomer (L2HG) will
be kept to a minimum and will be used only when a distinction between the two is important.

The hyperaccumulation of D- and L-hydroxyglutarate is tolerated in some organisms, such
as plants, without any serious effects on development.*® In humans excess D2HG and L2HG
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results in the rare and serious metabolic conditions known as D- and L-hydroxyglutaric
aciduria, respectively, both of which cause severe neurological and developmental impairment
at a very young age.*’ There are two types of D-hydroxyglutaric aciduria. Type I is due to a
mutation in the gene for D-2-hydroxyglutarate dehydrogenase, which prevents this enzyme
from oxidizing D2HG back to AKG.*® Type II results from gain-of-function mutations in
mitochondrial isocitrate dehydrogenase isoform 2 (IDH2) that causes the enzyme to produce
D2HG instead of AKG.*” There is only one form of L-hydroxyglutaric aciduria, resulting from
a mutation in the gene for L-2-hydroxyglutarate dehydrogenase.*® A distinct and combined
D,L-2-hydroxyglutarate aciduria form has also been identified, with the cause attributed to
impaired mitochondrial citrate efflux caused by mutations in the gene encoding a
mitochondrial citrate carrier protein (SLC25A1).%°

In addition to D-hydroxyglutaric aciduria, increased levels of D2HG have additional
clinical implications. By the late 2000s a correlation between mutations in isocitrate
dehydrogenase (IDH) and gliomas (tumors of the CNS) had been well established, though the
precise mechanism remained unclear.’! A 2009 Nature paper by Dang et al. finally revealed
these cancer-associated mutations resulted in a gain-of-function ability of IDH1 to produce
2DHG (rather than a-ketoglutarate), proposing that 2DHG behaved as an “onco-metabolite”
whose accumulation may drive oncogenesis.>* The following year, similar cancer-associated
mutations in IDH2 were also demonstrated to result in the neomorphic production of D2HG.>
Since that time, mutations in IDH1 and IDH2 have been identified in over 20 types of
neoplasms, making them the most frequently mutated metabolic genes in human cancers and
benign tumors.>* Interestingly, although Type II D-2-hydroxyglutaric aciduria results from

mutations to IDH2, there has been an absence of cancer diagnoses observed in those cases

11



studied, but the young age of the patients prevents a firm conclusion as to their long-term
susceptibility towards cancer.”> Malignant brain tumors are observed in patients with L-2-

® and L-2-hydroxyglutarate has recently been demonstrated to

hydroxyglutaric aciduria,’
promote tumor growth in colorectal cancer.’’

The term oncometabolite has now been used to describe the apparent ability of D2HG and
other metabolites to promote carcinogenesis through various mechanisms. Because D2HG is
an analog of a-ketoglutarate (2-oxoglutarate), it inhibits histone lysine demethylases by acting
as an inhibitor in the 2-oxoglutarate-dependent dioxygenase (20GDD) step.’® > D2HG also
inhibits the ten eleven translocation (TET) family of 5-methylcytosine (5SmC) hydroxylases by
the same mechanism.® The net result of inhibiting these enzymes is the epigenetic remodeling
of gene expression, resulting in metabolic reprogramming that impacts both adaptive and

innate immunity and promotes tumorigenesis. %164
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1.3 Metabolic Pathways of GABA, GHB, and D2HG

1.3.1 The GABA Shunt

Given the critical role that the neurotransmitter GABA plays in the central nervous system

(CNS), it is not surprising that an important metabolic pathway—the GABA shunt—exists to

ensure and control its availability (Figure 1.4).

L-glutamate @ GDH a-ketoglutarate

0 o (or transaminase) 0 o .
HO)J\/\)Le e @wg - IDH
®NH, o)
butvrat GABA Shunt /0GDC Kfegrscgycle
y—arrznglgra ° y (TCA)
0

(gk/\/NHg + CO, succinyl-CoA + CO»

(3)GABAT ", 8CS
R
O 0
QJJ\/\/0"' GHBDH @ A ~o0 @)K/\H/OH SDH
© SSAR ~_ °
y-hydroxybutyrate succinate 0] > fumarate
(GHB) semialdehyde () SSADH (i

GHB Pathway

Figure 1.3. The GABA shunt and GHB pathway. (1) GDH (glutamate dehydrogenase); (2) GAD (glutamate
decarboxylase); (3) GABAT (y-aminobutyrate transaminase); and (4) SSADH (succinate semialdehyde
dehydrogenase). The adjacent Krebs Cycle is also indicated, along with some of its relevant enzymes: IDH
(isocitrate dehydrogenase); OGDC (a-ketoglutarate dehydrogenase); SCS (succinyl-CoA synthetase); and SDH
(succinate dehydrogenase). HOT and SSADH, the focus of this dissertation, are highlighted in green.

The GABA shunt is a closed-loop process that branches off from the Krebs cycle and is

responsible for maintaining the concentration of GABA, though both its production and
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conservation.> % The conservation becomes apparent when the four steps in the pathway are

examined in more detail (Table 1.1):

Table 1.1. The four steps of the GABA Shunt.

Step Enzyme Reaction
glutamate ® GDH

1 dehydrogenase* a-ketoglutarate + NAD(P)H + NH, L-glutamate + NAD(P)*

GAD (PLP

2 glutamate L-glutamate  + H® GAD (FLF) y-aminobutyrate + CO,
decarboxylase (GABA)

3 GABA y-aminobutyrate + a-ketoglutarate Gfﬂf ) su_ccinate + L-glutamate
transaminase (GABA) semialdehyde
SSA succinate . _SSADH, - ®

4 dehydrogenase | semialdehyde * NAD(P) succinate + NAD(P)H + H

* GABA transaminase (in step 3) can also effectively catalyze step 1.

The first step of the GABA shunt is the formation of L-glutamate from a-ketoglutarate, a
well-known Krebs cycle intermediate. Two enzymes in the pathway can catalyze this reaction:
glutamate dehydrogenase (in Step 1) and GABA transaminase (in Step 3). Later during the
GABA shunt, in the third step, GABA transaminase converts GABA to succinate
semialdehyde (SSA), preferentially using a-ketoglutarate as the a-keto acid co-substrate and
producing L-glutamate in the process. This preference for o-ketoglutarate results in
conservation: GABA is metabolized only if a precursor is formed in the process.’

The importance of the GABA shunt is highlighted by its role in several disorders. The
impairment of GABA-mediated inhibition in the brain is one proposed cause for epileptic
seizures. Several activators and inhibitors of GABA shunt enzymes, including SSADH, have
been studied for their ability to increase GABA concentrations, demonstrating an ability
overcome this impairment.®® The GABA shunt is not only critical for maintaining GABA
concentrations, but it also functions as an alternative energy pathway that provides carboxylic
acids to the Krebs cycle when the glycolytic pathway is compromised. Cerebral amyloid

angiopathy caused by Alzheimer’s disease can produce ischemia and trigger activation of the
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GABA shunt in order to enhance cellular energy metabolism.%” Thus, the proper functioning
of all GABA shunt enzymes is critical for neurological health and a loss of even one of the
enzymes can have profound consequences, as in the case of succinate semialdehyde

dehydrogenase deficiency (Section 1.4.5).

1.3.2 The GHB Pathways

Aside from the reaction catalyzed by HOT, a number of distinct pathways have been
identified that are responsible for the formation and breakdown of GHB, and some of these
pathways are illustrated in Figure 1.4.>* SSA can be reduced to GHB by a cytosolic succinate
semialdehyde reductase (SSAR), an NADP*-dependent enzyme situated on a pathway tangent
to the GABA shunt.®® SSAR is sometimes referenced as aflatoxin Bl aldehyde reductase
member 2.%° The oxidation of GHB back to succinate semialdehyde (SSA) can also take place
in the cytosol, and this reaction is catalyzed by an NADP"-dependent oxidoreductase known
simply as GHB dehydrogenase, an enzyme that couples the reaction to reduction D-glucoronate

to L-gluconate.’”’ Elevated serum levels of 2,4-dihydroxybutyrate (2,4-DHBA) and

MITOCHONDRIAL MATRIX

4-butyrolactone o-ketoglutarate D-2-hydroxyglutarate (D2ZHG)
(0] 0] 0]
serum e} © R
lactonase 0 0 HO v OH
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aldehyde ) Cycle
dehydrogenase @ succinate

T ! 0
e) : O
LIVER : Ok/\/ OH: OMO Af& semialdehyde

| y-hydroxybutyrate succinate dehydrogenase
{ (GHB) semialdehyde
""" LN /

GHB
dehydrogenase

2,4-dihydroxybutyrate (a-oxidation)
3,4-dihydroxybutyrate (p-oxidation)

CYTOSOL

succinic semialdehyde
reductase

Figure 1.4. The GHB pathways.
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3,4-dihydroxybutyrate (3,4-DHBA) have been observed during the progression from mild
cognitive impairment to definitive Alzheimer’s disease.”! This increase in serum 2,4-DHBA
and 3,4-DHBA appears to result from o-oxidation and p-oxidation of GHB in the liver’>7*
where the source of GHB is thought to come from the GABA shunt intermediate SSA. Indeed,
the increased production of 2,4-DHBA and 2,3-DHBA is also observed in succinate
semialdehyde dehydrogenase deficiency (see Section 1.4.5), where a mutation in SSADH
results in excess SSA being converted into GHB by HOT or SSAR.” Finally, evidence exists
for the formation of GHB from the precursors 4-butyrolacton and 4-hydroxybutyraldehyde by

serum lactonase and an aldehyde dehydrogenase, respectively.?* 76

1.3.3 Pathways Involving D2HG

There are six possible biosynthetic pathways for D2HG (Figure 1.5).3% 6062 64.77 Foyr of
the pathways are the result of normal metabolism, while the and the fourth and fifth result from
the neomorphic activity of mutated enzymes. In animals, one normal metabolic origin for
D2HG is from the degradation of 5-aminolevulinate, a non-proteinogenic amino acid involved
in heme synthesis.”® A second normal route, observed in rats, is through the metabolism of 5-
hydroxyl-L-lysine.” The third normal metabolic origin for D2HG is by the action of the

mitochondrial, NAD'-dependent hydroxyacid-oxoacid-transhydrogenase (HOT), which

MITOCHONDRIAL MATRIX CYTOSOL

GHB o-KG o-KG a-KG a-KG 5-aminolevulinate hydroxyl-L-lysine
- 7

SSA D2HG D2HG D2HG D2HG D2HG

Figure 1.5. Pathways involving D-2-hydroxyglutarate formation.
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couples the oxidation of GHB to the reduction of a-ketoglutarate, forming succinate
semialdehyde (SSA) and D2HG in the process (Figure 1.1).%

The fourth and fifth routes to D2HG result from gain-of-function mutations in cytosolic
isocitrate dehydrogenase isoform 1 (IDH1) and mitochondrial isocitrate dehydrogenase
isoform 2 (IDH2). The normal function of IDH1 and IDH2 is to decarboxylate and oxidize
isocitrate to a-ketoglutarate. This neomorphic activitiy of IDH1 and IDH2 is highly correlated
to several types of cancer and is presumed to result from the ability of D2HG to act as a potent
oncometabolite (discussed in Section 1.2.3).% Once formed, there are only two possible fates
for D2HG, either oxidation to a-ketoglutarate by the mitochondrial FAD-dependent D-2-
hydroxyglutarate dehydrogenase®!, or by mitochondrial HOT catalyzing the reduction of
SSA®, using 2DHG as the co-substrate to produce GHB and a-ketoglutarate as products.

L2HG is not an intermediate of any known biosynthetic pathway, appearing to be
exclusively formed though the slow and non-specific NADPH-dependent conversion of AKG
to L2ZHG by mitochondrial L-malate dehydrogenase, or by lactate dehydrogenase A under
hypoxic conditions.®> The only known enzyme to oxidize L2HG back to AKG is
mitochondrial, FAD-dependent L-2-hydroxyglutarate dehydrogenase, an example of an

enzyme whose only function appears to be “metabolite repair”.*?
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1.4 Succinate Semialdehyde Dehydrogenase

1.4.1 SSADH Belongs to the ALDH Superfamily

SSADHSs belong to the aldehyde dehydrogenase (ALDH) superfamily of enzymes, which
catalyze the oxidation of aldehydes to carboxylic acids. The ALDHs play a vital role in the
detoxification of endogenous and exogenous aldehydes, are involved in folate and retinoic acid
metabolism, and even act as a crystallin to absorb harmful UV radiation in the cornea.’*
SSADH is ubiquitous in nature, found in every biological kingdom on the planet including
Animalia®~!, Archaea’® **, Bacteria’*?, Fungi!®® %! and Plantae!®.

Earliest identification and characterization of SSADH (from Pseudomonas fluorescens)

9.1% Given the 60 intervening years, and the limitations of early

was made by Jakoby in 195
biochemical assays, much confusion has been introduced into the literature. Using the Enzyme
Commission EC classification system'**!% SSADHs have been assigned the following
numbers (Table 1.2), based largely on cofactor preference. Despite this system,
misclassifications are still present in older literature. Fortunately, much has been learned about

cofactor preference and the role of specific amino acids at a critical site the ALDH cofactor

binding pocket, which should help with classification going forward. More than 75% of

Table 1.2. The EC numbers for different SSADH enzymes.

EC 1 Oxidoreductases

EC1.2 Acting on the aldehyde or oxo group of donors

EC1.21 With NAD* or NADP* as acceptor

EC No. Gene Description

1.2.1.9 ? glyceraldehyde-3-phosphate dehydrogenase (NADP™)
1.2.1.16 ynel(sad) succinate-semialdehyde dehydrogenase [NAD(P)*]
1.21.24 aldh5A1 succinate-semialdehyde dehydrogenase (NAD*)
1.21.76 ? succinate-semialdehyde dehydrogenase (acetylating)
1.21.79 gabD succinate-semialdehyde dehydrogenase (NADP*)
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NAD"-dependent ALDHs contain glutamate at a critical position, while 60% of
NADP"-dependent ALDHs have a serine and 30% have a threonine.'®” Of course, this makes
sense since negatively charged glutamates are more likely to be repelled by the 2'-phosphate

of NADP", while polar serine and threonine can form hydrogen bonds with this moiety.

1.4.2 E. coli NADP"-dependent SSADH

Like most organisms, the E. coli genome encodes two SSADHs with only 32% sequence
identity, one the product of the ynel gene (also known as sad) and the other the product of the
gabD gene.'® The ynel product demonstrates no significant preference for coenzyme, while
the gabD product is NADP*-dependent.'%

A brief history of E. coli SSADH follows. In 1972, Dover isolated mutant strains of E.coli
K-12 that could survive on y-aminobutyrate as the sole source of carbon and nitrogen.!” In
1980, Cozzani purified two proteins from E.coli K-12 3000, both with SSADH activity, but
differing in coenzyme preferences as well as other structural and functional characteristics. '
Likewise, Donnelly in 1981 was studying both NAD"-dependent and NADP"-dependent
SSADH reactions in E. coli. The first observation of NADP"-dependent SSADH was found in
mutants discovered by Skinner in 1982.''! In 1988, Marek cloned and expressed an
NAD"-dependent SSADH from E. coli.!'”> The first computation and experimental
verifications of the E. coli SSADH gabD and ynel genes were made by Fuhrer in 2007.!! This
was followed the next year with NMR saturation transfer difference studies on E. coli SSADH
substrates and inhibitors by Jaeger.”> This was finally followed by the first X-ray crystal

structure of NADP*-dependent SSADH (gabD) by Langendorf in 2010.%
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Figure 1.6. The reaction catalyzed by E. coli NADP*-dependent SSADH.
The present research described was conducted with Langendorf’s NADP"-dependent
SSADH (gabD), which catalyzes the reaction shown in Figure 1.6. The EC and UniProt

identifiers for this enzyme are 1.2.1.79 and P25526, respectively.

1.4.3 The Structure of E. coli NADP*-dependent SSADH

Native E. coli NADP"-dependent SSADH (gabD) is a 51,720 kDa protein, comprised of
482 amino acids. The isoelectric point (pI) and grand average of hydropathicity (GRAVY)
value for the E. coli gabD product are 5.44 and -0.071, respectively.

The first X-ray crystal structure for NADP"-dependent SSADH (gabD) was obtained by
Langendorfin 2010 and is presented in Figure 1.7.°° The protein crystalizes as a tetramer, with

beta sheets that weave their way in-between and connect the monomers. The structure has a

Figure 1.7. The X-ray crystal structure for E. coli gabD SSADH. (A) The SSADH tetramer represented by
chains A, B, C and D in different colors. (B) The tetramer colored by secondary structure, showing that the beta
sheets (red) form a pattern that weaves between and connects monomers into a stable tetramer.
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Figure 1.8. The E. coli gabD monomer and active site. (A) The E. coli gabD monomer. (B) The active site of
the E. coli gabD monomer with NADP" in orange. The catalytic C288 is shown along with its redox-sensing
partner, C290. SSADH crystallized with Glu254 in two conformations. Conformation I represents glutamine
conformation during the hydride transfer, while II represents the glutamine position for deacylation.

pair of cysteines (C288 and C290) that may function together to sense the redox environment
through reversible disulfide bond formation (Figure 1.8).!'* One of the cysteines (C288) is
positioned to act as a nucleophile, under reduced conditions, which initiates the attack on the
carbonyl carbon of the SSA aldehyde substrate. A glutamate (Glu254; Figure 1.8) in the active
site is also positioned to facilitate the deacylation step by acting as a general base to deprotonate

a water molecule.!'!> 116

1.4.4 The Function of E. coli NADP"-dependent SSADH

The catalytic chemical mechanism for E. coli NADP'-dependent SSADH is shown in
Figure 1.9. There are two overall steps in the mechanism, an acylation step followed by
deacylation. The reaction is initiated by nucleophilic attack by Cys288 on the carbonyl carbon
of SSA to form an oxyanion substrate. As the lone pair of electrons on the oxyanion reform
the carbonyl bond, a hydride is transferred from the carbonyl carbon to NADP”, forming

NADPH. The resultant thioester is then attacked by hydroxide, generated from water via
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Figure 1.9. The proposed chemical mechanism for NADP*-dependent E. coli SSADH.
general base catalysis by Glu254. A second water abstracts the proton from Glu254, returning
it to its initial deprotonated state and the tetrahedral intermediate collapses. Due to the
reactivity of aldehydes with primary amines, it is advisable to avoid the use of Tris buffer in
SSADH assays because Shiff base formation between SSA and the primary amine of Tris can

result in noticeably decreased the reaction rates.!!” 18

1.4.5 Succinate Semialdehyde Dehydrogenase Deficiency

Succinate semialdehyde dehydrogenase deficiency, sometimes referred to a
4-hydroxybutyric aciduria, is an extremely rare autosomal recessive disorder that affects
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approximately 350 people worldwide, with the first case being identified in 1981.!1% 120
Symptoms include developmental delay, intellectual disability, ataxia, hypotonia, and epileptic
seizures in nearly half of patients with the disorder.'!” SSADH deficiency is caused by two
point mutations located at different highly conserved intron/exon boundaries in the human
ALDS5A1 gene (chromosome locus 6p22).!2! These mutations prevent proper recognition of
the normal splice junction, causing exon skipping and resulting in either: 1) a frameshift and
premature termination; or 2) an in-frame deletion in the protein.'?> The end result of the
mutations is a loss of SSADH activity, which results in a built up of succinate semialdehyde,
the net result of which is the formation of GHB by either succinate semialdehyde reductase
(SSAR) or possibly the by the HOT enzyme catalyzing the reverse reaction and generating
GHB from SSA.'?* 12* GHB is thought to be the cause of the symptoms for succinate
semialdehyde dehydrogenase activity, which is why is the disorder is sometimes referred to as

4-hydroxybutyric aciduria.
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1.5 Hydroxyacid Oxoacid Transhydrogenase

Hydroxyacid oxoacid transhydrogenase (HOT) is an oxidoreductase, encoded by the
ADHFel gene. HOT catalyzes the oxidation of GHB to succinate semialdehyde using
a-ketoglutarate as a co-substrate, which in turn is reduced to D-2-hydroxyglutarate (D2HG).
HOT was first discovered by Elaine E. Kaufman and Thomas Nelson in 1988, as they were
researching pathways for the oxidation of GHB in the cytoplasm and mitochondria of rat
cells.®% 125 They noted that the activity of this unknown enzyme did not depend on the
concentration of NAD(P)*, but rather it was stoichiometric with the metabolism of
a-ketoglutarate.®® Kaufman and Nelson noted similarities between the reaction catalyzed by
their enzyme and a transhydrogenase isolated from bacteria. Malate-lactate transhydrogenase
from Micrococcus lactilyticus catalyzed a similar reaction, was known to have a tightly bound
NAD" prosthetic group, and displayed ping-pong (double displacement) enzyme kinetics.!'?°
Enzymes with a tightly bound NAD(P)", acting as a cofactor, are called nicotinoproteins.!'?’
Structural information has revealed that tight binding in nicotinoproteins is due to additional
hydrogen bonding between the NAD(P)" cofactor and residues in the binding pocket.'?’

Therefore, Kaufman and Nelson proposed that HOT oxidized GHB to succinate
semialdehyde with concomitant reduction of a tightly bound NAD™ cofactor that does not
exchange with the solvent NAD" pool. The NAD" cofactor is regenerated in the active site by
reduction of an a-ketoglutarate co-substrate to D-2-hydroxyglutarate (D2HG). They also noted
that the enzyme can catalyze the transhydrogenase reaction using a number of different
hydroxyacids (e.g., GHB, D/L-lactate, etc.) and oxoacids (e.g., a-ketoglutarate, oxaloacetate,
etc.), thus describing the enzyme as a hydroxyacid-oxoacid transhydrogenase. For these

reasons, HOT is given the EC number of 1.1.99.24 (Table 1.3).

24



Table 1.3. The EC number for HOT.

EC1 Oxidoreductases

EC 1.1 Acting on the CH-OH group of donors
EC 1.1.99 With unknown physiological acceptors
EC 1.1.99.24 | Hydroxyacid-oxoacid transhydrogenase

In 2002, the gene encoding HOT (ADHFel) was cloned from human fetal brain mRNA

).128 Multiple sequence

and characterized as a novel human alcohol dehydrogenase (ADH
alignment resulted in a significant similarity between ADHFel product and other Group III
ADHs, and no significant similarities with Group I and Group 1I ADHs.!?® Group III ADHs
are a very poorly studied group of ADHs, distributed primarily in the Archaea and Bacteria
domains.'” What is known with certainty about Group III ADHs is that they are
iron-containing.'*® A recent BLAST'"3! 132 search revealed as of 2024, HOT it is the only
iron-containing group III ADH represented in animals.

Some questions regarding the structure, function, and purpose of HOT remain. HOT has
yet to be overexpressed as a soluble protein in quantities required for X-ray and NMR structure
determination. Thus, the roles of iron and NAD" in the mechanism have not been confirmed.
Some enzyme kinetics have been done on partially purified HOT from animal cells, but
complete multi-substrate enzyme kinetics have not been done and the enzyme mechanism has
yet to been determined. Furthermore, the role of HOT in animal biology is still in question, as
is how a microbial iron-containing Group III ADH came to be expressed in eukaryotes. It is
possible that the HOT reaction plays a role in metabolite repair, converting the oncometabolite
2DHG back to a-ketoglutarate. In fact, the ADHFel gene is hypermethylated and HOT
expression is downregulated in various cancer lines, while a high level of HOT expression has

been corelated to patient survival in breast, colon and gastric cancers. ! 134

25



1.5.1 The Structure and Function of HOT

Native human HOT (ADHFel) is a 50,308 kDa protein, comprised of 467 amino acids.
The isoelectric point (pI) and grand average of hydropathicity (GRAVY) value for HOT are
7.65 and 0.006, respectively. HOT is both slightly hydrophobic and as would have close to a
zero net charge in the pH range measured' for the mitochonrial matrix. Native mouse HOT
differs from human HOT only toward the N-terminus, where the residues Leu36 and Ser37 are
deleted in the mouse homolog. These deletions are expected to have no consequence on the
reaction mechanism, as the first 48 amino acids in human HOT appear to coorespond to a
mitochondrial transit peptide that would be trimmed from the mature protein following import

into the mitochondria. UniProt'?’

predicts two potential post-translational modifications
(PTMs) in human HOT, NS-acetyllysine at position 445 and phosphoserine at position 452.
The same PTMs are predicted for mouse HOT in the corresponding positions.

Experimental evidence indicates that HOT has two primary isoforms, which differ only in
the presence of a mitochondrial targeting peptide (MTP) at the N-terminus.’® 3¢ Isoform 1
(M1HOT) is ~50 kDa, while isoform 2 (M2HOT) is ~45 kDa, with the difference in size being
attributed to the 48 amino acid MTP presequence at the N-terminus.

While no experimentally derived structures for HOT exist, some information may be

obtained by analyzing the HOT primary amino acid sequence with computer algorithms, such

as Phobius'*” 13¥ SWISS-MODEL'3*1*3 and AlphaFold'#* 143,
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Figure 1.10. A Phobius posterior probability plot for human HOT.

A Phobius posterior probability plot for human HOT is shown in Figure 1.10 and predicts
the presence of a signal sequence at the N-terminus. The prediction also suggests that HOT
that the subcellular location of HOT is non-cytoplasmic.

Homology modelling with SWISS-MODEL, using the 2.70 A X-ray crystal structure of
1,3-propanediol oxidoreductase (PDB 3BFJ)!*® as a template, results in the predicted structure

in Figure 1.11. Likewise, AlphaFold, which uses artificial intelligence rather than a template,

Figure 1.11. The alignments of a homology model and AlphaFold prediction. (A) The 3BFJ template is
colored purple, the homology model is colored in wheat, and the AlphaFold prediction is colored in cyan. Note
that the homology model cannot predict the iron atom, while AlphaFold can predict both the iron and NAD+
cofactor (orange). (B) A closeup of the predicted active site.
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also predicts a structure that nicely aligns with both the 3BFJ template and homology model.
The RMSD between the homology model and 3BFJ template is 0.383 A, while the RMSD
between the homology model and the AlphaFold prediction is 0.383 A.

The AlphFold predicted structure for human M1HOT is presented in Figure 1.12, with
annotations that illustrate the deleted amino acids in mouse M1HOT, the PTMs, disulfide
bonds and cis-proline residues (Chapter 3), the predicted MTP at the N-terminus, as well as

the start of isoform 1 (M1) and isoform 2 (M2).

CRJ .“”‘“./ M1

LS deletion

H330

Figure 1.12. The AlphaFold prediction for human M1HOT.
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Chapter 2
The Enzyme Kinetics of Recombinant £. coli SSADH

Abstract

Recombinant E. coli NADP'-dependent SSADH (gabD) containing an N-terminal His-
tag was expressed in BL21(DE3)pLysS cells and then purified using immobilized metal
affinity and size exclusion chromatography. Characterization of the pure enzyme by SDS-
PAGE, ESI and MALDI-TOF MS revealed a homogeneous sample with an apparent molecular
weight of 54 kDa for the monomer. The specific activity of the enzyme obtained from this
purification (34.74 U/mg) appears to be approximately 4-fold higher than what has been
previously reported. Following optimization of the steady state kinetics assay, SSADH initial
velocities were measured while varying the concentrations of the SSA substrate and NADP”
coenzyme and analysis of these rate profiles revealed a clearly-defined sequential mechanism.
Global least-squares regression of the data yielded 74.1 £ 1.2 s, 10.6 £ 0.7 uM, and 0.13 +
0.02 mM for the kinetic constants kca, Km(SSA), and Kn(NADP"), respectively. Analysis of
the reaction kinetics as a function of pH revealed that the enzyme requires a group with a pKa
of 7.03 £ 0.01 to be deprotonated for catalytic activity and displays a pH optimum of > 8.25.
Additionally, E. coli SSADH demonstrated a strong preference for NADP™ over NAD", with

an 83% decrease in activity when NAD" was used as the coenzyme.
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2.1 Introduction

2.1.1 Succinate Semialdehyde Dehydrogenase

Succinate semialdehyde dehydrogenase (SSADH) is a ubiquitous enzyme found in nearly
every kingdom of life, including Animalia, Plantae, fungi, Archaea and Bacteria. In mammals,
SSADH is the last enzyme in the GABA shunt, but in bacteria it also functions in the
degradation of p-hydroxyphenylacetate." In humans, succinate semialdehyde dehydrogenase
deficiency is a genetic disorder that impacts the degradation of GHB, resulting in a number of

debilitating neurological conditions.

2.1.2 Literature on E. coli NADP"-dependent SSADH

Despite belonging to the large ALDH superfamily, SSADHs are poorly studied
dehydrogenases. To complicate matters, various attempts to classify SSADHs based on their
cofactor preference and amino acid sequence have led to establishment of three different
Enzyme Commission numbers (1.2.1.16, 1.2.1.24, and 1.2.1.79), attributed to at least two
different genes: gabD and ynel (also known as sad). gabD encodes an NADP"-dependent
SSADH, while ynel encodes a NAD(P)"-dependent SSADH. The literature contains only a few
enzyme kinetics studies with little consensus on possible kinetic mechanisms and values for
kinetic constants.

To date, no rigorous enzyme kinetics have been performed on E. coli SSADH from gabD
or ynel, or have mechanisms been proposed for them. There are only three publications on E.
coli NADP*-dependent SSADH (gabD) with disparate substrate and coenzyme K values®™,

two of which also have questionable estimations for the pH optimum® . The remainder of the
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literature on E. coli SSADH is limited to expression’ and computational prediction® of the
Ynel gene product, the role of SSADHs when E. coli is grown only on y-aminobutyrate! 7,

and a single publication on X-ray structure’ of the gabD gene product.

2.1.3 Present Research on E. coli NADP*-dependent SSADH

The aim of the present research was to determine the kinetic constants for E. coli NADP"-
dependent SSADH, hereon referred to simply as SSADH, before employing it as a reporter
enzyme in a coupled assay that would ultimately be used to measure the activity of
hydroxyacid-oxoacid transhydrogenase (HOT). The results of this investigation would also be
used to contribute towards understanding enzyme mechanism for SSADH. To accomplish
these aims, recombinant SSADH would be expressed and purified to a homogeneity, relying
on methods previously published.’ Following purification, a rigorous enzyme kinetics study
would be undertaken in order to provide the kcar for SSADH, the K, for both the substrate and
coenzyme, the degree of preference for NADP" versus NAD", and a pH-rate profile that would

reveal a pH optimum and the pK. of any ionizable group on which the catalysis depends.

2.1.4 Protein Purification

In order to accurately determine the kinetic constants kca and K for an enzymatic reaction,
the enzyme must be isolated from the cellular milieu and purified to a substantial degree, all
while maintaining its activity. Steady-state enzyme kinetic measurements produce the
parameter Vmax, and kcat = Vmax/[E]T, where [E]r is the total enzyme concentration used in the
assay. Determining the exact concentration of enzyme used in the assay is trivial when the
sample is pure. Additionally, cell extract contains other molecules that could potentially

interfere with kinetics measurements. Other enzymes present might consume common
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substrates and cofactors, while other small molecules could serve as inhibitors. In short,
carefully controlled rate experiments are only possible when every component is pure. The
following purification protocol is adapted from the X-ray paper published by the Whisstock

Lab, who generously donated the expression vector.’

Immobilized Metal Affinity Chromatography

Because the recombinant SSADH contains an N-terminal 6xHis-tag, purification by
Immobilized Metal Affinity Chromatography (IMAC) was the logical first step in the overall
purification scheme. The principle of IMAC involves the lone pair electrons on the imidazole
sidechains of the histidine tag forming coordinate bonds to nickel (II) cations that have been
immobilized onto a column matrix though nitriloacetic acid (NTA) linkers. Other metals,
including cobalt, copper and zinc may also be used, as well as other means of linking the metal
to the column matrix. Ethylenediaminetetraacetic acid (EDTA), a well-known metal chelator,
is sometimes included in cell lysis buffers to disrupt membranes and inhibit metalloproteases.
However, caution should be exercised to ensure that EDTA is not included in IMAC column
buffers because it may remove Ni*" or other metals from the resin, decreasing the capacity of
the column for binding 6xHis-tagged proteins.

Given that one of the catalytic residues in the active site of SSADH is cysteine, and
oxidation of this residue eliminates activity, maintaining a reducing environment during
purification is essential for obtaining pure protein with intact enzymatic activity. Some
formulations of IMAC resins report a tolerance of the nickel to a limited concentration of
reductants during purification, while others discourage their use entirely. The manual for the
ThermoFisher HisPur™ Ni-NTA resin used in this purification specifically advises against the

use of strong reducing agents, such as f-mercaptoethanol (BME) and dithiothreitol (DTT), as
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they will disrupt the function of the nickel resin. Apart from this caution, there is no
accompanying chemical explanation for what is occurring or how it might be mitigated.

For the present purification, the relevant interactions are the 6xHis:--Ni**-NTA
coordination bonds. As long as these coordination bonds exist, the recombinantly 6xHis-
tagged protein will remain bound to the column while unwanted molecules flow through and
exit the column in the eluate. Progress may be followed by monitoring the eluate absorbance
at 280 nm after loading the lysate onto the column and applying a wash buffer. Once the
absorbance has reached a stable minimum value, it can be assumed that only nickel-binding
proteins remain on the column, ideally with the majority being the desired 6xHis-tagged
recombinant protein. Elution of the desired protein from the Ni>*-NTA column is accomplished
by increasing the concentration of free imidazole in the eluent flowing onto the column, either
through stepwise increases or by gradient. The presence of free imidazole sets up a competition
for Ni**-NTA coordination sites between the free imidazole in solution and the imidazole rings
on the 6xHis-tag. At sufficiently high free imidazole concentration the 6xHis-tagged protein
will be displaced from Ni**-NTA and flow out of the column to be collected for analysis and

further purification.

Size Exclusion Chromatography

Size Exclusion Chromatography (SEC) served as the final polishing step in the
purification of 6xHis-SSADH, accomplishing the following: i) removal of any remaining
contaminants that were sufficiently different in molecular weight from 6xHis-SSADH; ii)
provided an estimate for the oligomeric state of 6xHis-SSADH in solution; and iii) facilitated
a complete buffer exchange into the final storage buffer. In SEC, the stationary phase (resin)

is composed of small porous gel beads, around and through which the aqueous mobile phase
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travels. Beads with a fixed pore size are selected so that only a limited range of molecules in
the mobile phase are permitted to enter, with all others being excluded. For two different
molecules of sufficiently small size to enter the pores, the smaller of the two will spend more
time trapped in the pores and a partitioning between these two different sized molecules occurs.
The equilibrium distribution between varying sized particles and their time spent in the pores
forms the basis of this separation technique and can be mathematically represented by a
partition coefficient. The net result of this separation technique is pure 6 xHis-SSADH eluting
in a completely different elution volume (fraction) from any higher and lower molecular weight
contaminants that were initially present. Various protein standards and dyes of known
molecular weight can be used to estimate column parameters and efficiency, as well as provide
the data required to construct a molecular weight standard curve using the partition coefficient.
The standard curve allows the convenient estimate for the molecular weight of the molecules
contained in each volume (i.e., 1 mL fraction) that elutes from the column. Since buffer
components have the smallest molecular weight in the protein sample, SEC also affords the

opportunity to partition 6xHis-SSADH into a new buffer optimized for long term storage.

2.1.5 Enzyme Kinetics

Initial velocity measurements are a powerful tool for determining the kinetic mechanism
of enzyme catalyzed reactions and their associated kinetic constants kcac and Km. At the heart
of these measurements is the Henri-Michaelis-Menten equation, from which these constants
originate. Although the Henri-Michaelis-Menten equation was derived with single-substrate
reactions in mind, it can be readily applied to multi-substrate reactions when all but one of the
substrate concentrations are held constant. In this situation, multi-substrate reactions behave
as single-substrate reactions. The rapid-equilibrium and steady-state assumptions are two
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Henri-Michaelis-Menten Mechanism
Rapid Equilibrium Assumption

k
A E + § —/—= E-S —3 . E + P
Ks
Briggs-Haldane Mechanism
Steady State Assumption
k1 k3
B E+S —— ES — E + P
k;

Figure 2.1. Fundamental single-substrate enzyme kinetics mechanisms. (A) The Henri-Michaelis-Menten
mechanism, which assumes the enzyme-substrate complex is in thermodynamic equilibrium with the free
enzyme and substrate. (B) The Briggs-Haldane mechanism, which assumes the concentration of the enzyme-
substrate complex is approximately constant over the reaction time.

classical approaches for deriving the Henri-Michaelis-Menten equation. While these two
approaches have minimal impact on the final form of the single-substrate equation, they do
produce significant differences between some rate equations for multi-substrate reactions, and

these differences can prove useful when determining the possible enzyme mechanism.

The Henri-Michaelis-Menten Equation

Two different assumptions set apart what is often seen at the surface as the same equation.
Michaelis and Menten initially proposed rapid-equilibrium assumption (Figure 2.1A), after
the work of Henri.® This assumption states that an equilibrium is rapidly established between
the ES-complex and the free enzyme and substrate, governed by the equilibrium dissociation
constant Ks. In this mechanism, Ks = kot/kon= ka/k1. It 1s also assumed that k» >> k3, where k3
is the irreversible catalytic step, sometimes referred to as kcat.

The main consequences to the rapid equilibrium derivation of the Henri-Michaelis-Menten
equation (Equation 2.1) are that Ks here is defined strictly as an equilibrium dissociation
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Equation 2.1. The Henri-Michaelis-Menten equation (rapid equilibrium).

Equation Definitions Remarks
vo = initial velocity
VoIS & TELIS Vnax = maximum velocity under saturating [S] K. = [ES] _ k_z
v = ) _ wat[E11[S] [S] = substrate concentration § [E],[S]
0 T 1

B K.+ [S] K.+ [S] Ks = dissociation constant for [ES] complex
S S keat = k3 = slow, irreversible catalytic step k2 > k3
[E]r = total enzyme concentration

constant equal to k2/k1, and the catalytic rate constant 43 is taken to be much slower than k>, the
rate constant for ES-complex dissociation. The stipulation that k3 << k» imposes a critical
limitation that fails to account for very efficient enzymes, such as carbonic anhydrase and
catalase, which catalyze reactions at rates near the diffusion-controlled limit for the encounter
between free enzyme and free substrate. Additionally, it will be shown that deriving a rate

equation for a bireactant sequential mechanism by applying the rapid equilibrium assumption

results in one less term in the denominator than when the rate equation is derived using the

steady-state assumption. This difference becomes graphically evident when the data is
presented in a Lineweaver-Burk plot (double-reciprocal units).

Briggs and Haldane soon after proposed a derivation that did not require a rapid
equilibrium to establish the ES-complex, or that k> >> k3. They devised the steady-state
assumption (Figure 2.1B) where, after an initial build-up, the ES-complex concentration
remains approximately constant until the substrate concentration becomes significantly
depleted. The forward rate of ES formation is perfectly balanced by its loss. Because the initial
velocity of the catalyzed reaction was equal to the rate constant multiplied by the concentration
of the catalytically species, here being ES-complex, then the initial velocity would also be
constant during this steady state (vo = k3[ES]).

The main consequences of the state-state approximation used by Briggs and Haldane to

formulate their version of the equation (Equation 2.2) is that the term Ks was replaced with
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Equation 2.2. The Briggs-Haldane equation (steady state)

Equation Definition Remarks
vo = initial velocity x hthk
Vnax = maximum velocity under saturating m kl
Vmax [S] kcat[E]T [S] [S]
Vo = = [S] = substrate concentration d [ES]

Km + [S] Km + [S] K = Michaelis constant —=0
keat = k3 = irreversible catalytic step di
[E]r = total enzyme concentration vo — k3 [ES]

K (for the Michaelis constant) and was now equal to (k3 + k2)/ki. Km was no longer an
equilibrium constant, but a composite of individual rate constants that would be much more
challenging to interpret as the mechanisms became more complex. The fact that k3 was no
longer limited to being much less than k> also has consequences. If k3 should be much greater
than k», then specificity constant kca/Km (equivalent to k3/Km) would default to ki, the rate
constant for the association of free enzyme and free substrate. This allows the steady-state
approximation to account for extremely efficient enzymes, such as carbonic anhydrase and

catalase, which operate near the diffusion limit of 108 s! M!. Enzymes with a kcat/Kim near this

near the diffusion limit are probably operating by a steady-state mechanism. As discussed with

the rapid equilibrium assumption, rate equations for bireactant sequential mechanisms derived

with the steady-state approximation have an additional term in the denominator that makes

them easy to spot when transformed into Lineweaver-Burk plots (double-reciprocal units).
Key takeaways are that Ks is an equilibrium dissociation constant (rapid-equilibrium
assumption), while Ky, is a composite of individual microscopic rate constants (steady-state
assumption). When deriving bireactant rate equations the assumptions made give rise to
differences in the mathematical expressions for the rate equations, which are readily apparent
when transformed in double-reciprocal plots. Enzymes with kca/Km values that appear

diffusion controlled are probably operating by a steady-state mechanism.
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Bireactant Enzyme Mechanisms

SSADH is a bireactant enzyme, since both the SSA substrate and the NADP" coenzyme

behave as substrates. A few relevant bireactant mechanisms are illustrated in Figure 2.2.

Rapid Equilibrium Random Mechanism

Segel notation Kaaop:
E + NADP* =——— E-NADP"
+ +
SSA SSA
A
KSSA aKSSA
aKnapp+ k
E-SSA + NADP* =————= (E'NADP*-SSA—— E-'NADPH-SA)
Cleland notation N
NADP SSA
\KiNADFH HKrn,SSA
E-NADP*
B k
E E-SSA (E‘NADP™-SSA —— E-NADPH-SA)

Km.NADP+

}KSSA

SSA NADP*

Steady State Ordered Mechanism

NADP* SSA SA NADPH
C K || k2 ka\ kq K7 || ks ko || k1o
ks
E E-NADP* (E'NADP"SSA — > E-NADPH-SA) ENADPH  E

Steady State Theorell-Chance Mechanism (Ordered)

NADP* SSA SA NADPH
D Ky || ko ks ky ks H ks
E E-NADP* E-NADPH E

Figure 2.2. Relevant bireactant sequential enzyme mechanisms. Central-ternary complexes, if present, are
denoted within parentheses. (A) rapid equilibrium random mechanism with Segel notation; (B) rapid equilibrium
random mechanism with Cleland notation; (C) steady state ordered mechanism; and (D) steady state Theorell-
Chance mechanism.
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Equation 2.3. RE Random (Segel).

V. [NADP*][SSA]
aK o Ko + K, [INADP* |+ K 5, [SSA]+[NADP* |[SSA]

VOZ

Equation 2.4. Relationship between K constants in Equation 2.3.

ak K —aK.. K
NADP+ __ NADP+
= and aKNADP+KSSA a 3SA M NADP+

aKSSA KSSA

The rate equation for the rapid equilibrium random (RE Random) mechanism shown in
Figure 2.2A is given by Equation 2.3, with the relationship between the constants given by
Equation 2.4. In these equations Segel’s derivation makes use of an a-term that describes how
the binding of one substrate may influence the binding of the other.'°

A similar rate equation for the rapid equilibrium random mechanism (Figure 2.2B) was
derived by Cleland using slightly different notation (Equations 2.5 and 2.6).!! What sets the
notation in Cleland’s derivation apart is that the form of this rapid equilibrium random rate
equation is mathematically identical to the rate equations for the steady-state ordered (SS
Ordered) and steady-state Theorell-Chance (SS Theorell-Chance) mechanisms in Figures
2.2C and 2.26D. The explanation lies in the fact that in the rapid equilibrium random
mechanism, the addition of the first substrate to the free enzyme is in rapid equilibrium, where

kote for the first substrate is greater than k... However, the second substrate to add and form the

Equation 2.5. RE Random (Cleland), SS Ordered, SS Theorell-Chance.

V. [NADP'][SSA]

max

+ K, ssA[NADP" ]+ K| 5. [SSA]+[NADP"][SSA]

VO:K

iNADP+

K

m,SSA

Equation 2.6. Relationship between K constants in Equation 2.5.

K. K
iNADP+ __ = m,SSA _
- and KiNADP+Km,SSA - Km,NADP+KiSSA

K K

iSSA m,SSA
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final ternary complex may do so either in rapid equilibrium or steady state without changing
the form of the rate equation.'! There is no stipulation that kot for the second substrates
departure from the ternary complex be slower than kca, thus the constant representing the
addition of the second substrate is written as a Michaelis constant (Kn). Because mechanisms
depicted in Figures 2.2B, 2.2C, and 2.2D all share the same mathematical form for their rate
equations, it is not possible to distinguish between them using Lineweaver-Burk plots (Section
2.1.4.3), as their intersecting patterns are similar.

Some bireactant mechanisms have been omitted from discussion (and Figure 2.2), as they
are not relevant based on the kinetic behavior of SSADH. The Ping-Pong mechanism, also
known as double-displacement, is a non-sequential mechanism whose rate equation (not
shown) gives rise to a set of parallel lines (Figure 2.3A) when transformed into a Lineweaver-
Burk plot (Section 2.1.4.3) which were not observed for SSADH. The Rapid Equilibrium
Ordered (RE Ordered) mechanism is not relevant, as one set of Lineweaver-Burk plots
intersects on the ordinate (Figure 2.3C) as a result of the missing (KmNapp+[SSA]) term in the

denominator (Equation 2.7; compare to Equation 2.5), and this behavior was not observed.

Equation 2.7. RE Ordered.

V. [NADP*][SSA]
Kixaopi Kssa + Ksx[NADP*[+[NADP"J[SSA]

VO =

Finally, the Steady State Random mechanism is also not relevant because the rate equation
has squared terms of the substrate concentrations (not shown). As a consequence,
untransformed data does not have the form of a rectangular hyperbola, and double-reciprocal
plots are not linear. No data with those characteristics was encountered and this mechanism is

not discussed any further.
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Lineweaver-Burk Plots

Long before modern computers made nonlinear regression a trivial thing, researchers
relied on mathematical transformations in order to more easily analyze the data. The
Lineweaver-Burk plots, which linearize the data by taking the reciprocal of both vy and [S],
were a convenient tool for determining the values of the kinetic constants using linear
regression.'? Unfortunately, small errors in vo measurements are greatly amplified when they
are transformed into reciprocal units (1/vo). This is particularly true at low substrate
concentrations, where errors in vo measurement are more likely to occur. Because the vo values
collected at low [S] are now at the upper end of the 1/[S] axis when transformed into reciprocal
values, and thus they are weighed more heavily during linear regression, this greatly
compounds the error in parameter estimation. Thus, it is always preferable to use
untransformed data and rate equations such as Equation 2.2 (single-substrate) or Equation
2.5 (bireactant) along with nonlinear regression to determine values for Vmax and K.

Despite being largely displaced by nonlinear regression methods, Lineweaver-Burk plots
still possess a utility when it comes to diagnosing bireactant mechanisms and different types
of enzyme inhibition. Here, one substrate (A) is varied, and the second substrate (B, or
inhibitor) concentration is held fixed to produce a dataset. Additional datasets are produced in
the same manner, this time at different second substrate (B, or inhibitor) concentrations. When
these datasets, resulting from different [B], are transformed into double reciprocal units (1/vo
versus 1/[A]) and plotted together, a pattern of lines emerges (Figure 2.3). From these patterns
of lines different kinetic mechanisms (or modes of inhibition) may become apparent or ruled

out as possible mechanisms.
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Ping-Pong Sequential

/v, ¢ /v, 1/,
a <1 ¢ ¢
[B] Ka= Ky / [B] [B]

1[A] and 1/[B]|[ K, =K, 1/[A] and 1/[B] 1/[B]

\
AN

A B - Rapid Equilibrium Random C « Rapid Equilibrium Ordered*
* Rapid Equilibirum Ordered™
» Steady State Ordered
« Steady State Theorell-Chance

Figure 2.3. Lineweaver-Burk plots for relevant enzyme Kinetics mechanisms. (A) Parallel lines are
diagnostic of a Ping-Pong mechanism, also known as double-displacement. (B) Several sequential mechanisms
have plots that intersect to left of the y-axis, though position of intersection relative to x-axis may vary. The
green (@), black (®), and red (®) filled circles indicate the possible locations of the intercept with respect to the
x-axis, along with the specified conditions, equalities or inequalities, that determine this point. (¥ For the rapid
equilibrium ordered mechanism, intersection to the left of the y-axis occurs only with the 1/vg vs 1/[A] plot.) C)
The rapid equilibrium ordered mechanism intersects on the y-axis only with the 1/vo vs 1/[B] plot.

Replots

In much the same way that Lineweaver-Burk plots can be used to find values or diagnose
mechanisms, various types of replots have been employed for the same purpose. One example
is shown in Figure 2.4 (adapted from Cleland).!!" From initial velocity plots where the
concentration of substrate A is varied at different fixed concentrations of substrate B, the
apparent Vmax and apparent Ka values are obtained at each concentration of B. The apparent
Ka values may now be plotted as a function of [B], revealing a number of possible relationships
that depend on the value of the a-term (or the magnitudes of Kia and Km a). For example, the

substrates may bind synergistically, such that the binding of one substrate increases the affinity
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of the enzyme for the second substrate (green curve in Figure 2.4). Additionally, with

sufficient data, the values for Kija and Km a may be read directly from the plot.

\¥]
|

& . ox K~ &, |

[B]

Figure 2.4. Rapid equilibrium random mechanism: K’'s dependence on [B]. A hypothetical look at the
dependence of the apparent Michaelis constant for substrate A on the concentration of substrate B. The horizontal
black line in the middle of the plot indicates the situation when B has no effect on the enzyme’s affinity for A
(no change in K'A). The red rectangular hyperbola indicates the situation where B decreases the enzyme’s affinity
for A (K'a increases). The green rectangular hyperbola indicates the situation where B increases the enzyme’s
affinity for A (K'a decreases). Note that at low [B], K'a becomes Ks (equilibrium dissociation constant for A),
but at high [B], K'a becomes K, (Michaelis constant for A).
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2.2 Results and Discussion

2.2.1 Transformation, Protein Expression, and Cell Lysis

After transformation and selection, sequencing of miniprepped plasmid DNA confirmed
successful introduction of the pKN12 expression vector into the BL21(DE3)pLysS host cell
line. Induction with isopropyl B-D-1-thiogalactopyranoside (IPTG) during a typical protein
expression resulted approximately 3.5 g of cell paste per 250 mL of growth media, which
provided approximately 150 mg of total protein after cell lysis—a significant fraction of which
was recombinant 6xHis-SSADH. The results that follow are taken from a single expression
and purification, which took place after optimizing the entire process. Lysis of 3.66 g of cell
paste resulted in 3.73 mL of clarified lysate with 44.03 mg/mL of total protein (164.23 mg total

protein). The specific activity of 6xHis-SSADH in the clarified lysate was 10.24 U/mg.

2.2.2 Purification of Recombinant SSADH

Immobilized Metal Affinity Chromatography

Initial attempts to purify 6xHis-SSADH omitted the use of BME during IMAC
purification, resulting in a 10-fold decrease in specific activity after this step compared to when
BME was included. Although introduction of BME immediately after IMAC purification
resulted in some recovery of activity, the specific activity of 6xHis-SSADH after the final
purification step was 5-fold less than when BME was used throughout the entire purification.
Generally, the Ni**-NTA equilibrium and loading buffers always include a small concentration
of free imidazole, usually 10 mM, to prevent non-specific interactions between the Ni?* cations

and material in the lysate other than the 6xHis-tagged protein of interest. It was observed that
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5 mM BME can safely be included in the IMAC buffers to prevent oxidation of 6xHis-SSADH,
without significantly compromising the Ni** cations, as long as a minimum of 10 mM
imidazole was present. Over time there appears to be no more appreciable loss in column
binding capacity and performance than is typical for IMAC resins, which are routinely stripped
and recharged after frequent use.

The elution profile for the IMAC purification of 6xHis-SSADH is presented as a plot of
total protein concentration versus fraction number (Figure 2.5). The flow-through and first
wash fractions concentrations are omitted because their high concentration overwhelms the
remainder of the profile when they are included, rendering the gradient fractions nearly
featureless on the plot. Another consideration when presenting elution profile data is the use
of total protein concentration as units on the ordinate, as opposed to units of total protein mass,
as this may be misleading in certain situations. For instance, it is often practical to collect wash
fractions in much larger volumes than gradient fractions. From the elution profile, fractions 3
(wash) and 13 (gradient) both have Bradford protein concentrations of approximately 1 mg/mL
(Figure 2.5; circled in black). However, fraction 3 is approximately 4-times the volume of
fraction 13 and therefore contains 4-times more protein by mass, 8.5 mg versus 1.8 mg. This
fact is not immediately evident from the profile.

Based on the elution profile, compositional analysis on selected IMAC fractions was
performed by SDS-PAGE (Figure 2.6). The flow-through fraction appeared to contain a fair
amount of recombinant 6xHis-SSADH after the initial pass of crude lysate through the resin.
A second pass of the flow-through onto the column was not performed, since a large amount
6xHis-SSADH had bound on first pass and was subsequently recovered from the column,

relatively pure and in sufficient yield for the following step.
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[protein] vs. fraction
HisPur™ Ni-NTA (10 x 50 mm)
50 mM Tris, pH 8.0, 150 mM NacCl, 5 mM BME, 25-250 mM imidazole

—8— [protein]A280 (mg/mL) [protein]BRAD (mg/mL)
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Figure 2.5. The elution profile for the IMAC purification of SSADH. The total protein concentration from
fractions eluted from the Ni**-NTA column is plotted against fraction number to develop an elution profile for
the purification. Concentrations were determined using both the Asgy method (blue) and Bradford assay
( ). The imidazole gradient began at fraction 6, indicated by the green arrow (¥), with the preceding wash
collected at 8 mL/fraction and the gradient at 2 mL/fraction. The Bradford protein concentrations for fractions 3
and 13 are circled in black because they have similar concentrations, but different total protein masses (see text).

E. coli contain a number of endogenous proteins known to bind Ni?*, as well as other
similar divalent metals. The presence of these metal-binding proteins in crude lysate leads to
competition for the Ni*-NTA binding sites and effectively decreases the binding capacity of
the resin for 6xHis-tagged proteins. Examples of these interactions are visible in Lane 6 (G12
fraction) of the SDS-PAGE gel (Figure 2.6), where the 6xHis-SSADH band is marked with a
magenta arrow. The very dark band above 6xHis-SSADH, between the 75 and 63 kDa markers,
is likely arnA (bifunctional polymyxin resistance protein). The dark band under 6xHis-
SSADH, just below the 48 kDa marker, is likely DnaJ (Zn**-binding molecular chaperone).
Both arnA and Dnal protein bands will bind to ThermoFisher’s InVision™ His-Tag In-Gel
Stain and fluoresce strongly under a UV transilluminator. The InVision stain is comprised of
a fluorescent dye conjugated to a Ni?-NTA complex. Because arnA and Dnal readily bind the

InVision stain, it can be assumed that they also bind the Ni**-NTA resin through similar
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interactions, reducing the available number of Ni?* coordination sites for the 6xHis-tagged

protein of interest. The remaining contaminant bands at or below 25 kDa are likely a

Q &

& &)
3 & o ,\\\k
O DTN WM ) D O O N
o NV NT NN 0’\ C’:\ 0’\ 0'\ 6"[, G‘],

.
6xHis-SSADH

Figure 2.6. SDS-PAGE of fractions from IMAC purification of SSADH. The molecular weights are shown
in blue to the left of the protein ladder (Lane I). The bands of interest are indicated with a magenta arrow, with
the vertical height of the arrow tip (relative to the ladder) indicated by the yellow triangle. The calculated molar
mass of 6xHis-SSADH is 54.2 kDa. Well numbers appear above the lanes, and those colored in green indicate
the fractions that were collected and pooled for analysis. The labels above the well numbers indicate the column
fraction composition and number: FT = flow-through, W = wash, G = gradient. The estimated concentration of
imidazole (Imd) in the eluate is given in parentheses for relevant fractions. Fractions without sufficient protein
concentration were not analyzed by SDS-PAGE (W5-G11).

combination of additional nickel binding proteins and chaperone. The impact of metal-binding
proteins and chaperones during IMAC purification is addressed further in Chapter 3. Due to
the presence of these impurities, only fractions GI15—G21 were pooled and advanced to the
next purification step.

The advertised binding capacity for HisPur™ Ni-NTA resin is > 60 mg for a 28 kDa
6xHis-tagged protein per mL of settled resin, with the protein identity, initial sample purity,
and purification conditions unspecified. At 54 kDa, 6xHis-SSADH is twice the molar mass of
the manufacturer’s protein and so a decrease in binding capacity of the resin for 6xHis-SSADH
was anticipated. A further decrease was expected from the myriad of interactions present in

crude lysate, particularly those that may compete with the 6xHis-tag---Ni*" association, as well

60



as from the use of BME. The 4 mL of resin, according to the manufacturer, should result in
purification of at least 240 mg of their 28 kDa His-tagged protein. Pooled fractions G15-G21
contained 28.82 mg total protein (from Bradford assay), nearly all of it 6xHis-SSADH.

After centrifugal concentration and buffer exchange, the pooled IMAC fractions had a
final volume of 1.31 mL and contained a total protein concentration of 14.30 mg/mL (Axso),
or 13.61 mg/mL (Bradford). The Axgo value was chosen, given the overall purity of the pooled
and concentrated fractions, providing a total protein mass of 18.76 mg and specific activity of

34.07 U/mg for 6xHis-SSADH.

Size Exclusion Chromatography

Inspection of the SDS-PAGE gel from the IMAC purification (Figure 2.6) showed
evidence of one high and several low molecular weight contaminants in the fractions that were
collected and pooled. However, since the gel is run under denaturing and reducing conditions,
which disrupt disulfide bonds and associations that hold quaternary structures together, the
height of a given band on the gel may not reflect the native molecular weight of that protein in
a biological context. For instance, a 100 kDa homotetrameric protein may appear as a 25 kDa
monomer on a denaturing gel. The practical consequence of this is that some low molecular
weight impurities could run as oligomers on SEC and coelute with 6xHis-SSADH.
Furthermore, any contaminants with a high binding affinity to 6xHis-SSADH, such as
chaperones, may also coelute with 6xHis-SSADH.

In addition to removing impurities, the SEC also allows for complete exchange of the
buffer during the purification. Although buffer exchange can be performed during
concentration of the pooled IMAC fractions, the use of a centrifugal concentrator was kept to

a minimum. This decision was made because of concerns that highly concentrated proteins

61



may be prone to aggregation or lost onto the filter membrane, while repeated addition of fresh
buffer to highly viscous protein samples can introduce air bubbles that promote protein
denaturation. Therefore, after concentration, the sample was diluted into the SEC buffer and
loaded directly onto Sephacryl™ S-200 HR resin where the remainder of the buffer exchange
would take place during the purification.

The fractionation range of Sephacryl™ S-200 HR is 5kDa to 250kDa, which allows for
the purification of both monomeric and oligomeric forms of 6xHis-SSADH, assuming that the
N-terminal 6xHis-tag does not interfere with oligomerization. The column was calibrated with
a total of thirteen unique MW standards in order to determine key parameters and generate a
standard curve that could reliably estimate molecular weight of proteins based on their
retention volume. This estimate assumes that nonspecific ionic interactions between proteins
and the resin are negligible, since these interactions can lead to protein adsorption and cause a
delay in peak elution. Such interactions can be avoided by the addition of salt to the buffer.
Fortunately, these interactions can be avoided by the addition of salt to the mobile phase buffer
during purification. Molecules much greater than the resin’s fraction range of 250 kDa cannot
be resolved. For this column, blue dextran (2,000 kDa) and thyroglobulin (670 kDa) both have
a peak elution volume of 45 mL, as do large aggregates of smaller proteins. Therefore, 45 mL
is the void volume for this column and represents the volume of solutes that are excluded from
the resin pores. A well-packed column should have a void volume equivalent to approximately
30% of the total column volume. The void volume here was 35% of the total volume (129 mL).

The elution profile for the SEC purification of 6xHis-SSADH is shown in Figure 2.7.
Total protein concentration initially increases between fractions 30—-35, abruptly plateaus, and

then resumes increasing until it reaches a maximum at fraction 41. This biphasic elution profile
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[protein] per fraction

Sephacryl™ S-200 HR (15 x 730 mm)
30 mM Tris pH 7.5, 100 mM NaCl, 5% glycerol, 10 mM B-ME
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Figure 2.7. The elution profile for the SEC purification of 6xHis-SSADH. The total protein concentration
from fractions eluted from the Sephacryl™ S-200 HR column is plotted against fraction number to develop an
elution profile for the purification. Concentrations were determined using both the Asso method (blue) and
Bradford assay ( ). The estimated molecular weight composition of selected fractions is given below in
parentheses and is based on a standard curve. Dot patterns (® and ®) above the plots indicate the predicted
oligomerization of 6xHis-SSADH for that fraction. Molecular weights and dots colored in pink are outside the
fractionation range of the resin and therefore estimated with very low confidence. The vertical dashed line
through fraction 36 denotes the fractionation limit of the resin and corresponds to an elution volume of 48 mL
(248 kDa).

results from the resin’s 250 kDa upper fractionation limit, which is marked by a vertical dashed
line through fraction 36 (Figure 2.7). Fraction 36 corresponds to an elution volume of 48 mL
and has an estimated molecular weight composition of 248 kDa from the standard curve.
Data for the standard curve was restricted to molecular weight standards that fell within
the resin’s fractionation range, therefore extrapolation of the curve outside of this range cannot
produce values with reasonable accuracy. For instance, extrapolation of the standard curve
predicts 307 kDa for thyroglobulin (670 kDa), an error of 54%. Since fraction 35 (46 mL) is
on the proximal shoulder of the void volume peak (45 mL), its fractional composition can only
be speculated to be a combination of large 6xHis-SSADH oligomers that occupy the column’s

excluded volume, with earlier fractions rationalized similarly. Larger 6xHis-SSADH
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oligomers may be partitioned with use of Sephacryl™ S-300 HR, which has a fractionation
range of 10,000 kDa to 1,500,000 kDa.

SDS-PAGE analysis of SEC fractions 33—46 reveals that 6xHis-SSADH is very pure, but
traces of low molecular weight impurities are evident across most of the fractions (Figure 2.8).
These bands appear to be from chaperones that co-purify with 6xHis-SSADH, as the intensity
of these bands mirrors that of 6xXHis-SSADH. The possible identities of the chaperones
responsible for these band are 40 kDa (Dnal), 22 kDa (GrpE) and 10 kDa (GroES). Because
these bands are significantly less intense than the bands for 6xHis-SSADH, amounting to only
a few percent of the total protein, their influence on the oligomerization and partitioning of
6xHis-SSADH is expected to be minimal, but not zero. The possible consequence of chaperone
association would be an increase in the apparent molecular weight of 6xHis-SSADH, which

would result in the peak elution being shifted slightly forward (earlier volume). Also,
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Figure 2.8. SDS-PAGE gel showing the SEC purification of 6xHis-SSADH. The molecular weights are
shown in blue to the left of the protein ladder (Lane I). The bands of interest are indicated with a magenta arrow
(%), with the vertical height of the arrow tip (relative to the ladder) indicated by the yellow triangle (/) adjacent
the ladder. The calculated molar mass of 6xHis-SSADH is 54.2 kDa. Well numbers appear above the lanes, and
those colored in green indicate the fractions that were collected and pooled for analysis. Labels above the well
numbers indicate the column fraction number: F33 = fraction 33. The estimated molecular weight composition
for fractions of interest is shown above in parentheses. Dot patterns (® and ®) at the top of the gel indicate the
predicted oligomerization of 6xHis-SSADH for that fraction. Molecular weights and dots colored in pink are
outside the fractionation range of the resin and therefore estimated with very low confidence.
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chaperones may preferentially bind a region that is formed or exposed in only one of several
possible oligomeric states, impacting the equilibrium between these states. Thus, the net result
of significant chaperone interaction could be an elution profile that is slightly shifted and/or
broadened from the ideal.

Fractions 33—46 were deemed pure enough to pool for a combined volume of 18.06 mL
and a total protein concentration 1.005 mg/mL (A2s0). The total protein mass was 18.15 mg
and the specific activity of 6xXHis-SSADH was 34.47 U/mg. Fractions were immediately
divided into 88%200 uL aliquots, flash-frozen in liquid nitrogen and stored at -80 °C.

A purification summary for 6xHis-SSADH is presented in Table 2.1. The greatest amount
of purification was achieved with the IMAC column, which is to be expected since affinity
chromatography is well known to be a powerful separation technique. SEC did not produce a
significant increase in 6xHis-SSADH purity, but it did afford the ability to exchange the buffer
and observe various oligomerization states for 6xHis-SSADH. The table also quantifies what
is clearly evident by SDS-PAGE analysis, which is that 6xHis-SSADH is strongly expressed
in E. coli BL21(DE3)pLysS cells using the pKN12 vector (29.5% cellular protein abundance).
Table 2.1. 6xHis-SSADH purification summary table. “Lysate” is the clarified lysate that was loaded onto

the IMAC column. “IMAC?” is the eluate from the IMAC column after fractions were pooled and concentrated.
“SEC” is the eluate from the SEC column after fractions were pooled. See appendix for individual calculations.

step | Volume | [Protein] | Activity | ST | Fold | Yield | Bl | ey
(U/mg)* (%)

Lysate 3.73 44.03 1,682.99 10.24 1.0 100.0

IMAC 1.31 14.30 639.08 34.07 3.3 38.0

SEC 18.06 1.00 630.41 34.74 34 37.5 29.47 31.29

* Values determined at pH 7.5 and room temperature (20—22 °C)
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2.2.3 Enzyme Kinetics of Recombinant SSADH

[SSA] = 5-100 uM [SSADH] = 0.0046 mM
A A
1 ’ 0 (Ao = 340 NM)
O S max
o~ & + Napp SSADH ON%) + NADPH + H®
0 pH 6.50-8.25 o
succinate semialdehyde 30°C
(SSA) ! succinate (SA)

\
[NADP*]=0.1, 0.2, 1.0 mM

Figure 2.9. The SSADH enzyme Kinetics assay.

Introduction to the Rate Experiments

The enzyme kinetics data presented in the following section was obtained by measuring
the initial velocity (vo) of SSADH-catalyzed reactions in the forward direction
(dehydrogenase), where the succinate semialdehyde (SSA) substrate is oxidized to succinate
(SA) with the concomitant reduction of the NADP" coenzyme to NADPH (Figure 2.9).

NADPH has a unique absorbance spectrum, with a peak absorbance (Amax = 340 nm) in
the ultraviolet A region that is not shared by NADP" or any of the other substrates and products
in the reaction. This distinctive spectral signature provides a convenient way of monitoring the
progress of the catalyzed reaction, in either direction. Recording the absorbance of the reaction
at 340 nm produces a reaction progress curve that represents the change in NADPH
concentration over time. Because the change in product concentration over time is one way to
define the reaction velocity, v = d[P]/dt, the slope of the progress curve at any point represents
the velocity of the enzyme-catalyzed reaction at that time. Figure 2.10 shows a set of reaction

progress curves collected during development of the enzyme assay.
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Reaction progress curves at different enzyme (SSADH) concentrations
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Figure 2.10. A set of reaction progress curves for SSADH. The progress curves represent the increase in
NADPH concentration over the 90 seconds following reaction initiation. Each curve reflects a different
concentration of enzyme (SSADH) used in the reaction. Assay conditions: [SSADH] = 0.05-1.0 pg/mL,
[NADP] = 1.0 mM, [SSA] =5 uM, in 100 mM sodium phosphate at pH 7.5 and 30 °C.

Progress curves were analyzed using the initial-rate method, where initial velocity (vo) is
measured from the progress curve at or near the start of the reaction (t = 0), when substrate
depletion is minimal, very little product has formed, and the initial velocity remains essentially
constant (@*[P)/dt> = 0). This early phase of the reaction, where the enzyme-substrate complex
concentration [ES] is also assumed to remain constant (d[ES]/dt = 0), has been termed the
pseudo-steady-state since it takes place after a fast initial transient where the enzyme-substrate
complex first builds up (E + S — ES). During the initial transient, the depletion of the free
substrate to form the ES-complex is also assumed to be minimal so that the substrate
concentration [S] during the steady state may be approximated by the initial substrate
concentration [S]o. This is known as the reactant stationary assumption ([S] = [S]o).

Application of the Henri-Michaelis-Menten equation, or similar equations derived using
identical assumptions, necessitates that initial velocities are correctly measured and that the

steady-state and reactant stationary assumptions are valid for the experiment. All these criteria
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were satisfied by keeping the substrate concentrations orders of magnitude higher than the total
enzyme concentration during all the rate experiments. A sufficiently high substrate
concentration with respect to the total enzyme concentration ([S] >> [E]r) ensures that less
than 5% of the substrate was consumed when the initial velocities were measured, satisfying
the steady-state assumption. Additionally, using an enzyme concentration value far below the
substrate Km satisfies the reactant stationary assumption, ensuring that [S] = [S]o. Initial
velocity conditions were confirmed during development of the enzyme assay (Section 1.1.3.2),
then these parameters were optimized.

Each experiment consisted of a set of reaction conditions, some of which were allowed to
vary while others were tightly controlled. The conditions that were allowed to vary included
SSADH concentration (enzyme), SSA concentration (substrate), NADP" concentrations
(coenzyme), as well as buffer pH. The initial velocity data sets were fit to the appropriate rapid-
equilibrium or steady-state derived rate equations to provide: 1) the kinetic parameters kcat and
Km; 11) the pH optimum for the catalyzed reaction and the pK. value of an active site residue

involved in catalysis; and iii) a likely mechanism for the catalyzed reaction.

Development of the Enzyme Assay

The first step in the development of an initial-rate assay was to verify that the initial
velocity of the catalyzed reaction is linearly dependent on the total enzyme concentration. This
need arises because all enzymes displaying Michaelis-like behavior have rate equations of a
form similar to vo = K[E]1/(1 + Ks/[S]), where the initial velocity is proportional to the total
enzyme concentration used in the reaction (vo < [E]t). Demonstrating this linear dependence
is especially crucial at the lowest substrate concentration to be used during the rate

experiments, because the substrate will be consumed quickly and the steady-state window will
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be very small, making it challenging to obtain initial velocity data without the use of
specialized equipment that allows for rapid mixing. Finding an appropriately small enzyme
concentration that can provide reliable initial rate measurements at low substrate
concentrations is vital in getting good kinetics data. Linearity between vo and [E]r may break
down at very low enzyme concentrations for a number of reasons, including an unfavorable
change in the oligomeric state of the enzyme upon dilution, the presence of a co-purified
inhibitor, and adsorption of the enzyme to the reaction vessel walls.

The linear dependence of initial velocity on total enzyme concentration is demonstrated
in the vo versus [E]r plot in Figure 2.11, where the initial velocity values used were measured
from the reaction progress curves previously shown in Figure 2.10.

The Kn for SSADH from various organisms, with SSA as the substrate, ranges from 1—
189 uM depending on the gene and sequence. For the recombinant SSADH supplied for this

study by Prof. James C. Whisstock, the Km with SSA as a substrate was reported as 16.94 +

Initial velocity vs SSADH concentration
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Figure 2.11. Initial velocity versus SSADH concentration. Filled black circles (®) represent the mean initial
velocity (vo) obtained at different concentrations of enzyme in the final reaction mixture. I-bars indicate the
standard deviation of each data point. The solid line through the data points is obtained by linear regression, with
the resulting equation and R? shown on the plot. Assay conditions: [SSADH] = 0.05-1.0 ug/mL, [NADP*] =
1.0 mM, [SSA] =5 uM, in 100 mM sodium phosphate at pH 7.5 and 30 °C. Assays performed in triplicate.
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2.2 uM. Based on this information, 5.0 uM SSA would be the lowest substrate concentration
assayed. Initial velocity data were obtained using 6xHis-SSADH concentrations ranging from
0.05-1.0 pg/mL, with SSA and NADP" fixed at 5.0 pM and 1.0 mM, respectively. The initial
velocity showed a linear dependence with all concentrations of SSADH assayed. A
concentration of 0.25 pug/mL (or 4.6 nM) of 6xHis-SSADH was selected to be the standard
enzyme concentration for the assays. By comparison, the lowest SSA concentration used
during the assays was 5 uM, which places the lowest substrate concentration at over 1,000
times excess, satisfying the requirement that [S] >> [E]r.

To verify that enzyme and substrate concentrations satisfied the initial velocity conditions
of less than 5% of the substrate consumed during the measurements, a test was performed at
pH 8.0 (near pH optimum) with 0.25 pg/mL of enzyme, using the maximum cofactor
concentration (1.0 mM NADP™) and the lowest substrate concentration (5 uM SSA). The initial
velocity was recorded as 6.11 pM min™! (NADPH produced). For the SSADH reaction the
stoichiometry between substrate and product is 1:1, so this is also the rate of substrate
consumption. 5% of 5 uM SSA is 0.25 pM, the maximum substrate that can be consumed
before the initial velocity conditions are no longer valid. At the recorded initial velocity, it
would take approximately 2.5 seconds to consume 5% of the substrate. It took less than 2
seconds to initiate the experiment and begin recording the absorbance using the procedure
described in the Methods (Section 2.4.6.2).

Maintaining strict control of the reaction temperature is essential when determining
enzyme kinetics parameters and, from Arrhenius equation, just a 1 °C increase in temperature
can increase the rate of a chemical reaction by as much as 10%. Early attempts at getting

consistent data were plagued by dramatic temperature fluctuations in the room where the
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Initial velocity vs SSADH thermal equilibration time
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Figure 2.12. Initial velocity vs SSADH thermal equilibration time. Filled black circles (®) represent the mean
initial velocity (vo) obtained after pre-incubating the enzyme for various periods of time, at 30 °C, prior to
initiating the reaction. I-bars indicate the standard deviation of each data point. Assay conditions: [SSADH] =
0.25 pg/mL, [NADP*] = 1.0 mM, [SSA] =100 uM, in 100 mM sodium phosphate at pH 7.5. Assays performed
in triplicate.

experiments were conducted. It was therefore decided that all reactions should be conducted
at 30 °C. Since most of the reaction components were kept on ice during the experiments, it
was necessary to determine the length of time required to bring the components into thermal
equilibrium with the reaction temperature of 30 °C before initiating the enzyme reaction. The
plot of initial velocity versus equilibration time (Figure 2.12) illustrates that the components
require a pre-incubation of 3—4 minutes at 30 °C in order to obtain reliable initial velocities.
After the final purification step and activity assay, purified 6xHis-SSADH was aliquoted,
flash frozen in liquid nitrogen and immediately placed into storage at -80 °C. On the day of
rate experiments, one aliquot was thawed on ice, diluted to a working concentration with ice
cold 100 mM sodium phosphate buffer pH 7.5 with the addition of 1 mM DTT, and then these
solutions were placed in a 4 °C refrigerator after a 1 mL sample was withdrawn for
experiments. Over the course of 20 days these thawed and diluted aliquots were tested for loss

of activity. Itis clear from Figure 2.13 that despite minimal handling, the activity of SSADH
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Initial velocity vs SSADH age (stored at 4 °C)
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Figure 2.13. Initial velocity vs SSADH age, upon storage at 4 °C. Filled black circles (®) represent the mean
initial velocity (vo) obtained after storing the enzyme, at 4 °C, for up to 20 days. I-bars indicate the standard
deviation of each data point. The solid line through the data points was obtained by linear regression, with the
resulting equation and R? shown on the plot. Assay conditions: [SSADH] = 0.25 pg/mL, [NADP*] = 1.0 mM,
[SSA] =100 puM, in 100 mM sodium phosphate at pH 7.5 and 30 °C. Assays performed in triplicate after 3 min
pre-incubation.

degrades over time, with an approximately 4% loss in activity over 24 hours. Since the typical
set of rate experiments took about 15 hours to complete, a 2% loss in activity over the course
of the experiments was deemed acceptable, particularly since the order of the reactions was
randomized to account for time-dependent phenomena. Because SSADH contains a pair of
adjacent cysteines that function as a redox switch to regulate enzymatic activity based on the
surrounding redox state, it was possible that a disulfide bond had formed between these two
residues. To test this hypothesis an additional 1 mM DTT was added to the solution, but no
increase in activity was observed after incubating for 1 hour. Either the cysteines were oxidized
beyond disulfides (i.e., sulfenic, sulfinic, etc.) or there was another phenomenon responsible,
possibly loss of native structure or aggregation.

To verify that this enzyme is the product of the gabD gene (EC 1.2.1.79), and possesses
the stated preference for NADP" as the coenzyme, the initial rates for the SSADH reaction

with 100 uM SSA were measured at different concentrations NADP' and NAD" at pH 7.50
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and 30 °C. Nonlinear fit of this data to Equation 2.10 provided a Kn(NADP™") and Kn(NAD™)
0f0.079 £ 0.013 mM and 1.02 + 0.50 mM, respectively, a 13-fold increase in Km when NAD"®
is used in place of NADP". Additionally, kca decreased ~83% from 54.58 = 2.31 s t0 9.45 +

1.04 s! when NAD" is used in place of NADP".

Initial Velocities at pH 8.0 with One Substrate Fixed

Nonlinear regression was used to fit Equation 2.8 to a dataset from a rate experiment
performed at pH 8.0, where [SSA] was varied and [NADP '] was fixed. A plot of the data and
the nonlinear fit is presented in Figure 2.14A. The data were also transformed, by taking the
reciprocal of both the initial velocities and substrate values, then fit to Equation 2.9 by linear
regression, and that data along with the linear fit are presented in Figure 2.14B. The values for
V'max and K'ssa, that resulted from both fitting procedures, along with the statistics of the fitting,

are given in Table 2.2. The prime (') notation on V"max and K'ssa is used to denote these as the

v, vs [SSA], [NADP*] = 1.0 mM (pH 8.00) 1/v, vs 1/[SSA], [NADP*] = 1.0 mM (pH 8.00)
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Figure 2.14. SSADH initial velocity vs [SSA], at fixed [NADP?]. (A) Nonlinear regression of SSADH initial
velocity (vo) versus SSA concentration, [SSA]. Filled black circles (®) represent the mean initial velocity (vo) at
each [SSA] value, with I-bars indicating the standard deviation. The blue rectangular hyperbola is the
nonlinear fit of the Henri-Michaelis-Menten equation to the data. V. and Kssa are indicated by dashed lines.
(B) Lineweaver-Burk transformation of vy versus SSA concentration data. Filled black circles (®) represent
inverse mean initial velocity (1/ vo) at each value of 1/[SSA], with I-bars indicating the standard deviation. The
blue line is the linear fit of the Lineweaver-Burk equation to the data. 1/Vnax and -1/Kssa are indicated by arrows;
expression for slope is adjacent to the blue line. Assay conditions: [SSADH] = 0.25 pg/mL, [NADP*] = 1.0
mM, [SSA] =5-100 uM, 100 mM sodium phosphate, pH 8.00, 30 °C. Assays performed in triplicate after 3 min
pre-incubation.
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Equation 2.8. Rate equation for SSADH, [SSA] varied at fixed [NADP*].

_ _Vau[SSA]
Kl +[SSA]

0

Equation 2.9. Lineweaver-Burk equation for SSADH, [SSA] varied at fixed [NADP*].

11Ky

v, V' V' [SSA]

max max

Table 2.2. Parameters from fitting SSADH initial velocity vs [SSA], at fixed [NADP"].

Henri-Michaelis-Menten (nonlinear) Lineweaver-Burk (linear transformation)
V'max 19.11 £ 0.29 yM min™’! 1/V'max 0.0531 +0.0007 uM-! min
Vimax % Err | 1.52% 1/V'max % Err 1.32%
K'ssa 11.09 + 0.64 uM K'ssa /V'max 0.560 + 0.009 min
K'ssa % Err 5.77% K'ssa IV'max % Err | 1.61%
R? 0.9995 R? 0.9997
V'max* 18.81 +0.27 uM min™’
V'max % Err 1.44%
K'ssa* 10.53 £ 0.24 yM
K'ssa % Err 2.28%
*The Lineweaver-Burk values for V'max and K'ssa were calculated from 1/Vmax and K'ssa /V'max values.

apparent Vimax and apparent Kssa. In order to distinguish them from the absolute Vimax and Kssa.
They are apparent because their value ultimately depends on the concentration of the fixed
substrate, which does not explicitly appear in the equations. The mathematical expressions for
V'max and K'ssa are presented when their replots are discussed (Section 2.2.3.5).

Table 2.2 shows that nonlinear regression produced a V'max of 19.11 £ 0.29 uM min’!,
while linear regression on the transformed data estimated V'max as 18.81 = 0.27 uM min’!, a
difference of 1.6%. When considering the standard deviation for both values, there really isn’t
a difference between the two, statistically. Similarly, the nonlinear regression value and the

Lineweaver-Burk estimation of K'ssa are 11.09 = 0.64 uM and 10.53 = 0.24 uM, respectively.
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Figure 2.15. SSADH initial velocity vs [NADP*], at fixed [SSA]. (A) Nonlinear regression of SSADH initial
velocity (vo) versus NADP* concentration, [NADP*]. Filled black circles (®) represent mean initial velocity (vo)
at each [NADP"] value; I-bars indicate standard deviation. The green rectangular hyperbola is the nonlinear
fit of the Henri-Michaelis-Menten equation to the data. Vmax and Kssa are indicated by dashed lines. (B)
Lineweaver-Burk transformation of vy versus NADP" concentration data. Filled black circles (®) represent
inverse mean initial velocity (1/vo) at each value of 1/[NADP*]; I-bars indicate standard deviation. The green
line is the linear fit of the Lineweaver-Burk equation to the data. 1/Vmax and -1/Knapp+ are indicated by arrows;
expression for slope is adjacent to the green line. Assay conditions: [SSADH] = 0.25 ug/mL, [NADP*] = 0.1,
0.2, and 1.0 mM, [SSA] = 100 uM, 100 mM sodium phosphate, pH 8.00, 30 °C. Assays performed in triplicate
after 3 min pre-incubation.

This is a difference of 5.3%, but again, when the standard deviations are considered there is no
real difference between the two values. This is largely because the lowest [S] used in the rate
assay was not below 0.25Kum, so the error in estimation of kinetic parameters by the
Lineweaver-Burk treatment is minimal.

In order to make use of Equation 2.10 with the existing experimental data, a new dataset
was constructed from three existing rate experiments, where in each experiment [SSA] was
varied at a fixed [NADP']. These three experiments were collected at 0.1, 0.2, and 1.0 mM
NADP". From each of these three [NADP] datasets, the vy value corresponding to the same
[SSA] value was extracted to create a new dataset where now [NADP'] varied between 0.1 —
1.0 mM, with [SSA] fixed at a constant value. Such a dataset collected at pH 8.0, with [SSA]
fixed at 100 uM and [NADP] allowed to vary is presented in Figure 2.15A, along with the

nonlinear fit of Equation 2.10 to this data. The Lineweaver-Burk transformation of the data,
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Equation 2.10. Rate equation for SSADH, [NADP?] varied at fixed [SSA].

V' [NADP*]
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Equation 2.11. Lineweaver-Burk equation for SSADH, [NADP"] varied at fixed [SSA].
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Table 2.3. Parameters from fitting SSADH initial velocity vs [NADP™], at fixed [SSA].

Henri-Michaelis-Menten (nonlinear) Lineweaver-Burk (linear transformation)
V'max 19.36 + 0.52 yM min™’ 1/V'max 0.051 + 0.002 uM-* min
Vmax % Err 2.67% 1/V'max % Err 3.92%
K'NADP+ 0.083 + 0.008 mM K'NaDP+ V'max 0.0045 +0.0003 min
K'napp+ % Err 9.67% K'NaDP+/ V'max % Err | 6.66%
R? 0.9997 R? 0.9997
V'max* 19.69 + 0.84 yM min™’!
V'max % Err 4.26%
K'NaDP+* 0.088 +0.007 mM
K'napp+ % Err 7.95%
*The Lineweaver-Burk values for V'max and K'napp+ were calculated from 1/Vmax and K'nabp+/V'max values.

and linear regression of it to Equation 2.11 is presented in Figure 2.15B. The }/'max and

K'~napp+ values from both the nonlinear and linear regressions are presented in Table 2.3 along

with the fitting statistics. Despite comprising of only 3 data points, nonlinear regression of the

data provides an estimated ¥'max of 19.36 £ 0.52 uM min™!, which is close to the 19.11 + 0.29

uM min™! provided by the earlier nonlinear fit for vo versus [SSA] at fixed [NADP].

Combined pH 8.0 Initial Velocity Data as 2D Projections

Data from 3 rate experiments conducted at 0.1, 0.2, and 1.0 mM NADP", where in each

experiment [SSA] varied from 5-100 uM, are plotted together in Figure 2.16. It should be

noted that the highest [NADP"] (colored in blue) used in the experiments was previously
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Figure 2.16. Combined fits for SSADH initial velocity vs [SSA], at fixed [NADP*]. The legend appears above
the figures. (A) Three different data sets, each fit independently with the Henri-Michaelis-Menten equation and
then displayed together on the same plot. Filled colored circles represent the mean initial velocity (vo) at each
value for [SSA], with colored I-bars indicating the standard deviation, and colored rectangular hyperbolas are
the nonlinear fits for each respective dataset. (B) The same data transformed into double-reciprocal format, fit
with the Lineweaver-Burk equation and then displayed together on the same plot. Filled colored circles represent
the inverse mean initial velocity (1/v) at each value for 1/[SSA], I-bars indicate the standard deviation, and
colored lines are the linear fits for each respective dataset. Assay conditions: [SSADH] = 0.25 pg/mL, [NADP']
=0.1, 0.2, and 1.0 mM, [SSA] = 5-100 uM, 100 mM sodium phosphate, pH 8.00, 30 °C. Assays performed in
triplicate after 3 min pre-incubation.

shown in Figures 2.14. Untransformed data fit with Equation 2.8 (Henri-Michaelis-Menten)
is presented in Figure 2.16A, where it is clear that an increase in fixed [NADP] leads to an
increase in Vmax. This point is graphically illustrated with replots (Figure 2.18A) in the next
section. Data transformed into reciprocal units and fit using Equation 2.9 is shown in Figure
2.16B, where the utility of the Lineweaver-Burk plot is evident. All lines intersect to the left
of the ordinate and above the abscissa, in Cartesian quadrant II. This pattern is diagnostic for
the following four bireactant mechanisms: 1) rapid equilibrium random; 11) rapid equilibrium
ordered; 111) steady state ordered; 1v) and steady state Theorell-Chance.

Data from 9 rate experiments conducted at 5, 10, 15, 20, 30, 40, 60, 80, and 100 uM SSA,
where [NADP"] was allowed to vary from 0.1-1.0 mM, is combined in Figure 2.17. The
untransformed data fit with Equation 2.10 is shown in Figure 2.17A, where the conclusion
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Figure 2.17. Combined fits for SSADH initial velocity vs [NADP"] at fixed [SSA]. The legend appears above
the figures. (A) Three different data sets, each fit independently with the Henri-Michaelis-Menten equation and
then displayed together on the same plot. Filled colored circles represent the mean initial velocity (vo) at each
value for NADP*], with colored I-bars indicating the standard deviation, and colored rectangular hyperbolas are
the nonlinear fits for each respective dataset. (B) The same data transformed into double-reciprocal format, fit
with the Lineweaver-Burk equation and then displayed together on the same plot. Filled colored circles represent
the inverse mean initial velocity (1/vo) at each value for 1/[NADP], I-bars indicate the standard deviation, and
colored lines are the linear fits for each respective dataset. Assay conditions: [SSADH] = 0.25 pg/mL, [NADP']
=0.1, 0.2, and 1.0 mM, [SSA] = 5-100 uM, 100 mM sodium phosphate, pH 8.00, 30 °C. Assays performed in

triplicate after 3 min pre-incubation.

can be made that increasing fixed [SSA] results in an increase in Vmax (see Figure 2.18B in
Section 2.3.3.5). In Figure 2.17B, where the data is transformed into reciprocal units and fit
with Equation 2.11 (Lineweaver-Burk), a pattern of lines intersecting in quadrant II is
observed once more. Because neither Lineweaver-Burk plot (Figure 2.16B or 2.17B) has lines

that intersect on the ordinate, the random ordered sequential mechanism may be ruled out (see

Figure 2.3 in Section 2.1.5).

Analysis of Replots from Combined Datasets

Replots of V'max (the apparent Vmax) versus fixed substrate concentration are presented in
Figure 2.18. Figure 2.18A is an alternative representation of the data in Figure 2.16A, rotated

90 ° about the vp-axis, with the [SSA]-axis now compressed (pointing towards the observer)
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Figure 2.18. Replots of apparent maximal velocity (}'max) Vs fixed substrate concentration. (A) V' max Vs fixed
values for [NADP"]. Filled black circles (®) represent Vmax values obtained from each set of assays where [SSA]
was varied at a fixed [NADP"], and the teal line is the nonlinear fit of the data. Dotted lines indicate the positions
for Vimax and Kmnapp+. (B) V'max Vs fixed values for [SSA]. Filled black circles (®) represent Vmax values obtained
from each set of assays where [NADP*] was varied at 9 different fixed [SSA], and the magenta line is the
nonlinear fit of the data. Dotted lines indicate the positions for Vmax and Kmssa. Assay conditions: [SSADH] =
0.25 pg/mL, [NADP"]=0.1, 0.2, and 1.0 mM, [SSA] = 5-100 uM, 100 mM sodium phosphate, pH 8.00, 30 °C.
Assays performed in triplicate after 3 min pre-incubation.

Equation 2.12. Expression for V'max when [SSA] is varied and [NADP*] is fixed.

pr__ Vun[NADP']
™ K aop. +[NADP']

Equation 2.13. Expression for V'max when [NADP*] is varied and [SSA] is fixed.

max

o __Van[SSA]

™ K, +[SSA]

and the [NADP"]-axis expanded along the abscissa. In other words, Figure 2.18A is a view
looking through Figure 2.16A at V'max, where [SSA] — oo. At this point it starts to become
clear that the initial velocity data for bireactant enzymes lies on the surface of a three-
dimensional space.

Nonlinear regression of the data in Figure 2.18A using Equation 2.12 provided a Vimax of
20.58 £ 0.56 uM min™' and Knapp+ of 0.070 £ 0.008 mM. Since these values were calculated
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using much more data (vo for 5-100 uM SSA) than was presented in Figure 2.15A (100 uM
SSA only), they provide better estimates for the true values of Vmax and Knapp+. For
comparison, the estimates for Vimax and Knapp+ from the nonlinear fit presented in Figure 2.15A
were 19.36 + 0.52 uM min™! and 0.083 + 0.008 mM, respectively.

Likewise, Figure 2.18B represents a transection of Figure 2.17A at V' nax (apparent Vimax),
where [NADP'] — . Nonlinear regression of the data in Figure 2.18B, using Equation 2.13,
provided estimates of Vinax = 20.57 = 0.35 uM min™ and Kssa = 10.56 + 0.68 uM. As these
estimates resulted from the inclusion of all [NADP"]-datasets (0.1, 0.2, 1.0 mM), they are more
accurate than the Vimax of 19.11 £0.29 uM min™! and Kssa of 11.09 £ 0.64 uM calculated from
the 1.0 mM NADP"-dataset presented in Figure 2.14A.

Replots of K'n (the apparent Ki) versus fixed substrate concentration are presented in
Figure 2.19. Synergistic binding is observed in both Figures 2.19A and 2.19B, where the data
was fit using Equations 2.14 and 2.15, respectively. This phenomenon was described in
Section 2.1.5 and illustrated by Figure 2.4. In Figure 2.19A, at low fixed [NADP"], Kssa
increases towards the value of equilibrium dissociation constant for the enzyme-SSA complex
(i.e., Kssa — Kissa), where Kissa = [E-SSA]/[E][SSA]. At high fixed [NADP"], Kssa decreases
towards the value of the Michaelis constant for the substrate SSA (i.e., Kssa — Km,ssa). Here,
the interpretation of Kmssa is not so straightforward, since the Michaelis constant is an
aggregate of individual rate constants whose identities are dependent on the proposed
mechanism. Similarly, at low fixed [SSA], Knapp+ — Kinapp+, and at high fixed [SSA], Knapp+
— KmnNapp+ (Figure 2.19B). Thus, each substrate increases the other’s binding affinity in a

synergistic manner.
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Nonlinear regression of the data presented in Figure 2.19A, using Equation 2.14, resulted
in the following parameters: Kissa = 16.36 uM, Km ssa = 10.22 uM, Kinapp+ = 0.265 mM, and
KmnNapp+ = 0.165 mM. Note, while Kissa is not explicitly written in Equation 2.14, it was

derived from the relationship in Equation 2.6. Statistics for the fitting could not be obtained

Replot of K’ssA vs fixed [NADP*] (pH 8.00) Replot of K'NM)F,,r vs fixed [SSA] (pH 8.00)
18 0.18 - . . .

. KiNADP+

K'ssa (UM)

00 0.2 04 06 08 1.0 o 20 40 60 80 100
[NADP*] (mM) [SSA] (uM)

Figure 2.19. Replots of apparent Michaelis constant (K'm) vs fixed substrate concentration. (A) K'ssa vs
fixed values for [NADP*]. Filled black circles (®) represent the K'ssa values obtained from distinct sets of assays
where [SSA] was varied (not shown), at a fixed [NADP"] values that were incrementally increased (along x-
axis), and the red line is the nonlinear fit of the data. The arrow indicates the estimation for Kjssa; dotted line are
the estimation for Kmgssa. (B) K'napp+ Vs fixed values for [SSA]. Filled black circles (®) represent the K'napp+
values obtained from distinct sets of assays where [NADP*] was varied (not shown), at fixed [SSA] values that
were incrementally increased (along x-axis), and the blue line is the nonlinear fit of the data. The arrow indicates
the estimation for Kinapp+; dotted line are the estimation for Kmnapp+. Assay conditions: [SSADH] = 0.25
pug/mL, [NADP*] = 0.1, 0.2, and 1.0 mM, [SSA] = 5-100 uM, 100 mM sodium phosphate, pH 8.00, 30 °C.
Assays performed in triplicate after 3 min pre-incubation.

Equation 2.14. Expression for K'ssa when [SSA] is varied and [NADP"] is fixed.

K. = Kinanes
SSA —

K

m,NADP+

K

m,SSA

+ K, s [NADP*]
+[NADP"]

Equation 2.15. Expression for K'xapp+ when [NADP*] is varied and [SSA] is fixed.

Kr — KiNADP+K1n,SSA +Km,NADP+[SSA]
NADP? K . +[SSA]

m,SSA
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because the number of fitting parameters in the model was not less than the number of data
points. Apart from the value for Kssa (asymptote parallel to the abscissa), the fit does not
provide reliable values for the remaining constants. This is both because there are too few data
points and, more importantly, no NADP" concentrations below the K for NADP" were used
during the rate experiment, a fact clearly illustrated in Figure 2.18A. Nonlinear regression of
the data presented in Figure 2.19B, using Equation 2.15, resulted in the following parameters:
Kissa 9.71 £ 11.32 uM, Kmssa =4.31 £ 4.78 uM, Kinapp+ = 0.164 = 0.057 mM, and KmNapp+
=0.072 + 0.004 mM, where Kissa was derived from the fitting parameters using Equation 2.6.
Similar to fit in Figure 2.19A, the value for Knapp+ (asymptote parallel to the abscissa) is
estimated well, but the remaining values are unreliable because too few SSA concentrations
below the K for SSA were used in the rate experiment. The main value of the replots is in the
graphical way they illustrate that equilibrium dissociation constants are greater than the
Michaelis constants when synergistic binding occurs (Ks > Km). The actual magnitude of the

synergism is quantitatively determined in the following section.

Global Least-Squares Regression of Initial Rate Data

A combined dataset, represented by a 27 x 3 matrix, was constructed by combining all
three vo versus [SSA] datasets (9 x 2 matrices), at fixed [NADP'] of 0.1, 0.2, and 1.0 mM.
Global least-squares (multivariable) regression was performed on the combined dataset, using
both Equation 2.3 and Equation 2.5 (Section 2.1.5). The results for the simultaneous fitting
of vo, [SSA] and [NADP] are presented as a three-dimensional surface plot in Figures 2.20A
and 2.21A, along with their companion two-dimensional projections in Figures 2.20B and

2.21B.
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M [NADP*]=1.0mM [ [NADP*]=0.2 mM [ [NADP*]=0.1 mM

Multivariable Fit of Sequential Model (pH 8.00) Multivariable Fit of Sequential Model (pH 8.00)
3D Surface 2D Projection
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Figure 2.20. Multivariable regression: 3D surface and vo vs [SSA] 2D projections. (A) 3D surface from the
multivariable nonlinear regression of the [[NADP*],, [SSA],, (vo)-]-matrix. Colored circles represent the mean
initial velocities (vo) used for the fit. (B) Compression of the x-axis, representing [NADP*], results in a 2D
projection showing vo vs [SSA] at fixed [NADP]. Colored circles represent mean initial velocities (vo), I-bars
indicate the standard deviation, and the colored lines are slices through the 3D surface at each fixed [NADP*].
Assay conditions: [SSADH] = 0.25 ug/mL, [NADP*] = 0.1, 0.2, and 1.0 mM, [SSA] = 5-100 uM, 100 mM
sodium phosphate, pH 8.00, 30 °C. Assays performed in triplicate after 3 min pre-incubation.

I [SSA] =100 uM M [SSA]=80 M I [SSA]=60 uM I [SSA] =40 uM [T [SSA] = 30 M
I [SSA] =20 yM BI[SSA]=15uM [1[SSA]=10 uM [ [SSA] = 5 uM

Multivariable Fit of Sequential Model (pH 8.00) Multivariable Fit of Sequential Model (pH 8.00)

3D Surface 20 2D Projection

v, (M min™)

0.4 0.6
[NADP*] (mM)

Figure 2.21. Multivariable regression: 3D surface and vo vs [NADP*] 2D projections. (A) 3D surface from
the multivariable nonlinear regression of the [[SSA]x, [NADP™],, vo-]-matrix. Colored circles represent the mean
initial velocities (vo) used for the fit. (B) Compression of the x-axis, representing [SSA], results in a 2D projection
showing vy vs [NADP] at fixed [SSA]. Colored circles represent mean initial velocities (vo), I-bars indicate the
standard deviation, and the colored lines are slices through the 3D surface at each fixed [SSA]. Assay conditions:
[SSADH] = 0.25 pg/mL, [NADP*] =0.1, 0.2, and 1.0 mM, [SSA] = 5-100 uM, 100 mM sodium phosphate, pH
8.00, 30 °C. Assays performed in triplicate after 3 min pre-incubation.
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The difference between Figures 2.20 and 2.21 is only the orientation of the [SSA] and
[NADP'] axes, with the aim to show the origin of the 2D projections that bear striking
similarities to the combined plots presented earlier (Figures 2.16A and 2.17A). The plots are
similar, but not identical, as the multivariable regression on the larger dataset produces subtle
differences in fitting, with slightly more accurate results. In comparing Figures 2.20B and
2.16A, for NADP'] = 0.2 mM (green filled circles and lines), the positions of the 40 uM SSA
data points with respect to the rectangular hyperbola are not the same in these two figures.
More dramatically, in Figure 2.21B the spacing between the rectangular hyperbolas decreases
uniformly from 5 mM to 100 mM SSA, while their spacing in Figure 2.17A appears random.

The parameters for the constants resulting from regression using Equations 2.3 and 2.5,
along with the fitting statistics, are presented in Table 2.4. While the derivations of these rate
equations and their final mathematical expressions are not the same, both equations produce
identical values for the kinetic parameters, albeit with minor differences in presentation.
Equation 2.3 was derived using the rapid equilibrium assumption, so it is not surprising that
it returns only values for the equilibrium dissociation constants, Kssa and Knapp+, along with

Table 2.4. Kinetic parameters from multivariable nonlinear regression of pH 8.00 data.

Rapid Equilibrium Random Model, with the a-term (Equation 2.3)

Michaelis constants

Dissociation constants . "
(a x Dissociation constants)

Parameter Vinax (UM min"")  Kssa (MM)  Knapp+ (MM)  aKssa (UM)  aKnapp+ (MM) a
Estimate 2057034 | 19242315 013:002 | 10%8* 00700005 |055+0.12
% Error 1.67% 16.37% 15.21% 6.54% 7.45% 21.41%

Sum of Squared Errors = 1.89

Sequential Model, with four independent constants (Equation 2.5)

Dissociation constants Michaelis constants
Parameter Vinax (MM min1) Kissa (UM)  Kinapp+ (MM)  Km,ssa (MM)  KmNaDpp+ (MM)
Estimate 2057034 | 19.24+315 0.13+0.02 1%22 *  0.070£0.005
% Error 1.67% 16.37% 15.21% 6.54% 7.45%

Sum of Squared Errors = 1.89
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a value for the a-term. The Michaelis constants for SSA and NADP™, K ssa and KmNaDp+, can
be obtained by multiplying each dissociation constant by a. The steady-state assumption was
used to derive Equation 2.5, thus its mathematical expression contains explicit terms for the
Michaelis constants Km,ssa and KmNapp+, in addition to the equilibrium dissociation constants,
here termed Kissa and Kinapp+. One advantage of using the a-term is that no direct comparison
between Ks and K is required to determine if synergistic binding is occurring, if the binding
sites are truly independent, or if there is competition between the substrates; one need only
look at the value for the a-term (Section 2.1.5). Additionally, the magnitude of a-term may be
a useful parameter when comparing homologous enzymes with rapid equilibrium random
mechanisms, or when probing such an enzyme’s active site using site-directed mutagenesis.
Table 2.5 compares the kinetic parameters from multivariable nonlinear regression with
those values produced by methods from the previous sections. With the appropriate rate

equation, multivariable nonlinear regression on the complete dataset remains the preferred

Table 2.5. Enzyme Kinetics parameters from different methods of data analysis.

Method Fixed Vimax Kissa Km,ssa KinaDP+ Km,NADP+
Substrate | (UM min) (uM) (M) (mM) (mM)
Single NADP* 19.11 £0.29 11.09 + 0.64
substrate SSA 19.36 + 0.52 0.083 +0.008
NADP* 20.58 +0.56 0.070 + 0.008
V' replots
SSA 20.57 £0.35 10.56 + 0.68
NADP* 16.36 10.22 0.26 0.17
K' replots*
SSA 9.71 £11.32 4.31+4.78 0.16 £0.06 0.073 £ 0.005
Global 20.57 +0.34 19.24 +3.15 10.58 + 0.69 0.13+0.02 0.070 +0.005
*Statistics were not possible for NADP* dataset; number of data points was less than number of parameters.

method for obtaining kinetic parameters. Provided the data is complete, V'’ and K’ replots can
also generate comparable values for the kinetics parameters. However, replots should not be

trusted when key data is missing. As illustrated in Table 2.5, K’ replots can generate very poor
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estimates for constants when an insufficient number of substrate concentrations below the K
are sampled during the rate experiments.

Using the relationship of kcat = Vinax/[E]r, the Vinax value of 20.57 £ 0.34 uM min™!' from
the multivariable nonlinear regression, and the total enzyme concentration [E]t of 0.00463 uM
(0.25 png/mL) used in the rate experiments, the kcat for SSADH was 74.12 = 1.24 s! at pH 8.0

and 30 °C.

Comparison with Literature Values

The only enzyme kinetics data in the literature for E. coli SSADH (gabD) belongs to an
X-ray crystal structure paper, published in 2010 by the same laboratory that generously
donated the expression vector used in the present research. The experimental conditions and

results from both the literature and the present research are compared in Table 2.6. It should

Table 2.6. Enzyme Kinetics from literature and present research.

Parameter Literature Present Research
Buffer 100 mM sodium phosphate 100 mM sodium phosphate
pH 8.0 8.00 (and 7 other pH values)
% Temperature 30°C 30°C
5 | [SSADH] 0.037 uM (2 pg/mL) 0.0046 uM (0.25 pg/mL)
§ [SSA] 0—-400 uM 5-100 M
[NADP*] 1.1 mM 0.1,0.2,1.0 mM
Detection Fluorescence (355 nm/460 nm) Ultraviolet (340 nm)
Vimax 40.92 £ 1.3 uM min™* (£ 3.2%) 20.57 £ 0.34 yM min™" (£ 1.7%)
Keat 18.43 £+ 0.59 s (+ 3.2%) 7412 £1.24 s (£ 1.7%)
2 | Kssa — 19.24 + 3.15 uM ( 16.4%)
8 | Knssa 16.94 + 2.2 uM (+ 13.0%) 10.58 + 0.69 uM (+ 6.5%)
KiNADP+ — 0.13+£0.02 mM (x 15.4%)
Km,NADP+ — 0.070 +0.005 mM (x 7.1%)

be noted that the Vmax value in the publication had units of uM, a likely typographical error.

The authors were contacted by email for clarification, but they did not reply. Assuming units
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of pM min™!, the published Vmax is double the value reported here, which is not surprising since
the [E]r reportedly used was also eight times higher.

Although the authors did not explicitly report kcat, it was calculated from Vmax and [E]r
and found to be four times lower than the k.. reported here for same enzyme under nearly the
same experimental conditions. One explanation is that the enzyme used in the published
research had only one quarter of the activity observed here. It is possible that the enzyme in
the present research was purified more thoroughly than the enzyme in the publication, resulting
in a higher specific activity. It’s also possible that the time-dependent degradation of the
enzyme in the present study was much slower, a factor that can be influenced by purity,
concentration, handling and storage. Other explanations may lie with differences in how the
enzyme assay was developed and performed. For the present research, optimization of the
enzyme assay was essential before measuring the initial velocities. This included determining
the amount of time required for the reaction components to reach thermal equilibration before
initiating the reaction. If the reaction starts before the components reached 30 °C, the rates will
appear attenuated. Another explanation for why the published kcar might appear much lower
stems from the excessively high substrate concentration (400 uM SSA) in the study, which is
four times higher than the one used in the present research (100 uM). Substrate inhibition at
high SSA has been reported for SSADH from other organisms.'® If initial velocity decreased
due to inhibition at very high substrate concentrations, and those data points were included in
the fitting, the Vmax would have been underestimated (note the error in Vpmax).

The literature value for Kmssa is close to the value reported here, although its standard
deviation was also twice as large compared to the one in the present study. The publication

does not list individual values for the [SSA] used in the rate experiments, only a range from 0
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to 400 uM. For the experiments reported here, 5 uM SSA was the lowest substrate
concentration that allowed for reliable initial velocity measurements (< 5% substrate consumed
at t = 0). Even then, this was only possible when using only 0.25 pg/mL SSADH and a
procedure that initiated the reaction and started data acquisition in less than 3 seconds. Without
a specialized instrument designed for rapid kinetics measurements (i.e., stopped-flow), it
would be a significant challenge obtaining reasonably accurate initial velocity measurements
at [SSA] values, at or below the K, using eight-times more enzyme, as reported in the
publication.

It is not this author’s intention to diminish the valuable experimental contributions in the
2010 publication, only to propose explanations for the differences that exist between results
collected under similar conditions. In defense, the focus of the publication was the X-ray
crystal structure of SSADH. The enzyme kinetics were not performed in order to obtain
accurate values for kcar and Ky, but to verify that the crystalized enzyme possessed activity.
For this purpose, rigorous enzyme kinetics were not required. Lastly, statistical variation and
experimental error may cause identical rate experiments conducted on different days to

produce Vmax and K values that vary by as much as 10% and 30-50%, respectively.'*

pH-Rate Dependence, pH Optimum, and pK.

The previous sections describe the data analysis on SSADH rate experiments conducted
at pH 8.0. In order to examine the effect of pH on enzyme catalysis, the same data was collected
between pH 6.50 and 8.25, at quarter-pH increments. This range was selected as it is both
biologically relevant and compatible with the use of sodium phosphate as the buffer. A
summary of kinetic parameters for the pH-rate profile is presented in Table 2.7. Only the

reaction rate (Vmax and kca) displayed a pH dependence that could be easily interpreted in such
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a way as to provide insight into the catalytic mechanism. The pH dependencies of Kissa ,
Kinapp+, Km,ssa and Km napp+ are complex, reflecting the interaction between several functional
groups that are capable of multiple ionic states. As such, the resulting K versus pH plots do
not lend themselves to straightforward interpretation and the same holds true of plots derived
from these constants, such as /K versus pH.

The pH-rate profile for SSADH, using the kc.c data in Table 2.7, is shown in Figure 2.22A.
Transformation into logiokcat versus pH and nonlinear regression with Equation 2.16 is shown
in Figure 2.22B. From the pH-rate profile, the pH optimum appears to be > pH 8.25. The exact
optimum cannot be stated with certainty because pH 8.25 is the extreme end of phosphate
buffering capacity. Accurate determination of the pH optimum would require the use of a
buffer such as bicine, which can buffer between pH 7.75 and 9.0, but does not contain a primary
amine that would react with the aldehyde moiety of the substrate. Assuming that the ionic
strengths of two different buffer systems are similar, the new data could be overlapped to use
the existing information. Another option would be to use a combination buffer system that

could span a much larger pH range."”

Table 2.7. Summary of Kkinetic parameters from pH-rate profile. Values with magnitudes that do not follow
the trend in pH for their respective columns are highlighted in red.

pH Vma.x . kc_:t Kissa Km,ssa KinapDP+ Km,NaDP+
(BM min-T) (s7) (BM) (BM) (mM) (mM)

8.25 | 20.68+0.41 74.52 £ 1.47 17.86 + 4.01 11.66 +0.85 0.088+0.018 | 0.057 +0.005
8.00 | 20.57+0.34 74.12+1.24 19.24 +3.15 10.58 + 0.69 0.13+0.02 0.070 + 0.005
7.75 | 18.29+0.25 65.89 + 0.91 20.51+2.75 9.82+0.55 0.14 £0.02 0.067 +0.004
7.50 | 16.28+0.27 58.64 + 0.97 23.65+3.66 9.38 £ 0.65 0.16 £ 0.02 0.065 + 0.005
7.25 | 13.61+0.15 49.05+0.53 22.98+222 9.14 £0.42 0.18 £+ 0.02 0.072 +0.004
7.00 | 10.38+0.11 37.40+0.38 18.09 +1.93 9.47 +0.40 0.12 + 0.01 0.064 +0.003
6.75 7.42+0.08 26.72 £0.30 23.12+2.83 6.74+£0.38 0.17 £0.02 0.049 +0.003
6.50 5.13 +0.05 18.50 +0.20 14.87 +2.33 5.33 +0.31 0.11+0.02 0.038 + 0.003
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Figure 2.22. pH-Rate profile for SSADH. (A) k.. vs pH data from SSADH enzyme kinetics assays. Filled
black circles (®) represent k.. values obtained from multivariable regression of data at different pH values, with
I-bars indicating the standard error from each fit. (B) logio kcac vs pH. Filled black circles (®) represent logio kcat
values, with I-bars indicating the propagation of standard error. The nonlinear fit of the data using Equation 12
is represented by the red line. Assay conditions: [SSADH] = 0.25 ug/mL, [NADP*] = 0.1, 0.2, and 1.0 mM,
[SSA] = 5-100 uM, 100 mM sodium phosphate, 30 °C, at pH 6.50, 6.75, 7.00, 7.25, 7.50, 7.75, 8.00, and 8.25.
Assays performed in triplicate after 3 min pre-incubation.

Equation 2.16. Equation for nonlinear regression of logiokc. vs pH data.

log,, k., =log,, %

1+ 107
The parameters from nonlinear regression of logiokcat versus pH with Equation 2.16 are
listed in Table 2.8. The value for kca is the theoretical turnover number at the pH optimum. Of
more importance is the pKa, value of 7.03 £ 0.01. Since kca represents every step that occurs
between formation of the enzyme-substrate complex and reformation of free enzyme, this pKa
value must belong to a titratable group that impacts one of these steps. Neither the SSA
substrate nor the NADP" coenzyme have an ionizable group with a pK, near 7.0, so this
titratable group must belong to an amino acid side chain in the SSADH active site, with the

likely candidate being cysteine 288.

Table 2.8. Parameters from nonlinear regression of pH-rate data using Equation 12.

keat (s™) Kcat % Error pKa pKa % Error R? Sum of Squared Errors
79.40 £1.10 1.38% 7.03+0.01 0.18% 0.9999 0.0006
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The pKa of cysteine has been measured to be 8.55 + 0.03 in alanine pentapeptides'®, and
this is often given as the textbook value. However, a number of environmental factors in the
active site of enzymes may perturb side chain pK, values dramatically, including desolvation
effects, Coulombic interactions, and hydrogen bonding.!” In an analysis of 25 folded proteins
in the literature for which the pK. of cysteine was available, the average pK. value was
determined to be 6.8 = 2.7.'%1° The pK, a value of 7.03 obtained from the pH-rate profile is
less than one quarter-pH unit away from the average pK. for cysteine in folded proteins.
Additionally, the published X-ray crystal structure for E. coli SSADH (gabD) identifies
Cys288 as the nucleophilic side chain that attacks the aldehyde carbonyl carbon of the substrate
in the first step of the catalytic mechanism (Figure 1.7, Section 1.4.1). The cytoplasmic pH of
E. coli is estimated to be in the range of ~7.5-7.7.2% 2! In this mildly alkaline environment,
lowering the pKa. of cysteine from 8.6 to 7.0 would favor deprotonation of the Cys288
sulthydryl to the more nucleophilic thiolate. The net result would be a shift in the population
of enzymes that are in the correct ionization state for catalytic activity, thus increasing the rate

of catalysis.
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2.3 Conclusion

Recombinant E. coli NADP'-dependent SSADH (gabD) containing an N-terminal His-
tag was overexpressed in the E. coli BL21(DE3)pLysS cell line, resulting in an estimated
cellular abundance of approximately 30% of all soluble protein. During purification,
immobilized metal affinity chromatography resulted in the largest increase in specific activity,
with only a marginal improvement in purity coming from the subsequent size exclusion
chromatography (SEC) step. SEC did provide the opportunity for a buffer exchange, while a
molecular weight standard curve calibrated to the column showed evidence of multiple
oligomerization states for SSADH. Characterization by SDS-PAGE, under reducing and
denaturing conditions, and mass spectrometry revealed a homogeneous sample that had an
apparent molecular weight of 54 kDa. The final purified enzyme had a specific activity of
34.74 U/mg, which was approximately 4-fold higher than what has been previously reported
under comparable conditons.

A steady state enzyme assay was developed for SSADH, with careful attention paid to
optimal enzyme and substrate concentrations as well as sufficient thermal equilibration prior
to initiation of the reaction. During optimization SSADH displayed a strong preference for
NADP* over NAD" as the coenzyme, with an 83% decrease in enzyme activity observed at pH
7.5 when NAD" was used in place of NADP". The steady state enzyme kinetics involved
measuring initial velocities while varying SSA substrate concentration, at multiple fixed
concentrations of the NADP" coenzyme. These assays were carried out in triplicate at 30 °C,
and at seven pH values between 6.5 — 8.25. Global least-squares regression of the data at pH
8.0 yielded 74.1 £ 1.2 s, 10.6 £ 0.7 uM, and 0.13 + 0.02 mM for the kinetic constants kcat,

Km(SSA), and Kn(NADP™), respectively. These values differed from the literature values for
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the reaction at pH 8.0 under similar conditions. The largest difference was between the Acat
value of 74.1 £ 1.2 s’ in the present study and the literature value of 18.4 £ 0.6 s™!, a 4-fold
difference. Possible reasons for the difference in measured kcat can be attributed to a number
of things, including purity of the enzyme sample, degradation of the enzyme, lack of thermal
equilibrium, and enzyme inhibition at high substrate concentrations.

Analysis of the reaction kinetics as a function of pH revealed that the enzyme requires a
group with a pKa, of 7.03 = 0.01 to be deprotonated for catalytic activity and displays a pH
optimum of > 8.25. The identity of this group is likely Cys288, which is the nucleophile
(thiolate) in a proposed mechanism that attacks the carbonyl carbon of the SSA substrate in
the first step. The pKa of cysteine in alanine pentapeptides is 8.6, while in folded enzymes it
has been estimated to be 6.8 + 2.7. Perturbing the cysteine pK. to a lower value would increase
the fraction of deprotonated cysteines and be an advantage to enzymes that employ cysteine
nucleophiles or disulfides bridges for stability.

Analysis of the rate profiles for SSADH reveals a clearly defined sequential mechanism.
Steady state ordered and steady state random have been ruled out since the plotted data do not
fit the patterns for those mechanisms. Steady state Theorell-Chance is also ruled out because
the pH-dependence of kcat, and pKa assignment to the nucleophilic Cys288 suggests a ternary
complex is present. The final possibilities are rapid equilibrium random or steady state
ordered. Synergistic binding suggests no preference in one substrate binding before the other
and the X-ray structure shows two distinct binding sites for each substrate, each on the opposite
side of the enzyme from the other. While these points do not preclude an order mechanism,
they slightly favor a rapid equilibrium random mechanism, but only product inhibition or

isotope trapping experiments would be able to say with certainty which mechanism is correct.
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2.4 Materials and Methods

2.4.1 Bacterial Transformation and Selection

pKN12 Vector

The expression vector for recombinant SSADH was provided courtesy of Prof. James C.
Whisstock of the Department of Biochemistry and Molecular Biology at Monash University,
Melbourne, Victoria, Australia.’ Briefly, the expression vector was based on the Invitrogen™
pRSET-C plasmid, which includes a high copy number ColEl origin of replication, an
ampicillin resistance gene (bla gene; P-lactamase; Amp®) for selection, a bacteriophage T7
RNA polymerase promoter for high expression, an N-terminal 6xHis-tag, and an enterokinase
(EK) cleavage site for removal of the 6xHis fusion tag. Primers were used to modify the
pRSET-C plasmid, replacing the EK cleavage site and other intervening sequences ahead of
the multiple cloning site (MCS) with the Tobacco Etch Virus (TEV) protease cleavable peptide
linker.?> The gabD gene from E. coli was ligated into the MCS of pRSET-C/His-TEV to
produce the final expression vector, pKN12, which now encoded the 6xHis-TEV-SSADH

expression product.

XL10-Gold Transformation

The pKN12 vector, which was supplied dried onto filter paper, was taken up in 1X TE
buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and the solubilized plasmid concentration was
determined using a NanoDrop. 5 ng of DNA was used to transform a vial containing 50 pL
Agilent Technologies XL10-Gold® Ultracompetent E. coli cells by following the

manufacturer’s 30-second heat-pulse transformation protocol. Cells were allowed to recover
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in SOC media for 1 hour on a shaker (200 RPM) at 37 °C. 50 uL and 100 pL volumes of cells
were streaked onto on LB-agar plates, supplemented with 100 pg/mL of ampicillin (+100
Amp) for selection, and incubated upside down for 24 hours at 37 °C. The transformation
efficiency was 1 x 107 cfu/pg. A colony from the plate was picked and grown in 50 mL 2YT
broth pH 7.0 (+100 Amp) while shaking (200 RPM) at 37 °C. The bacterial growth was
estimated by measuring the optical density at 600 nm (ODsoo). 0.5 mL of cells was removed at
ODeoo = 0.4 and added to 0.5 mL of 50% sterile glycerol in a cryotube to produce 25% glycerol
stock that was stored at -80 °C. The remainder of the growth continued to shake overnight at
37 °C and a miniprep of the cell pellet resulted in 50 pL of plasmid DNA with a concentration
of 317 ng/uL and Az60/A280 of 1.95. DNA sequencing confirmed the colony contained the

pKN12 plasmid encoding 6xHis-TEV-SSADH.

BL21(DE3)pLysS Transformation

10 ng of miniprepped pKN12 plasmid was subsequently transformed into Invitrogen™
One Shot® BL21(DE3)pLysS competent E. coli cells following the manufacturer’s 30-second
heat-pulse transformation protocol. Cells were allowed to recover in SOC media as before.
BL21(DE3)pLysS cells are used for protein expression and contain the pLysS plasmid that
encodes the T7 lysozyme for transcriptional control (see below). pLysS also encodes resistance
to chloramphenicol (cat gene; chloramphenicol acetyltransferase; Cam®). Therefore selection
of BL21(DE3)pLysS transformants on LB-agar plates required 36 pg/mL of chloramphenicol
(+36 Cam) to maintain the pLysS plasmid, in addition to the 100 pg/mL of ampicillin required
to select for pKN12. After plating suspended cells and incubating as described earlier, a
transformation efficiency of 5 x 10° cfu/ug was observed. A colony from the plate was grown

at 37 °C in pH 7.0 2YT broth (+100 Amp/36 Cam) with shaking (200 RPM) until ODgoo = 0.4,

95



at which point 0.5 mL of suspended cells were added to 50% sterile glycerol in a cryotube to
make a 25% glycerol stock that was stored at -80 °C.

T7 lysozyme encoded by pLysS catalyzes the hydrolysis of B-(1,4)-glycosidic bonds
between N-acetylmuramic acid and N-acetyl-D-glucosamine residues in the peptidoglycan
layer that surrounds the E. coli plasma membrane. T7 lysozyme is also a natural inhibitor of
T7 RNA polymerase. The small amount of T7 lysozyme supplied by the pLysS plasmid
inhibits basal expression of the target gene prior to induction, thereby increasing the tolerance
of the E. coli host for potentially toxic inserts. Addition of the inducer isopropyl B-D-1-
thiogalactopyranoside (IPTG) is sufficient to overcome inhibition of T7 RNA polymerase by
T7 lysozyme and begin transcription. Because T7 lysozyme is unable to pass through the
plasma membrane, the peptidoglycan layer is unaffected by its production within the cell and
no cell lysis is observed under normal conditions. However, the presence of pLysS does
facilitate the easy preparation of cell extracts when the E. coli cells are subjected to freeze-
thaw cycles or high detergent concentrations, both of which will disrupt the plasma membrane

enough to allow T7 lysozyme access to the peptidoglycan layer.

2.4.2 The Expression of Recombinant SSADH

Expression of recombinant SSADH was readily accomplished by growing pKN12-
transformed BL21(DE3)pLysS cells in Fernbach flasks with 300 mL 2YT pH 7.0 media
supplemented with 100 pg/mL of ampicillin and 36 pg/mL chloramphenicol. A 5 mL 2YT pH
7.0 (+100 Amp/36 Cam) overnight culture was started by scraping a pipette tip over the surface
of the frozen BL21(DE3)pLysS/pKN12 glycerol stock and ejecting the tip into the culture tube.
The following day the overnight was used to seed the 300 mL 2YT, approximately 1:100, until
the starting ODgoo was between 0.05 and 0.10. Cells were initially grown at 37 °C on a shaker
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set to 200 RPM to aerate the media. The cells were induced by addition of 0.5 mM IPTG once
they entered log phase (ODsoo = 0.5), at which point the temperature was lowered to 16 °C and
the cells continued shaking for 18 hours before harvesting. At the end of this period the
suspension had a measured ODeoo = 2.3 and the cells were centrifuged for 10 min at 5000 x g
and 4 °C. After discarding the supernatant, the pellet washed by resuspending in phosphate
buffered saline pH 7.4, repeating the centrifugation and discarding the supernatant. The washed

cell pellet, with a mass of 3.66 g, was stored at -80 °C until required for lysis and purification.

2.4.3 Lysis of BL21(DE3)pLysS Cells

Although BL21(DE3)pLysS cells produce a small amount of T7 lysozyme, a catalytic
amount of lysozyme (1 mg/mL), along with DNase I (1 mg/mL), was added to a thawed cell
pellet (3.66 g) that had been suspended in an equivalent volume of lysis buffer on ice. The
composition of the lysis buffer was 50 mM Tris, pH 8.0, 300 mM NacCl, 10 mM imidazole,
0.1% Triton X-100. After gentle agitation for 30 minutes, lysis was achieved by two successive
freeze-thaw cycles using liquid nitrogen. DNase I is used to mitigate the viscosity produced by
the genomic DNA released during lysis and it is essential that DNase I have time to work
before adding BME to the crude lysate. This is because BME will reduce disulfide bonds
critical for the conformational stability of DNase I, inhibiting its catalytic activity. This point
must be balanced by the need to prevent oxidation of the catalytic cysteine in the SSADH
active site. Thus, 5 mM BME was added after the second and final thaw, as soon as the crude
lysate behaved as a homogeneous liquid that could be easily pipetted without clogging tips.
High-speed centrifugation (30 min at 50,000 x g 4 °C) was used to clarify the lysate sufficiently
enough for direct application to chromatographic resin without additional preparation, such as
ammonium sulfate precipitation. A sample was preserved for analysis.
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2.4.4 Protein Purification

Immobilized Metal Affinity Chromatography (IMAC)

HisPur™ Ni-NTA resin from Thermo Scientific was loaded into a 1.0 X 10.0 cm Bio-Rad
Econo-Column® to a bed height of 5.0 cm (3.93 mL) and a Bio-Rad Econo-Column® Flow
Adaptor was used to pack the column and load the sample. The adapter was connected through
tubing to a Bio-Rad Model EP-1 Econo Pump, which was fed by a
GibcoBRL/LifeTechnologies™ Model 750 gradient former. A T-valve with Luer-Lok™
fittings was installed part way between the adapter and the pump to interrupt the mobile phase
and inject the sample directly onto resin, via the flow adapter. The gradient former (used to
make gels) had an inner and outer chamber that held buffers, with a valve that controlled the
flow between them. The inner chamber led directly to the pump and was fitted with a stir bar,
while the outer chamber was the furthest reservoir from the pump. A dilute solution could be
placed in the inner chamber, and an equal volume of concentrated solution in the outer
chamber. Uniform mixing was achieved by opening the valve between the two chambers,
allowing the more concentrated solution to flow into the inner chamber where the stir bar
would mix the two before the combined solution was pumped on to the column. Fractions from
the column were collected in VWR disposable borosilicate glass culture tubes (13 x 100 mm)
that were placed into a Bio-Rad Model 2110 Fraction Collector. The flow through fraction was
collected in a single 50 mL Falcon tube, but the remainder of the IMAC fractions were
collected in the glass culture tubes, with 4.34 mL for the sample (twice the sample volume)

In a refrigerated room, the resin on the column was equilibrated with 5 column volumes
of 50 mM Tris, pH 8.0, 300 mM NaCl, 10 mM imidazole, and 5 mM B-mercaptoethanol

(BME), with a flow rate of 0.5 mL/min. The clarified cell lysate was then slowly loaded onto
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the column with a syringe that was attached to a Luer-Lok port on the T-valve in the direction
that led to the resin. Once the valve was closed, 2 column volumes of equilibration buffer were
used to move the sample onto the column at a flow rate of 0.25 mL/min, which would remain
the flow rate for the duration of the purification. The column was then washed with 10 column
volumes of 50 mM Tris, pH 8.0, 150 mM NaCl, 25 mM imidazole, and 5 mM BME. Lastly,
the target protein was eluted with 10 column volumes of 50 mM Tris, pH 8.0, 300 mM NaCl,
25-250 mM imidazole, and 5 mM BME, which was accomplished by filling the inner chamber
with the 25 mM imidazole buffer and the outer chamber with the 500 mM imidazole buffer.
Every fraction was collected and analyzed, including the flow-through. The column was
immediately regenerated with 10 column volumes of 20 mM MES, pH 5.0, 100 mM NaCl and

washed with 10 column volumes of nanopure water, both at a flow rate of 0.5 mL/min.

Centrifugal Concentration

Because a large volume (13.8 mL) resulted from pooling IMAC fractions with purified
and active SSADH, the volume had to be reduced to about 1% of the size exclusion resin bed
volume for optimal resolution in that purification step. The pooled fractions were concentrated
using an Amicon® Ultra-15 30kDa MWCO centrifugal filter, spun at 4000 x g for 30 minutes
at 4 °C in an Eppendorf Centrifuge 5910 R. The filtrate was discarded, the remaining volume
diluted four times with cold size exchange chromatography (SEC) elution buffer, and the spin
was repeated. The concentrated and partially buffer exchanged sample was carefully pipetted
from the concentrator, the filter was rinsed with a 0.5 mL of cold SEC buffer, the washing

added to the sample and an aliquot was set aside for analysis.
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Size Exclusion Chromatography

GE Healthcare Sephacryl® S-200 High Resolution resin was loaded into a 1.5 x 75.0 cm
Bio-Rad Econo-Column® to a bed height of 73.0 cm (129.0 mL) and a Bio-Rad Econo-
Column® Flow Adaptor was used to pack the column and load the sample. The adaptor was
connected through tubing to a Bio-Rad Model EP-1 Econo Pump. A T-valve with Luer-Lok™
fittings was installed part way between the adapter and the pump to interrupt the mobile phase
and inject the sample directly onto resin, via the flow adapter. Fractions from the column were
collected in VWR disposable borosilicate glass culture tubes (13 x 100 mm) that were placed
into a Bio-Rad Model 2110 Fraction Collector.

In a refrigerated room, the resin was equilibrated with 2 column volumes of the elution
buffer: 30 mM Tris, pH 7.5, 100 mM NaCl, 5% glycerol, 10 mM BME. The sample was loaded
slowly onto the column with a syringe that was attached to a Luer-Lok port on the T-valve in
the direction that led to the resin. The pump was started, and the column was eluted with 1
column volume of elution buffer at a flow rate of 0.44 mL/min (15 cm/hr flow velocity) and
the fractions were collected. Fractions that were deemed pure were pooled, aliquoted and flash
frozen in liquid nitrogen without concentration, as they were already very concentrated and
required dilution in order to assay activity. The resin was regenerated with 1 column volume
of 30 mM Tris, pH 7.5, 1 M NaCl. Occasional cleaning in place of the column was performed

by flowing 0.3 M NaOH through the column at 15-20 cm/h for 1 to 2 hours.
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2.4.5 Protein Analysis

Protein Quantitation

Analysis during the purification consisted of determining the total protein concentration,
as well as the purity and enzymatic activity of the expressed recombinant SSADH. Protein
quantitation included both the colorimetric dye-based method of Bradford and the UV
absorption-based Asgo method. For crude samples, the Bradford assay with a bovine serum
albumin (BSA) standard curve provides a reasonable estimation of the total protein
concentration. Its limitations are that the dye reacts with basic and aromatic side chains of
amino acids, the content of which differs from one protein to another, and for mixtures of
proteins the use of a standard greatly limits the value of the estimation. This limitation extends
even to pure samples, where BSA may not be an ideal standard for the unknown protein. The
protein Azgo measurement is a superior method for determining the concentration of a protein
when it is sufficiently pure, and its amino acid sequence is known. This method relies on the
unique absorption of tryptophan, tyrosine, and cystine (disulfide bond) amino acid side chains
at 280 nm and employs a sequence-specific molar absorptivity constant (g280) that may be
determined from the weighted sum of these three amino acids. The molar absorptivity constant

for 6xHis-SSADH is 44,077 M em™.

SDS-PAGE

The presence and purity of SSADH in the samples were evaluated by running samples on
SDS-PAGE gels, followed by staining the gels with Coomassie Brilliant Blue R-250. Samples
were considered for SDS-PAGE after inspecting the elution profiles from the columns, which

consisted of both Bradford and A»so estimations of total protein concentration for each fraction.
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The detection limit for Coomassie Brilliant Blue R-250 is approximately 0.1-0.5 pg of protein.
A sample containing 0.5 pg protein that completely fills a 15 uL well would have a total protein
concentration of 0.03 mg/mL. Therefore, in general, only samples containing over 0.03 mg/mL
of total protein were run on the gels with 15 pL wells. Estimating total protein concentration
this low using the Bradford assay is problematic, since it is traditionally held that the BSA
standard curve is only valid for samples between 0.2-0.9 mg/mL total protein. More
concentrated samples may be easily diluted, but concentrating dilute column fractions just for
their consideration on a gel introduces much more time and handling, both of which are
enemies in protein purification. It is far more practical to combine Bradford and A»go data to
develop an elution profile and, combined with some experience, make a judicious selection in

borderline cases. SDS-PAGE gels were run at a constant voltage (200 V) for 30 minutes.

2.4.6 Activity Assays and Enzyme Kinetics

Standard Activity Assay During Purification

A standard assay was used to report on the activity of SSADH throughout the purification.
For the purification, the standard enzyme unit (U) is defined as the amount that catalyzes the
formation of 1 umol NADPH (product) per minute under the following standard conditions:
100 pM SSA (substrate), | mM NADP™ (coenzyme), in a 100 mM sodium phosphate buffer,
pH 7.5, at room temperature (2022 °C). Under these conditions the reaction lasts for several
minutes, and so the reactions were initiated by combining the substrate, coenzyme, and enzyme
into a quartz cuvette, covering the top with Parafilm M and the mixing by inverting the cuvette
3 times. The cuvette was then inserted into the cell holder on the spectrophotometer, the lid to

that compartment was closed and the acquisition started by pressing F9 on the keyboard. he
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formation of NADPH was followed by monitoring the sample absorbance at 340 nm using a
Shimadzu BioSpec-1601 UV-Vis spectrophotometer running UVProbe v2.61 software.
Because the Kinetics Module in UVProbe outputs the data in absorbance units (at 340 nm) per
second, this was converted to pmol/min using the Beer-Lambert Law, the extinction coefficient

for NADPH, a 1 cm value for the cuvette pathlength and some algebra.

Enzyme Kinetics Assays

Due to the absence of climate control in the room where the assays were being conducted,
and the number of electrical instruments and devices that could generate significant amounts
of heat, the temperature in the room could fluctuate from 21-26 °C. Because a 5 °C increase in
temperature can increase the rate of a chemical reaction by 50%, it was decided that all enzyme
kinetics would be conducted at 30 °C. The input/output ports on the cell stage of the Shimadzu
BioSpec-1601 UV-Vis spectrophotometer were connected to VWR® Scientific Model 1150
Refrigerated Circulating Bath that could also heat the water in the cell stage to 30 °C. A Torrey
Pines Scientific, Inc. Echotherm™ Chilling/Heating Plate Model: IC20 was also used for
heating samples to 30 °C in 1.5 mL Eppendorf tubes.

The reaction buffer was 100 mM sodium phosphate, which was prepared as both a pH
7.50 stock for diluting the enzyme, as well as at 7 other pH values from 6.50-8.25. A frozen
aliquot of stock enzyme would be thawed on ice and diluted to the working concentration with
the pH 7.50 buffer supplemented with 1 mM DTT. A small amount of this working enzyme
solution was placed on the bench in ice, and the remainder returned to a refrigerator for long
term stability studies. Stock solutions of SSA and NADP" were likewise thawed, diluted to
working concentrations using a 100 mM sodium phosphate buffer that matched the pH for the

reactions that day, and also stored on the bench in ice.
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The reactions were prepared by dividing the reaction into separate half-volumes.
Approximately half the volume of buffer was added to a quartz cuvette, along with the substrate
and cofactor, and this was placed into the cell stage to begin warming to 30 °C. The other half-
volume was comprised of the remainder of the buffer and the enzyme in a 1.5 mL sealed
Eppendorf tube, which was placed into a heating block at 30 °C. A timer was set for 3 minutes,
and after that time a P1000 pipette was used to draw up the ~0.5 mL of enzyme in buffer at
30 °C, and add it to the mixture in the cuvette, also now at 30 °C and already seated in the
spectrophotometer. The addition was rapid, but controlled, and achieves near rapid mixing
with some practice. The moment the plunger on the pipette completed its motion, the lid to the
compartment was closed and a single keystroke on the keyboard (F9) began data collection.
The entire action took approximately 2 seconds to complete. Reactions were recorded for 90
seconds, though in many cases the reactions were over well before that time and the majority
of the initial velocity determinations were made within the first 15 seconds.

The enzyme kinetics assays in their entirety measured, in triplicate, initial velocities for
SSADH-catalyzed reactions with [SSA] of 5, 10, 15, 20, 30, 40, 60, 80, and 100 puM, at fixed
[NADP"] of 0.1, 0.2, and 1.0 mM. These are 96 measurements, several of which would require
repeating due to poor mixing or the introduction of an air bubble. For consistency, these
reactions all completed in one period, typically over 15 hours. Realtime data analysis allowed

the rapid identification of outliers, which could be retested immediately.

Initial Velocity from Progress Curves

Reaction progress curves that follow the change in absorbance with time define the
reaction velocity, v = d[P]/dt. These progress curves, such as the one shown in Figure 14, can

easily be fit with a 3rd-order polynomial of the form f{x) = ax® + bx? + cx + d. Taking the
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derivative of the resulting fit equation and finding its maximum will provide the value for the

initial velocity, assuming the data was correctly measured under initial velocity conditions.

Single-Variable Steady State Enzyme Kinetics

The rate equation for the dependence of initial velocity (vo) on SSA concentration, when
NADP" is fixed, is given in Equation 8. The data can be fit to this through nonlinear
regression. The Lineweaver-Burk (double-reciprocal) form of this rate equation, which
linearizes the data, is given in Equation 9. Linear regression can similarly be used to fit the
data with the equation. In both cases, Vmax is replaced with an apparent maximal velocity, V'max,
where the addition of the prime symbol (') designates the value as apparent. Similarly, the
Michaelis constant, Kssa, has been replaced by the apparent Michaelis constant, K'ssa. The
apparent designations are used to acknowledge that these values are not absolute values, but
relative ones that ultimately depend on the concentration of the fixed substrate, NADP™, which
is not explicitly represented in the equation. The expressions for ¥'max and K'ssa when NADP*
is fixed were given in Equations 12 and 14 (Section 2.2.3.5).

The same process may be applied to the situation where the concentration of SSA is fixed
at constant value for the set of experiments in which NADP" is permitted to vary. The rate
equation for the dependence of initial velocity (vo) on NADP" concentration when SSA
concentration is fixed, is given in Equation 10 along with its double-reciprocal form in
Equation 11. As before, the V'max and K'napp+ are the apparent values for these kinetic
constants because the concentration of SSA is contributing to their values despite not explicitly
appearing in the equation. The expressions for V'max and K'ssa with fixed NADP" were given

in Equations 13 and 15 (Section 2.2.3.5).
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Global Least-Squares Regression

Multivariable nonlinear regression of the complete steady state enzyme kinetics for the
bisubstrate SSADH-catalyzed reaction was performed using global least-squares regression on
the initial velocity data with both varying concentrations of substrate and cofactor using
Equations 3 and 5. ANOVA analysis of the fits, including Sum of Squared Errors were

performed to ensure the data fit the proposed model.

pH-Rate Profile

The dependence of initial velocity on pH was explored by repeating the entire set of rate
experiments previously described, with varied [SSA] at fixed [NADP™], at different pH values
for the 100 mM sodium phosphate buffer. After obtaining the value for kca from the global
least-squares regression, this value was then transformed into the logiokcar and nonlinear
regression was performed on the logiokca: versus pH data with Equation 12 (Section 2.2.3.8),
following the work by Knowels?® and Kahn.?* The parameters from the fit provided a pK, for
an ionizable group for which the rate of the SSADH-catalyzed reaction depends on, as well as

a theoretical kcat, which would be achieved at the pH optimum.
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Chapter 3
The Expression of Recombinant HOT 1n E. coli

Abstract

When expressed in E. coli, recombinant human HOT is found exclusively as inclusion
bodies amongst the insoluble material that is recovered following the initial purification steps
of cell lysis and centrifugation. A single published attempt at expressing human HOT in E. coli
reported solubilizing the inclusion bodies with urea prior to the chromatographic purification
step, but the subsequent effort of refolding the purified protein using dialysis failed to recover
the active enzyme. Due to a lack of structural information on HOT, designing a rational
strategy to overcome protein insolubility has been challenging. Using AlphaFold, an artificial
intelligence program that can accurately predict the structure of a protein from an amino acid
sequence, a number of structural features in HOT were identified as being potentially
responsible for promoting aggregation or preventing proper folding of the protein. These
include a purported amphipathic N-terminal mitochondrial targeting peptide (MTP) as well as
several potential disulfide and cis X-proline peptide bonds. A strategy was developed that
employed two HOT constructs, with and without the N-terminal MTP. These HOT constructs,
as well as plasmids co-expressing molecular chaperones, were transformed into several cell
lines, including those capable of forming disulfide bonds. Full-length human HOT containing
the N-terminal MBP was successfully expressed as a soluble fusion protein in E. coli ER2523
cells using an N-terminal maltose-binding protein affinity tag. Additionally, a HOT isoform
lacking the N-terminal MTP was successfully expressed as a soluble protein in the BL21(DE3)

and NiCo21(DE23) cell lines with the assistance of co-expressed molecular chaperones.
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3.1 Introduction

3.1.1 Literature on Recombinant HOT in E. coli

An exhaustive literature search produced only one published attempt at expressing
recombinant HOT in E. coli. The endeavor was documented in a 2007 master’s thesis from the
University of Strathclyde, Glasgow, Scotland, in which Auman HOT containing an N-terminal
His-tag was expressed in the BL21(DE3)pLysS strain of E. coli.' The expression was
performed by growing cells to an ODgoo of 0.4 in LB media at 30 °C, and then inducing
expression with 0.25 mM IPTG for 2 hours. Although a high level of expression was obtained,
the majority of recombinant HOT was found only in the insoluble fraction. Modifications to
the expression conditions failed to increase in solubility of recombinant HOT, so the inclusion
bodies were solubilized with the addition of urea, and recombinant His-tagged HOT was
purified on a nickel column in its denatured form. To refold the protein, purified recombinant
HOT was dialyzed for 1 hour at 4 °C in pH 8.0 phosphate buffer, but no enzymatic activity
was detected.

Critical evaluation of the methods in the thesis suggests flaws in the dialysis methodology
and omission of conventional expression strategies used to enhance protein solubility. For
example, the purported Fe*" and NAD" cofactors were not included in the dialysis buffer, and
since phosphate is known to complex iron?, the choice of phosphate buffer would potentially
limit Fe?" availability. Furthermore, dialyzing for one hour won’t accomplish anything, since
this process is normally carried out stepwise, exchanging the buffer several times over one or
more days.> Conventional expression strategies for increasing protein solubility were not

discussed in the thesis, including significantly decreasing the expression temperature and
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adding a solubility-enhancing tag, such as glutathione S-transferase* (GST), maltose-binding

protein® (MBP) or small ubiquitin-like modifier® (SUMO).

3.1.2 Present Research on Recombinant HOT in E. coli

It is apparent that the heterologous expression of recombinant HOT in E. coli results in
the formation of insoluble protein aggregates, often referred to as inclusion bodies” 8. As
attempted in the Strathclyde thesis!, one strategy used to recover biologically active proteins
from inclusion bodies is refolding’. Other strategies, some of which were employed in the
present research, aim to prevent or limit the formation of protein aggregates from the start by
altering the expression conditions and even the protein of interest itself.!%-1°
The aims of the present research were to eliminate or reduce protein aggregation by:

1. Modifying the HOT primary amino acid sequence to enhance its solubility
2. Modifying the protein expression conditions to limit HOT aggregation
In order to achieve these two aims, the following approaches were taken:
1. For modifications to the HOT primary amino acid sequence, the strategies
were to enhance solubility by:
a. Add a maltose-binding protein tag to the N-terminus
b. Remove the purported N-terminal mitochondrial targeting peptide
2. For modifications to the protein expression conditions, the strategies to limit
protein aggregation were to:
a. Lower the expression temperature and inducer concentration
b. Co-express molecular chaperones to aid in protein folding
c. Express HOT in a cell line that facilitates disulfide bond formation

The rationale for each of these strategies is discussed in the following sections.
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3.1.3 Modifications to the HOT Primary Amino Acid Sequence

Addition of an N-terminal Maltose-Binding Protein Tag

A very common strategy for addressing solubility issues in the heterologous expression of
eukaryotic proteins in prokaryotic hosts is to add a solubility-enhancing tag to either the N- or
C-terminus of the target protein.'®!® The maltose-binding protein tag (MBP-tag) is one of the
most commonly used tags and has been shown to enhance the solubility of proteins® in the
cytoplasm and periplasmic space!’. A schematic diagram and predicted structure for the

MBP-M1HOT fusion protein is presented in Figure 3.1.

A .

Xa lsofgrm 1
N+ MBP i MTP_| human HOT c
B

Factor Xa site

Figure 3.1. MBP-M1HOT E. coli expression construct. (A) A schematic diagram of the MBP-M1HOT
construct. (B) The AlphaFold-predicted structure for MBP-M1HOT. HOT isoform 1 (MIHOT) includes the
HOT protein (cyan) and N-terminal MTP (pink in diagram; red hydrophobic and white hydrophilic in structure).
The MBP-tag (wheat) is fused to the HOT isoform 1 (MIHOT) N-terminus HOT by a cleavable Factor Xa
protease recognition sequence (magenta). The predicted location of iron (red) and NAD™ (orange) are also
shown.
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The grand average of hydropathicity (GRAVY) value represents a protein or peptide’s
tendency towards being either hydrophobic (positive number) or hydrophilic (negative).?’ Like
most commonly used solubility-enhancing tags, the MBP-tag has a negative GRAVY value (-
0.340).! Native human M1HOT has a GRAVY value of 0.006 (hydrophobic), while the
recombinant MBP-M1HOT fusion has a GRAVY value of -0.182 (hydrophilic), as calculated
by the ProtParam?! tool on the Expasy Swiss Bioinformatics Resource Portal??>. Thus, the
MBP-tag increases the solubility of the passenger protein by contributing to the overall
hydrophilicity of the fusion protein. Aside from adding to the hydrophobic character of the
fusion protein, there is evidence that the MBP-tag also functions as a molecular chaperone by
binding to hydrophobic folding intermediates of the passenger protein and preventing their
self-association.”? Lastly, because MBP-tag binds maltose it also functions as a purification

tag that can be used with in combination with amylose resin during affinity chromatography.

Deletion of the N-terminal Mitochondrial Transit Peptide

2630 eyidence indicate that HOT contains

There is both experimental®* > and computation
and N-terminal mitochondrial targeting peptide®!: 3 (MTP). See Chapter 4 (Sections 4.1.1 and
4.1.2) for more discussion on the HOT N-terminal MTP. In eukaryotic cells, the MTP
presequences are normally removed from the N-terminus by mitochondrial peptidases, at
which point the preproteins are folded into their mature and active forms.>

Because E. coli lack mitochondria, the MTP serves no functional purpose and cannot be
cleaved from HOT in order to form the mature protein. Furthermore, the predicted amphipathic

helix and random coil structure for the MTP may serve as a nucleation point for aggregation.

For these reasons the N-terminal MTP was removed from the expression construct and
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Figure 3.2. 6xHis-M2HOT E. coli expression construct. (A) A schematic diagram of the 6xHis-M2HOT
construct. (B) The AlphaFold-predicted structure for 6xHis-M2HOT. HOT isoform 2 (M2HOT) lacks the N-
terminal MTP. The N-terminal fusion (white) containing the hexahistidine sequence (blue) is fused to M2HOT
(cyan) by a cleavable WELQut protease recognition sequence (magenta). The predicted location of iron (red)
and NAD" (orange) are also shown.

replaced with a His-tag. A schematic diagram and predicted structure for the 6xHis-M2HOT

fusion is shown in Figure 3.2.

3.1.4 Modifications to the Protein Expression Conditions

Lowering the Expression Temperature and Inducer Concentration

Generally, the first and easiest strategy used for enhancing protein solubility in E. coli is
to lower the expression temperature during induction.*® This due to the kinetic competition
between protein folding (first-order process) and aggregation (second-order or higher), both of
which are dependent on the rate of protein expression.>> Lowering the temperature decreases

the rate of protein expression, which favors folding over aggregation.
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Co-Expression of Molecular Chaperones

Molecular chaperones are a group of proteins that function either to: 1) hold nascent
polypeptides and prevent their aggregation; 2) actively fold (or refold) proteins in ATP-driven
reactions; or 3) disaggregate protein aggregates, also through ATP-driven reactions.*® The co-
expression of chaperones has increased the solubility for a number of proteins normally
expressed as inclusion bodies in E. coli.>” 3

The two sets of chaperones used in the present research were encoded by Takara’s pG-
KJE8 and pG-Tf2 plasmids.* *° pG-KJE8 encodes the dnaK-dnal-grpE and groES-groEL
chaperones, while the pG-Tf2 plasmid encodes tig and groES-groEL chaperones. Because both
plasmids contain the cat gene (chloramphenicol acetyltransferase) conferring resistance to
chloramphenicol (Cam®), they are incompatible with the BL21(DE3)pLysS E. coli cell line
that already uses chloramphenicol a selection marker for the pLysS plasmid.

Most peptide bonds adopt the trans isomer configuration to avoid steric clashes between
adjacent C, atoms of the protein backbone. However, the side chain of the amino acid proline
is bonded to the C, atom and so both cis and trans configurations produce a steric clash,
resulting in little energy difference between the two conformations. Therefore, proline adopts
both cis and trans X-Pro peptide bonds. While a protein is being synthesized by the ribosome,
all nascent polypeptides have the trans configuration for new peptide bonds. If a folded protein
requires the cis conformation, the bond must isomerize. Proline cis to trans isomerization is
extremely slow, with a rate constant of 2.5 x 107 s™! at 25 °C.*! As a result, cis/trans proline
isomerization can be a rate-limiting step in protein folding.** However, the isomerization rate
can be accelerated 10°-10° fold when catalyzed by prolyl isomerases*, and the tig chaperone

(Trigger Factor) on the Takara plasmid pG-Tf2 has peptidyl-prolyl cis/trans isomerase
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P261

Figure 3.3. Two cis X-proline bonds in the predicted human M2HOT structure. (A) The location of the two
cis X-proline residues in human M2HOT. (B) A close-up view of the two cis X-proline peptide bonds.

activity.** ¥ This tig chaperone was of particular interest in the present research because
examination of the AlphaFold predicted structure for HOT identified two cis X-proline peptide

bonds that had the potential to limit the folding kinetics (Figure 3.3).

Disulfide bonds

Examination of the AlphaFold predicted structure for human M1HOT also uncovered the
potential existence of three disulfide bonds (Figure 3.4). The same three disulfide bonds were
also detected by the DIANNA 1.1 web server, an algorithm that predicts cysteine classification
and disulfide connectivity.*** HOT is not a cytoplasmic enzyme and it isn’t secreted either,
but it is imported into the mitochondria, presumably into the matrix. Studies using redox-
sensitive yellow fluorescent protein (rxYFP) indicate that the balance is shifted more towards
disulfide formation in mitochondrial matrix than in the cytosol, but the authors note reduction
potentials are pH dependent, and that matrix (pH ~7.4) reduction potential is actually greater
(-296 mV) than the cytosol (~7.0) reduction potential (-286 mV).*

Since literature provided no clear indication as to the probable oxidation states for the
three pairs of cysteines, it seemed a worthwhile endeavor to express HOT in E. coli cells

engineered to form disulfide bonds in the cytoplasm. The SHuffle T7 Express cells from New
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Cc23

c21

Figure 3.4. The location and distances for potential disulfide bonds in human M1HOT. (A) The location of
the three potential disulfide bonds in human MIHOT. (B) Heavy atom bond distances for C21 and C23. (C)
Heavy atom bond distances for C245 and C329. (D) Heavy atom bond distances for C77 and C146.

England BioLabs have deletions of the genes for glutaredoxin reductase and thioredoxin
reductase (Agor AtrxB), which allows disulfide bonds to form in the cytoplasm, and also
expresses the periplasmic disulfide bond isomerase DsbC corrects mis-oxidized bonds and

promotes proper folding.>

NiCo21(DE3) Cell Line

The His-tag remains one of the most commonly used purification tags for the expression
recombinant proteins in E. coli and, combined with immobilized metal affinity
chromatography (IMAC), the His-tag can often result in highly pure target protein in just one
step. However, E. coli contains a number of intrinsic metal-binding proteins that can bind to

t.51

the IMAC resin and then coelute from the column along the protein of interest.”” To solve this
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Table 3.1. Metal-binding proteins in E. coli, before and after modification.

Before After
Name MW (kDa) Name MW (kDA) Modification
arnA 74 arnA::CBD 84 chitin-binding domain added
glmS 67 glmS6Ala 67 6xHis—6xAla mutation
can 25 can::CBD 32 chitin-binding domain added
slyD 21(28)* slyD::CBD 28(35)* chitin-binding domain added
* Numbers in parentheses reflect the apparent molecular weight on SDS-PAGE

issue, New England BioLabs, has developed a line of engineered E. coli strains in which the
metal-binding proteins have been modified so they either don’t bind the resin, or have been
fused with a chitin-binding domain that allows their capture on a chitin column following
elution from the IMAC resin.’> A list of these metal-binding proteins, before and after

modification is presented in Table 3.1.
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3.2 Results and Discussion

3.2.1 Recombinant Human M1HOT with N-terminal MBP-tag

Expression of MBP-M1HOT in ER2523 Cells

The pMAL-c5X plasmid encoding the MBP-M1HOT fusion protein was transformed into
the ER2523 E. coli cells supplied with the NEB pMAL kit. In addition, the pMAL-c5X plasmid
was also transformed into the Thermo Scientific BL21(DE3) and NEB SHuffle T7 Express E.
coli cell lines, with and without the pG-KJ8 plasmid that co-expresses dnaK-dnal-grpE and
groES-groEL. Because the ER2523 cell line was engineered by NEB to work with their pMAL
expression system, it is not surprising that strong expression and recovery of soluble
MBP-M1HOT fusion protein was observed in this cell line.

Although the pMAL-c5X plasmid expresses well in SHuffle T7 Express cells, no
enhancement in the solubility of HOT was observed with this cell line. This indicates that a
reducing environment favoring disulfide formation may not be a crucial factor in preventing
the aggregation of HOT when it is expressed in E. coli. Additionally, the co-expression of the
pG-KJES8 chaperone set in both BL21(DE3) or SHuffle T7 Express cells did not increase the
ratio of soluble MBP-M1HOT fusion protein beyond what the MBP-tag was able to achieve.
It may be that this fusion protein, with a molecular weight of 92.8 kDa, may be too large for
the dnaK-dnal-grpE and groES-groEL chaperones. The pG-Tf2 chaperone set, which
expresses the tig and groES-groEL chaperones, was not tested with the MBP-M1HOT
construct.

Supplementation of the lysis buffer with 300 mM KCI significantly decreased

MBP-M1HOT solubility, while the inclusion of 5 mM DTT only slightly decreased the
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solubility. The addition of 1% Triton X-100 to the lysis buffer had no effect on the solubility
of MBP-M1HOT in the absence of KCI and DTT. However, 1% Triton X-100 did manage to
compensate for the negative impacts of KCl and DTT on MBP-M1HOT solubility, returning
the overall MBP-M1HOT solubility to that observed with the supplemented buffer. Due to the
significant biophysical impact that the maltose-binding protein has on the entire fusion protein,
it is difficult to rationalize the role KCI, DTT and Triton X-100 have on increasing or
decreasing the solubility of MIHOT. Nevertheless, it is clear that the maltose-binding protein
alone had the largest impact on M1HOT solubility in the ER2523 cell line.

After the solubilizing properties of the maltose-binding protein, the next most impactful
factor that resulted in the recovery of soluble MBP-M1HOT were the expression conditions
themselves. The greatest solubility was achieved when the cells were induced at 16 °C for 24
hours using 0.1 mM IPTG as the inducer. Lastly, the lysis method also had a significant impact
on MBP-M1HOT solubility. Sonication of ER2523 cells resulted in the greatest recovery of
soluble MBP-M1HOT, while freeze-thaw resulted in nearly all of the MBP-M1HOT being
found in the insoluble fraction.

Sonication and centrifugation of a 4.08 g ER2523 cell pellet in lysis buffer yielded 25.02
mL of clarified lysate with a total protein concentration of 22.78 mg/mL, as determined by

Bradford assay, for a total protein mass of 194.0 mg.

Purification of MBP-M1HOT from ER2523 Cells

Although the N-terminal maltose-binding tag served here primarily as a solubility-
enhancing element, it also functions as a very effective affinity-purification tag when combined
with a chromatographic separation on an amylose column. Figure 3.1 shows the elution profile

for the purification of MBP-M1HOT on an amylose column, where after binding to the resin
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Figure 3.5. Elution profile for the amylose column purification of MBP-M1HOT. The total protein
concentration from fractions eluted from the amylose column is plotted against fraction to develop an elution
profile for the purification. Concentrations were determined using both the Bradford assay (blue) and the
Warburg-Christian method ( ). The 10 mM maltose elution began at fraction 7.

the MBP-M1HOT was eluted from the column with the addition of 10 mM maltose.
SDS-PAGE analysis of the column fractions indicated that MBP-M1HOT eluted nearly pure
in fractions E14-E21 (Figure 3.2).

The pooled E14-E21 fractions had a total volume of 8 mL, a protein concentration of 0.60

mg/mL based on the Ao, and a total protein mass of 4.79 mg (2.5% yield). A sample of the
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Figure 3.6. SDS-PAGE for the amylose column purification of MBP-M1HOT. The gel was loaded with a
maximum of 5 ug total protein/well. The molecular weights are shown in blue to the left of the protein ladder
(Lane I). Bands of interest are indicated with a purple arrow, with the vertical height of the arrow tip (relative
to the ladder) indicated by the yellow triangle. The calculated molar mass of MBP-M1HOT is 92.8 kDa. Well
numbers appear above the lanes, and those colored in green indicate fractions that were collected and pooled for
analysis. The labels above the well numbers indicate the column fraction composition and number. Fraction
labels: FT = flow-though, W = wash, E = elution with maltose.
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93 kDa band was cut from the gel, subjected to in-gel digest with reductively methylated
trypsin, and analyzed by liquid-chromatography tandem mass spectrometry. Peptide mass
fingerprinting confirmed that the 93 kDa band was MBP-M1HOT. A sample of the pooled

fractions was also tested for HOT enzyme activity, but none was detected.

3.2.2 Recombinant Human M2HOT with N-terminal His-tag

Expression of 6xHis-M2HOT in BL21(DE3) and SHuffle T7 Express Cells

The pLATES2 plasmid encoding the 6xHis-M2HOT fusion protein was transformed into
the BL21(DE3) and SHuffle T7 Express E. coli cells lines, with and without the chaperone
plasmids sets pG-KJ8 or pG-Tf2. The pG-KJ8 plasmid co-expresses dnaK-dnal-grpE and
groES-groEL chaperones, while pG-Tf2 co-expresses the tig and groES-groEL chaperones.

When 6xHis-M2HOT is expressed in SHuffle T7 Express cells alone, all of the protein is
recovered in the insoluble fraction of the lysed cells. When co-expressed in SHuffle T7 Express
cells with dnaK-dnal-grpE and groES-groEL chaperones, overall expression levels for
6xHis-M2HOT are markedly decreased and 50% of 6xHis-M2HOT is recovered in the soluble
fraction, with the other 50% remaining in the insoluble fraction. When co-expressed in SHuffle
T7 Express cells with the tig and groES-groEL chaperones, overall expression levels for
6xHis-M2HOT are decreased even further, and 6xHis-M2HOT is recovered from the soluble
fraction at a comparable level observed with the dnaK-dnal-grpE and groES-groEL
chaperones, but with almost no detectable 6xHis-M2HOT in the insoluble material. It appears
that SHuffle T7 Express cells are not compatible with the co-expression of 6xHis-M2HOT and

the molecular chaperones sets.
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When 6xHis-M2HOT is expressed in BL21(DE3) cells alone, all of the protein is
recovered in the insoluble fraction of the lysed cells, as observed with the SHuffle T7 Express
cells. However, when co-expressed in BL21(DE3) cells with the dnaK-dnal-grpE and groES-
groEL chaperones, a substantial increase in 6xHis-M2HOT is observed in the soluble fraction.
Moreover, when DTT was used in the lysis buffer the solubility of 6xHis-M2HOT further
increased, calling into question the necessity of disulfide bonds for the solubility of HOT.
There appears to be no decrease in overall levels of 6xHis-M2HOT expression with the dnaK-
dnal-grpE and groES-groEL chaperones, since 6xHis-M2HOT is still recovered from the
insoluble fraction at comparable levels to when it is expressed without these chaperones. When
co-expressed in BL21(DE3) cells with the groES-groEL and tig chaperones, the overall
expression level of 6xHis-M2HOT follows the pattern observed in SHuffle T7 Express cells:
markedly decreased overall expression of 6xHis-M2HOT that is barely detectable, with 50%
soluble and the remaining 50% recovered in the insoluble fraction.

After examining the expression of 6xHis-M2HOT in both SHuffle T7 Express and
BL21(DE3) cell lines, along with the presence or absence of the pG-KJ8 and pG-T{2 chaperone
sets, it’s clear that the greatest increase in 6xHis-M2HOT solubility, without any decrease in
overall expression, occurs with the combination of BL21(DE3) cells co-expressing the pG-KJ8
chaperone set (dnaK-dnal-grpE and groES-groEL). Apart from this combination of cell line
and chaperone set, the next most impactful factor that resulted in the recovery of soluble
6xHis-M2HOT was the expression conditions themselves. The greatest solubility was
achieved when the cells were induced at 16 °C for 24 hours using 0.05 mM IPTG as the inducer
for 6xHis-M2HOT, 2 mg/mL L-arabinose as the inducer for dnaK-dnalJ-grpE, and 10 ng/mL

tetracycline as the inducer for groES-groEL. As for the lysis method, similar to the
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MBP-MIHOT in E. coli ER2523 cells, the sonication of BL21(DE3) cells resulted in the
greatest recovery of soluble MBP-M1HOT, while freeze-thaw resulted in nearly all of the
6xHis-M2HOT being found in the insoluble fraction.

Lastly, the lysis buffer was supplemented with various additives in order to assess their
ability to aid in the recovery of soluble 6xHis-M2HOT expressed in the BL21(DE3) cells
without the co-expression of the dnaK-dnal-grpE and groES-groEL chaperones. These
included 10 mM DTT, 10% glycerol, and 1% Tween 20. As noted above, the addition of DTT
to the lysis buffer produced an observable increase in 6xHis-M2HOT solubility. However, the
addition glycerol and Tween 20, and various combinations of all three additives did not
produce any detectable increase in 6xHis-M2HOT solubility. The use of arginine to as a
solubilizing agent in the lysis buffer was also explored. Inclusion bodies collected from
BL21(DE3) cells expressing 6xHis-M2HOT, without co-expression of chaperones, were
treated with various buffers that contained combinations of arginine, DTT, glycerol, and
Tween 20. Only buffers containing 0.1-2.0 M arginine as the sole additive produced detectable
solubilization of 6xHis-M2HOT from inclusion bodies. Arginine concentrations of 0.1, 0.25,
0.5 and 1.0 M produced a marginal and equivalent increase in 6xHis-M2HOT, as determined
by InVision His-tag fluorescent staining, while 2.0 M arginine produced slightly better than
marginal increase in solubility. The use of 2.0 M arginine in the lysis buffer was not pursued
since the minimal increase in 6xHis-M2HOT was not worth the risk in protein denaturation,
especially when co-expression of dnaK-dnal-grpE and groES-groEL chaperones resulted in

better 6xHis-M2HOT solubility.
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Purification of 6xHis-M2HOT from BL21(DE3) Cells

6xHis-M2HOT was purified from the clarified lysate by immobilized metal affinity
chromatography (IMAC). After loading the lysate onto an equilibrated Ni*’-NTA column and
washing with a low concentration of imidazole, 6xHis-M2HOT was eluted using a gradient of
25 — 250 mM imidazole. Column fractions were analyzed by SDS-PAGE and gels were
visualized by staining with both Coomassie Brilliant Blue R-250 and InVision™ His-Tag In-
Gel Stain (Thermo Fisher Scientific). The Coomassie-stained SDS-PAGE gel shows that a
number of impurities co-purified with 6xHis-M2HOT (Figure 3.3A), which elutes with
approximately 100 mM imidazole. The 6xHis-M2HOT band is indicated in Figure 3.3 by
green arrow and text.

The identities of several of the contaminating bands belong to chaperones, and they were

deduced both by their molecular weights and by comparing 6xHis-M2HOT expressions with
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Figure 3.7. SDS-PAGE (InVision) for the IMAC purification of 6xHis-M2HOT. The gel was loaded using
a maximum of 50 pg/well total protein. Molecular weights are shown in blue to the left of the protein ladder
(Lane I). The 6xHis-M2HOT bands are indicated by the green arrows, with the height of the arrow tips relative
to the protein ladder marked by yellow triangles. The calculated mass of 6xHis-M2HOT is 48.2 kDa.
Chaperones are labeled with black (or white) text/arrows, while nickel-binding proteins are labeled with dark
blue (or cyan) text/arrows. The estimated imidazole concentrations (magenta) are above the fraction labels.
Fraction labels: FT = flow-through, W = wash, G = gradient, and Insol = insoluble material. (A) Coomassie-
stained gel of IMAC fractions showing the co-elution of chaperones and nickel-binding proteins with 6xHis-
M2HOT. (B) InVision (His-tag) staining and fluorescent imaging highlights the location of His-tagged M2HOT,
as well as some nickel-binding proteins and DnalJ (chaperone).
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and without co-expression of the dnaK-dnal-grpE and groES-groEL chaperone sets. The
contaminating bands from chaperones are indicated in Figure 3.3A with black arrows/brackets
and text, and in Figure 3.3B with white arrows/brackets and text (on the left-hand side of the
bands). The remaining contaminating bands belong to nickel-binding proteins, endogenously
produced by E. coli cells. These nickel-binding proteins are identified in Figure 3.3A with
dark blue arrows/brackets and text, and in Figure 3.3B by cyan arrows/brackets and text (to
the right of the bands). The identity of the nickel-binding bands was confirmed by later work
with NiCo21(DE3) cells, where these proteins are modified in such a way that they do not bind
Ni?*-NTA, or they bind chitin and can be readily eliminated by passing the protein solution
though a chitin column (next section).

The same gel is depicted in Figure 3.3B after being stained with the InVision dye. The
InVision stain is a proprietary fluorescent dye conjugated to a Ni>*-NTA complex. This dye
binds to the His-tags in fusion protein bands and causes them to fluoresce when placed on a
UV transilluminator. 6xHis-M2HOT is readily detected by the dye, as are some of the
endogenous nickel-binding proteins such as arnA. Of curious note, the chaperone Dnal readily
binds the InVision dye and fluoresces quite strongly. This is likely due to the fact that Dnal
has two non-adjacent Zn** binding sites, each formed by a motif of four conserved cysteine
residues.’® Similar cysteine motifs are also known to coordinate Ni**3% %

While Dnal may have co-eluted with 6xHis-M2HOT because it genuinely coordinates
with the Ni**-NTA resin, the other chaperones may be directly associated with 6xHis-M2HOT
or stuck to it due to an incomplete folding cycle. Since chaperones associate with unfolded

proteins through hydrophobic interactions, and their protein-folding dynamics are coupled to
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Figure 3.8. SDS-PAGE for the IMAC and HSP purification of 6xHis-M2HOT. Molecular weights are shown
in blue to the left of the protein ladder (Lane I). The 6xHis-M2HOT bands are indicated by the green arrows,
with the height of the arrow tips relative to the protein ladder marked by yellow triangles. The calculated mass
of 6xHis-M2HOT is 48.2 kDa. Chaperones are labeled with black text/arrows, while nickel-binding proteins are
labeled with dark blue text/arrows. Fractions with green well numbers were collected for further analysis or
processing. (A) Coomassie-stained gel of 1st IMAC purification, loaded with a maximum of 25 pg/well total
protein, showing the co-elution of chaperones and nickel-binding proteins with 6xHis-M2HOT. The estimated
imidazole concentrations are given above the fraction labels: FT = flow-through, W = wash, G = gradient. (B)
Coomassie-stained gel, loaded with a maximum volume per well of 15 pL, showing 2nd IMAC purification
employing detergents and ATP/Mg>" washes to remove chaperones (HSPs) prior to the imidazole elution.
Fraction labels: IMAC(G12-16) = pooled IMAC fractions, FT = flow-through, DW = detergent wash, TW =
Tris wash, MG = Mg?" equilibration, ATP = ATP/Mg>* wash, IMD = 200 mM imidazole elution.

the hydrolysis of ATP, it seemed possible to use detergents and ATP/Mg?* washes to help
disassociate the chaperones from 6xHis-M2HOT while it was bound to the Ni**-NTA resin.
Sonication and centrifugation of a fresh 1.65 g BL21(DE3) cell pellet in lysis buffer
yielded 22.34 mL of clarified lysate with a total protein concentration of 22.43 mg/mL, as
determined by Bradford assay, for a total protein mass of 501.09 mg. The IMAC purification
was repeated as before, but this time with a shallower (25 — 200 mM) imidazole gradient during
elution. This resulted in elution of 6xHis-M2HOT at a slightly lower imidazole concentration
of 72 mM than in the previous purification. The SDS-PAGE analysis of the column fractions
shows a similar story, with Coomassie staining revealing the same contaminating chaperone

and nickel-binding protein bands co-eluting with 6xHis-M2HOT (Figure 3.4A). Column
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fractions G12—G16 were pooled for a final volume of 7.89 mL, a total protein concentration of
2.20 mg/mL, and a total protein mass of 17.32 mg (3.46% yield).

Pooled IMAC fractions G12—16 were loaded onto a new Ni>*-NTA column and subjected
first to 9 column volumes (CV) of detergent wash (Tween-20 and CHAPS), followed by 9 CV
of ATP/Mg?*, and then finally elution with 200 mM imidazole. SDS-PAGE analysis of this
heat shock protein (HSP) removal strategy showed promise, as a large amount of DnaK and
GroEL were removed during this process (Figure 3.4B). Although some Dnal was also
removed, a significant amount of it continued to co-elute with 6xHis-M2HOT along with the
nickel-binding proteins. Assuming that none of these impurities are physically bound to
6xHis-M2HOT, one option is to remove the His-tag from 6xHis-M2HOT and pass it back
through the Ni**-NTA column where the impurities should be trapped on the column and
M2HOT should elute in the flow-through.

The N-terminal His-tag is connected to M2HOT through a linker that terminates in a novel
WELQut protease cleavage site (Figure 3.5). Enzymatic cleavage occurs on the outside (C-
terminus) of the recognition sequence and does not leave additional amino acids on the

N-terminus of M2HOT.

MAGSHHHHHHGMASMTGGQQMGRSGWELQAVSNIRYG...

Figure 3.9. The N-terminus of 6xHis M2HOT showing the WELQut cleavage site. The N-term methionine
(ATG start) is shown in green, the 6xHis-tag is in blue, the WELQut cleavage site is in red, and the start of
M2HOT is bolded. The WELQut protease cleaves on the C-terminus of glutamine (Q in red).

Following WELQut protease digestion and release of the 3.2 kDa N-terminal fragment, it
was possible to resolve M2HOT (45.0 kDa) from 6xHis-M2HOT (48.2 kDa) on SDS-PAGE.
The results of the WELQut reaction optimization are presented in Figure 3.6A and 3.6B as

Coomassie- and InVision-stained SDS-PAGE gels, respectively. The best results, 25 ug and
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Figure 3.10. SDS-PAGE (InVision) of WELQut protease optimization. Optimization conditions are marked
above the well numbers, with “1U:ug” representing the ratio of protease enzyme units (U) to ug of His-tagged
protein, while the duration of the reaction at 30 °C is given under “hrs”. Molecular weights are shown in blue to
the left of the protein ladder (Lane I). The 6xHis-M2HOT bands are indicated by the green arrows, with the
height of the arrow tips relative to the protein ladder marked by green triangles. The M2HOT bands are indicated
by the red/ arrows, with the height of the arrow tips relative to the protein ladder marked by red/
triangles. The calculated masses of 6xHis-M2HOT and M2HOT are 48.2 kDa and 45.0 kDa, respectively.
Chaperones are labeled with black (or white) text/arrows, nickel-binding proteins are labeled with dark blue
(or cyan) text/arrows, and WELQut protease (25 kDa) is labeled in yellow. (A) Coomassie-stained gel of the
protease reaction optimization showing that the reaction is largely incomplete even at the highest concentration
of protease and longest recommended duration. (B) InVision-stained gel for the same reactions, also showing
the reaction was largely incomplete. Despite the absence of the His-tag, M2HOT (Fe?* binder) retains the ability
to bind the InVision stain in a manner similar to DnaJ (Zn?* binder).

16 hrs, are highlighted in green above the gel images. Even with a high concentration of
protease (1 U protease per 25 pg 6xHis-M2HOT, or 0.04 U/pg), and for 16 hours at 30 °C, the
reaction remained largely incomplete. As a note regarding the gel images, there is significant
double banding present with some of the protein bands, especially GroEL and HOT. This was
not observed in other optimizations and appears to be an artifact caused by incomplete
reduction of disulfide bonds during SDS-PAGE sample preparation.

The lack of complete removal of the His-tag from 6xHis-M2HOT, under what should be
the most generous and optimal reaction conditions, suggests the possibility that the protease
does not have complete access to the cleavage site. Whether this is because the site is occluded
due to some protein-protein interaction (i.e., the presence of a chaperone or some other

protein), or that the cleavage site is too close to the surface of 6xHis-M2HOT remains a
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question. It was decided that 6xHis-M2HOT needed be further purified by removing the
nickel-binding proteins, to rule out the possibility that their presence was impacting the
WELQut reaction.

In the end, fraction IMD11 (Figure 3.4B) had a volume of 12 mL, and a total protein
concentration of 0.34 mg/mL, for a total protein mass of 4.11 mg (0.82% overall yield). From
the Coomassie-stained SDS-PAGE gel, the 6xHis-M2HOT band represents approximately
15% of the stained proteins in this fraction, placing the estimate of soluble expressed

6xHis-M2HOT at 0.5 mg.

Expression of 6xHis-M2HOT in NiCo21(DE3) Cells

The pLATES2 plasmid encoding the 6xHis-M2HOT fusion protein was transformed into
the New England Biolabs NiCo21(DE3) E. coli cell line along with the Takara chaperone
plasmid set pG-KJ8 that co-expresses dnaK-dnal-grpE and groES-groEL. This produces
nearly the same expression system as the BL21(DE3)/pG-KJ8 combination described in the
previous section, with the exception that several of the contaminating nickel binding proteins
have been modified in the NiCo21(DE3) cell line so that they either do not bind the Ni**-NTA
resin or possess a chitin binding domain that allows them to be removed during purification
using a chitin column. The expression of soluble 6xHis-M2HOT in NiCo21(DE3)/pG-KJ8
cells is therefore comparable to that observed in the BL21(DE3)/pG-KJ8 system. Specifically,
the co-expression of the dnaK-dnal-grpE and groES-groEL chaperones in NiCo21(DE3)
results in the recovery of soluble 6xHis-M2HOT in the lysate supernatant, with some

6xHis-M2HOT still observed within the insoluble fraction.
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Sonication and centrifugation of an 8.16 g NiCo21(DE3) cell pellet in lysis buffer yielded
41.84 mL of clarified lysate with a total protein concentration of 18.96 mg/mL, as determined

by Bradford assay, for a total protein mass of 793.44 mg.

Purification of 6xHis-M2HOT from NiCo21(DE3) Cells

The purification of 6xHis-M2HOT from NiCo21(DE3) cells followed a similar strategy
to the purification from BL21(DE3) cells, with the exception that HSP removal step was
integrated into the initial IMAC purification, and this purification was now followed by a chitin
column to remove modified nickel-binding proteins.

The results of the initial hybrid IMAC/HSP purification, as analyzed by SDS-PAGE, are
presented in Figure 3.7A. Chaperones were removed while 6xHis-M2HOT was bound to the
Ni?*-NTA resin, using detergents and ATP/Mg?" during the first phase of the purification
(lanes 3—6, Figure 3.7A). The subsequent 50 mM imidazole wash step (lanes 7—10, Figure
3.7A) wasn’t nearly long enough and a contaminating band (labeled X in Figure 3.7) is visible
just below the 6xHis-M2HOT band in the elution fractions (lanes 11—14). This band is not
present in previous purifications and was absent in subsequent purification where the imidazole
wash duration was increased. Other notable contaminants that are present in the elution
fractions along with 6xHis-M2HOT are the nickel-binding protein arnA and the chaperone
Dnal. IMAC/HSP column fractions E11-E13 were pooled and concentrated to a volume of
10.00 mL, with a total protein concentration of 1.69 mg/mL and a total protein mass of 16.94
mg (2.14% yield).

The pooled IMAC fractions E11-E13 were passed through a chitin column to remove all
nickel-binding proteins that had been modified to contain a chitin-binding domain and the

results of this purification are shown on the SDS-PAGE gel in Figure 3.7B (lanes 5 and 6),
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Figure 3.11. IMAC/HSP and chitin purifications of 6xHis-M2HOT from NiCo cells. Molecular weights are
shown in blue to the left of the protein ladder (Lane 1). The 6xHis-M2HOT bands are indicated by the green
arrows, with the band height relative to the protein ladder marked by a yellow triangle. The calculated mass of
6xHis-M2HOT is 48.2 kDa. Chaperones are labeled with black text/arrows, nickel-binding proteins are labeled
with dark blue text/arrows, an unknown impurity is marked with a purple X, and the WELQut protease (SplB;
25 kDa) is labeled in yellow. Fractions with green well numbers were collected for further analysis or processing.
(A) Coomassie-stained SDS-PAGE gel of IMAC fractions showing removal of chaperones and nickel-binding
protein glmS. Fraction labels: FT = flow-through, DAM = detergent/ATP/Mg?" wash; W = 50 mM imidazole
wash, and E = 150 mM imidazole elution. (B) Coomassie-stained SDS-PAGE gel showing results of chitin
purification, WELQut digestion, and 2nd IMAC purification. Fraction labels: IMAC(E11-13) = pooled IMAC
fractions, IMAC(E11-13)* = pooled/concentrated/buffer-exchanged fractions, Chitin(FT) = chitin flow-through,
Chitin(FT)* = concentrated flow-through, WELQut = protease digestion, IMAC2(FT) = 2nd IMAC flow-
through, IMAC2(E) = 2nd IMAC 150 mM imidazole elution. (C) An enlargement of the area bounded by the
box in (B). showing two bands prior to WELQut digestion (6xHis-M2HOT and impurity X; Lane 6), and then
the appearance a third band (M2HOT) below impurity X following the WELQut digestion (Lane 7).

where the flow-through appeared to be completely free of the arnA band. Dnal and band X
were the only remaining significant contaminations after the chitin column. The chitin flow-
through was concentrated to a volume of 4.71 mL, with a total protein concentration of 1.87
mg/mL and a total protein mass of 8.79 mg (1.11% yield). The WELQut digestion was repeated
with this chitin-purified solution to determine whether the protease reaction would go to
completion with the additional contaminants removed. Unfortunately, the digestion remained
largely incomplete. Lane 6 in Figure 3.7B is the chitin-purified protein solution prior to
digestion, while /ane 7 is the solution after a 16-hour room temperature incubation with a very

high concentration of WELQut protease (0.1 U/ug). Figure 3.7C shows a closeup of lanes 6
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and 7 in the region of 50—40 kDa, where a small amount of the M2HOT digestion product is
visible, just below contaminant band X. It appears that the protease still does not got to
completion after the chitin column, suggesting that the recognition site may be too close to the
protein surface, or it remains occluded by interaction with one or more chaperones.

The incomplete WELQut digestion was purified by IMAC and this time the 50 mM
imidazole wash step, which traditionally follows the collection of flow-through, was skipped
in favor of proceeding directly to the 150 mM imidazole elution. At the time band X beneath
6xHis-M2HOT was believed to be premature proteolytic digest of 6xHis-M2HOT to M2HOT,
and not an unrelated contaminant as is now suspected. Although this was a missed opportunity
to possibly wash away band X with an intermediate imidazole concentration, the second pass
through the Ni?*-NTA appears to have liberated additional GroEL, which was observed as a
dark band in the flow-through fraction (/ane 8). It’s worth noting here that the SDS-PAGE gel
in Figure 3.7B was loaded using 5 pg total protein per well. When comparing lanes on gels
loaded in this manner, it is common for bands to vary in intensity from lane to lane depending
on the overall protein composition of the samples. This is why GroEL suddenly appears in 2"
IMAC flow-through (lane 8) despite its apparent absence in lanes 3—7, where it is just barely
visible. 6xHis-M2HOT eluted from the Ni**-NTA in a single fraction (lane 9, Figure 3.7B).
Apart from 6xHis-M2HOT (48 kDa), the two other prominently stained protein bands in the
elution fraction are band X (45 kDa) and Dnal (40 kDa). Whether Dnal coelutes because it is
associated with 6xHis-M2HOT or the Ni?*-NTA has yet to be determined. Size-exclusion or
hydrophobic-interaction chromatography may be able to answer this question.

The elution fraction had a volume of 5.00 mL, a total protein concentration of 1.27 mg/mL

and a total protein mass of 6.35 mg (0.80% yield). Assuming the 6xHis-M2HOT band

133



represents 5% of the stained proteins in this fraction, the estimate of soluble expressed
6xHis-M2HOT would be 0.32 mg. A sample of the 45 kDa band was cut from the gel,
subjected to in-gel digest with reductively methylated trypsin, and analyzed by liquid-
chromatography tandem mass spectrometry. Peptide mass fingerprinting confirmed the 45 kDa
band to be 6xHis-M2HOT. A sample of the elution fraction was tested for HOT enzyme

activity, but none was detected.
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3.3 Conclusion

The full-length isoform of human HOT (M1HOT), which includes the purported N-
terminal mitochondrial targeting peptide, was successfully expressed in E. coli ER2523 cells
as a soluble fusion protein with the help of an N-terminal maltose-binding protein (MBP)
affinity tag. Besides functioning as an affinity tag for protein purification, the MBP also served
to increase the overall solubility of the fusion protein. Expression of the MBP-M1HOT fusion
protein in the SHuffle T7 Express E. coli cell line, which facilitates the formation of disulfide
bonds in the cytoplasm, did not result in an increase in MBP-M1HOT solubility. This suggests
that disulfide bond formation may not be critical for HOT solubility. The co-expression of the
molecular chaperones dnaK-dnaJ-grpE and groES-groEL also did not enhance the
MBP-M1HOT solubility, indicating that the N-terminal maltose-binding protein alone was
sufficient for expression of soluble MBP-M1HOT.

A shorter isoform of human HOT (M2HOT), in which the N-terminal mitochondrial
targeting peptide was replaced by a 6xHis-tag, was successfully expressed as a soluble protein
in both BL21(DE3) and NiCo21(DE3) E. coli cell with the assistance of co-expressed
molecular chaperones. Co-expression of the chaperones dnaK-dnal-grpE and groES-groEL
resulted in the greatest solubility of 6xHis-M2HOT compared to the diminished solubility
observed with co-expression of the chaperones tig and groES-groEL. Because the expression
of tig did not enhance 6xHis-M2HOT solubility, X-cis-proline bonds and peptidyl-prolyl
cis/trans 1somerization do not appear to be factors that influence HOT protein solubility.
6xHis-M2HOT was completely insoluble without co-expressed chaperones in both the
BL21(DE3) and NiCo21(DE3) lines, indicating that removal of the N-terminal mitochondrial

targeting peptide had no effect on HOT solubility. Expression of 6xHis-M2HOT in SHuffle
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T7 Express cells with the co-expression of chaperones resulted in a decrease in the overall
expression and solubility of HOT compared to the BL21(DE3) and NiCo21(DE3) lines. In
addition to providing further evidence that disulfide bond formation is not critical for HOT
solubility, the overall decrease in 6xHis-M2HOT expression indicates that the SHuffle T7
Express cell line may not be totally compatible with the use of these chaperones.

Although analysis of the predicted structure for MIHOT suggested that the N-terminal
mitochondrial targeting peptide, three potential disulfide bonds, and two cis-proline residues
may impact HOT protein folding and solubility, it was found that none of these factors
appeared to influence the solubility of HOT to any observable degree. An investigation into
the impact of lysis buffer composition on HOT solubility revealed that only supplementation
with reductants and high concentrations of arginine produced observable increases in HOT
solubility during protein extraction. The most meaningful gains in HOT solubility were made
by lowering the concentration of the inducer IPTG to 0.1 mM and expression temperature to
16 °C, and with the co-expression of the chaperones dnaK-dnalJ-grpE and groES-groEL.

MBP-M1HOT was purified nearly to homogeneity with an amylose column, though the
yield was poor, with 4.79 mg of pure protein recovered from 194 mg total protein in the cell
lysate (2.5% yield). This lysate was obtained from only 4.08 g of cells, so scaling up this
purification would be trivial and yield sufficient protein for analysis. In-gel tryptic digestion
and liquid chromatography tandem mass spectrometry (LC-MS/MS) were used to confirm the
identity of the purified 93 kDa SDS-PAGE band as MBP-M1HOT.

6xHis-M2HOT was purified from NiCo21(DE3) cell lysate with Ni?*-NTA and chitin
columns, which resulted in a partially purified 6xHis-M2HOT with an extremely poor yield.

The induced chaperone Dnal was a major contaminant, accounting for the majority of the

136



protein in the recovered column fraction. From the SDS-PAGE bands, it was estimated that
0.32 mg of the protein in the fraction was 6xHis-M2HOT, for a yield of 0.04% from 793 mg
total protein in the lysate, which in turn was obtained from 8.16 g of cell paste. It may be worth
scaling up to determine if 6xXHis-M2HOT can be separated from Dnal by some other
technique, such as size-exclusion or hydrophobic-interaction chromatography. In-gel tryptic
digestion and LC-MS/MS were used to confirm the identity of the purified 45 kDa SDS-PAGE
band as 6xHis-M2HOT.

Although both MBP-M1HOT and 6xHis-M2HOT were expressed in soluble form, neither
displayed enzyme activity when assayed. MIHOT may be incorrectly or partially folded, yet
soluble entirely due to the N-terminal MBP. Likewise, M2HOT may also be in some non-
native conformation or partially unfolded and bound to the chaperone Dnal. Analysis of the
folded state could be examined by circular dichroism or fluorescence spectroscopy, in
combination with small-angle X-ray scattering. Also, it remains to be seen whether expressed
MBP-M1HOT and 6xHis-M2HOT contain the NAD* and Fe*" cofactors required for
enzymatic activity. Electrospray ionization mass spectrometry should be able to detect the
presence of NAD" in the purified protein sample, while inductively coupled plasma mass

spectrometry would be able to detect Fe?".
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3.4 Materials and Methods

3.4.1 MBP-M1HOT in ER2523 Cells

pMAL-¢5X Vector

The ADHFel gene coding sequence (CCDS 6190.2) from Homo sapiens (Taxon ID 9606),
which encodes the full-length human HOT (Uniprot Q8IWWS), was codon optimized for
expression in E. coli and then synthesized by Life Technologies™. The full-length sequence
has also been designated on UniProt as hAuman HOT isoform I (Q8IWW8-1). After removing
any 3’ extensions from the ADHFel insert with the New England Biolabs (NEB) Quick
Blunting Kit and cutting it with SBfI, the insert was purified by agarose gel electrophoresis.
The purified ADHFel insert, with 5’ blunt end and Sbfl overhang at the 3" end, was ligated at
room temperature into the pMAL-c5X vector (NEB), which had been previously digested with

Xmnl and Sbfl and also gel purified.

Transformation of DH5a and ER2523 E. coli Cells

2 pL of the ligation reaction was mixed with 50 pL DHS5a competent E. coli cells
(ThermoFisher), transformed using the manufacturer’s 30-second heat-pulse transformation
protocol, and cells were plated onto LB-agar supplemented with 100 pg/mL ampicillin. The
transformation efficiency was 2.51 x 10° CFU/ug. Two colonies from the plate were grown
overnight at 37 °C in 5 mL of LB broth supplemented with 100 pg/mL ampicillin and
miniprepped (303.6 ng/uL; Azsonso = 1.93) for DNA sequencing, which confirmed that the
construct had been successfully inserted into the pMAL-c5X vector. One of these colonies was

used to make a 50% glycerol stock of the transformed DH5a cells.
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The miniprepped plasmid was also used to transform ER2523 competent E. coli cells
(NEB) following the manufacturer’s 30-second heat-pulse transformation protocol, with
selection on LB-agar with 100 pg/mL ampicillin, resulting in a transformation efficiency of
1.00 x 10° CFU/ug. SDS-PAGE analysis of a pilot expression with 0.3 mM IPTG (see next
section for expression details) confirmed the presence of the 93 kDa MBP-Xa-M1HOT
expression product. A control expression without IPTG was also performed. Upon
confirmation that MBP-M1HOT was successfully expressed, the transformed cells were grown
to ODegoo = 0.5, at which point equal volumes of suspended cells were mixed with sterile 50%
glycerol to make 25% glycerol stocks that were stored at -80 °C.

The transformation of pMAL-c5X/M1HOT and pG-KJ8 vectors into BL21(DE3) and
SHuffle T7 Express E. coli cells, as well as protein expression in these systems, is not covered
in the methods because these systems did not result in a significant increase in MBP-M1HOT
solubility compared to that observed with pMAL-c5SX/M1HOT alone in the NEB ER2523 cell
line. The other systems were not discussed beyond reporting these observations in the Results

and Discussion section.

MBP-M1HOT Expression in ER2523 Cells

Overnight cultures were grown in sterile round bottom polypropylene culture tubes with
two-position vent stoppers, and cultures for protein expression were grown in autoclaved
baffled Fernbach flasks. Growth media was autoclaved LB-Lennox, pH 7.0, supplemented
with 0.5% glucose and 100 pg/mL ampicillin. Glucose is required to suppress amylase
expression, since this enzyme can degrade the amylose affinity resin used in purification. All
cultures grew at 37 °C on shakers set to 200 RPM, with the only exception being that the

incubation temperature was lowered to 16 °C just prior to induction of protein expression.
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Overnight cultures used to seed media in Fernbach flasks at a ratio of 1:100, which
generally gave a starting ODegoo of 0.05 — 0.1. For protein expression, once the ODgoo reached
0.3-0.4, which took approximately 300 minutes following inoculation, the temperature of the
incubation was lowered to 16 °C. 0.1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) was
added when the ODgoo =~ 0.5, which took approximately another 60 minutes after the
temperature was lowered. Induction of expression was allowed to proceed at 16 °C for 18 — 20
hours, at which the cells (final ODsoo = 1.4) were harvested by centrifugation at 5,000 x g for
10 minutes at 4 °C. The supernatant (exhausted media) was discarded and cells washed by
resuspending the cell paste in phosphate buffered saline (PBS), pH 7.4, by vortexing. The
resuspended cells were aliquoted into tared 50 mL Falon tubes and centrifuged at 5,000 x g
for 10 minutes at 4 °C. After discarding the supernatant, the Falcon tubes were weighed again
and the mass of the cell pasted was calculated by subtraction. Aliquots of cell paste were either

immediately lysed or stored at -80 °C for future use.

Lysis of ER2523 Cells

The lysis buffer was sterile filtered (0.2 pm) 50 mM HEPES, 159 mM KCl, 10 mM NaCl,
1 mM EDTA, pH 7.5 at room temperature. The lysis buffer was supplemented with 10 mM
B-mercaptoethanol (BME) and 1 mM phenylmethylsulfonyl fluoride (PMSF) prior to cell lysis.
During lysis, an inclusion body buffer was used to check pelleted cell debris for insoluble
MBP-M1HOT and this buffer hand the following composition: 50 mM Tris, 2% sodium
dodecyl sulfate (SDS), pH 6.8 at room temperature. Prior to use, the inclusion body buffer was
supplemented with 100 mM dithiothreitol (DTT).

Cell lysis was accomplished by sonication. Ice-cold lysis buffer was added to Falcon tubes

of cell paste that had been thawed on wet ice, at a ratio of 5 mL of lysis buffer to 1 g cell paste.
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The cell paste was suspended in the lysis buffer with intermittent vortexing. Once the
suspended cell paste could be pipetted up and down easily with a serological pipette, the
suspension was transferred into a glass or metal beaker of appropriate volume, which was
secured by clamps and immersed into an ice bath so that the cell suspension and water levels
were at the same height. The 1/2-inch probe of a QSonica Q500 sonicator was lowered into
the beaker, the amplitude set to 40%, the pulse time set to 2 seconds ON, 8 second OFF, and
the cell suspension was sonicated for a total processing time of 10 minutes. A sample of the
sonicated lysate was set aside in a 1.5 mL Eppendorf tube on ice for the purpose of inclusion
body detection, while the remainder of the lysate was centrifuged at 15,000 x g for 20 minutes
at4 °C in an Avanti J-E centrifuge. The clarified lysate (supernatant) was transferred to a tared
50 mL Falcon tube and the volume of clarified lysate was estimated by a subtraction of masses.

The sample of the crude lysate in the 1.5 mL Eppendorf tube centrifuged in a was
centrifuged at 15,000 x g for 20 minutes at 4 °C in in a Benchtop Eppendorf Centrifuge 5424R.
After discarding the supernatant (soluble fraction), the inclusion body buffer was added to
pelleted cell debris at a ratio of 500 uL of buffer to 100 ug of pelleted debris. The sample was
solubilized by a combination of placing it into a heating block set to 95 °C and vortexing, with

care taken to vent any built-up of pressure in the tube.

MBP-M1HOT Purification by Amylose Affinity Chromatography

The N-terminal MBP affinity-tag was used to purify MBP-MIHOT on amylose resin,
supplied with the NEB pMAL™ Protein Fusion & Purification System (E8200S). A Bio-Rad
Econo-Column® (1 x 10 cm) was loaded with NEB Amylose Resin High Flow to a bed height
of 6 cm, a 5.0 mL column volume (CV). The column was fitted with a Bio-Rad Econo-

Column® Flow Adaptor that was used to pack the column as well as load and elute the sample,
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and tubing was used to connect the adaptor to a Bio-Rad Model EP-1 Econo Pump. A T-valve
with Luer-Lok™ fittings was installed halfway between the adaptor and the pump to interrupt
the mobile phase and inject the sample directly onto resin, through the flow adaptor. Fractions
from the column were collected in 13 x 100 mm VWR disposable borosilicate glass culture
tubes that were placed into a Bio-Rad Model 2110 Fraction Collector.

In a refrigerated room, the amylose resin was equilibrated with 5 CVs of the HEPES
column buffer (HCB) at a flow rate of 0.5 mL/min (38.2 cm/hr). HCB was 50 mM HEPES,
159 mM KCl, 10 mM NaCl, | mM EDTA, 10 mM BME, and pH 7.5 at room temperature. The
clarified lysate was loaded slowly onto the column with a syringe that was attached to a Luer-
Lok port on the T-valve. The flow through was collected as a single 25.0 mL fraction in 50 mL
Falcon tube. The pump was started, and the column was washed with 10 CVs of HCB at a flow
rate of 0.5 mL/min. The column wash was collected as 5 x 10.0 mL fractions in 15 mL Falcon
tubes. MBP-M1HOT was eluted with 3 CVs of HEPES elution buffer (HEB) at 0.50 mL/min
and 1.0 mL fractions were collected in the borosilicate glass culture tubes using the fraction
collector. HEB was just HCB supplemented with 10 mM maltose. The amylose resin was
regenerated with 10 CVs of 1% (w/v) SDS in 18 MQ water, followed by 10 CVs of 18 MQ

water only.

3.4.2 6xHis-M2HOT in BL21(DE3) and NiCo(DE3) Cells

pLATES2 Vector

The coding sequence for human HOT isoform 2 (UniProt Q8IWWS-2), was subcloned out
of the pMAL-c5X vector and ligated into the pLATES2 vector using the Thermo Scientific

aLICator Ligation Independent Cloning and Expression System Kit 4 (#K1281). The sequence
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begins at nucleobase 148 (guanine), after the second in-frame Kozak sequence and ATG start
codon. It should be noted that in the human sequence, the codon beginning at position 148 is
GCT, while in the sequence optimized for expression in E. coli it has been modified to GCC.
The forward and reverse PCR primers used to subclone hiuman HOT isoform 2 were:

Forward: 5-GGTTGGGAATTGCAAGCCGTGAGCAATATTCGTTATGGT

Reverse: 5-GGAGATGGGAAGTCATTAATACAGTTTCATGCTTGCTTCAAACAG

where the underlined nucleobases belong to coding sequence for HOT isoform 2. The primers
were HPLC-purified and non-phosphorylated. The insert was PCR amplified using the
Phusion™ Plus Green PCR Master Mix (Thermo Scientific) and the manufacturer’s 3-step
protocol and 25 cycles. The PCR products were purified by electrophoresis on 0.8% agarose
gels and, following SYBR™ Safe DNA Gel Stain (Invitrogen), a single band (1,287 bp) was
observed and extracted using PureLink® Quick Gel Extraction Kit (Life Technologies).
NanoDrop analysis of the purified M2HOT insert gave a concentration of 34.2 ng/uL and
Aaeor280 0f 2.23.

The purified PCR product (M2HOT) was inserted into the pLATES2 vector by following
the ligation independent cloning protocol supplied with the aLICator kit. A control PCR
fragment, supplied with the kit, was used to assess the efficiency of the LIC reaction. Briefly,
2.43 puL of the M2HOT insert was combined with the supplied T4 DNA Polymerase in 5X LIC
Buffer and nuclease-free water, then briefly vortexed and centrifuged. After a 5-minute room
temperature incubation, the reaction was stopped by the addition of EDTA. The annealing
reaction was immediately initiated with 1 pL of pLATES2, LIC-ready vector, followed by a
brief vortex and centrifugation. The rection was allowed to proceed for 5 minutes, after which

the annealed mixture was used to transform DH5a E. coli competent cells (ThermoFisher)
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following the manufacturer’s 30-second heat-pulse transformation protocol. Control
transformations were also performed with pUC19 control plasmid and LIC-control (pLATES2
+ control PCR fragment). Following overnight incubation at 37 °C on LB-agar + 100 pg/mL,
the transformation efficiencies of DH5a with pUC19, LIC-control, and pLATES2/M2HOT
were 1.81 x 10, 4.02 x 10, and 1.39 x 10°® CFU/pg, respectively.

Colony PCR was performed on 4 colonies from the pLATES2/M2HOT agar plate using
the supplied pPLATES2 LIC Forward and Reverse sequencing primers, the Thermo Scientific
DreamTaq Green PCR Master Mix (2X) and manufacturer’s protocol. The sequencing primers
will produce a PCR product that is 264 bp, plus insert size, from a correctly annealed pLATES2
vector. Analysis of the PCR mixtures on an agarose gel, following SYBR™ Safe DNA Gel
Stain (Invitrogen), showed the presence of a single 1,518 bp band for all four colonies selected,
confirming the LIC reaction was successful. Two of the four colonies were grown in LB-broth
supplemented with 100 pg/mL ampicillin and miniprepped to produce plasmid DNA for
sequencing. The plasmid concentrations (and Ae0280) for Colony 1 and Colony 2 were 122.0
ng/uL (1.87) and 122.0 ng/pL (1.87), respectively. DNA sequencing of the pPLATE52/M2HOT
plasmids with the pLATES2 LIC Forward and Reverse sequencing primers confirmed that both

Colony 1 and 2 contained the M2HOT sequence correctly inserted into the pLATES2 vector.

Transformation of SHuffle T7 Express, BL21(DE3) and NiCo(DE3) Cells
The miniprep-purified pLATES2/M2HOT vector from Colony 1 was used to transform

NEB SHuffle T7 Express and Thermo Scientific BL21(DE3) and competent E. coli cells using

the manufacturers’ 30-second heat-pulse transformation protocols. All selections were

performed on LB-agar with 100 pg/mL ampicillin. The transformation efficiencies for SHuffle

T7 Express and BL21(DE3) were 1.00 x 10® and 3.01 x 10° CFU/pg, respectively.
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For studies with chaperones, both plasmids pG-KJE8 and pG-Tf2 from the Takara
Chaperone Plasma Set were used, independently, to co-transform NEB SHuffle T7 Express
and Thermo Scientific BL21(DE3) competent E. coli cells, along with pLATES2/M2HOT,
using the manufacturers’ 30-second heat-pulse transformation protocols and selection on LB-
agar with 50 pg/mL ampicillin and 20 pg/mL chloramphenicol. The co-transformation

efficiencies for BL21(DE3) and SHuffle T7 Express are presented in Table 3.1 for simplicity.

Table 3.2. Co-transformation efficiencies for BL21(DE3) and SHuffle T7 Express.

Co-transformation Efficiencies (CFU/ug)
Plasmid 1 Plasmid 2 SHuffle T7 Express BL21(DE3)
pG-KJES8 2.51 x 10° 1.51 x 105
pLATE52/M2HOT
pG-Tf2 3.31 x 10° 1.60 x 103

The NEB NiCo(DE3) cell line was co-transformed only with pLATE52/M2HOT and the
Takara pG-KJE8 plasmid, because more soluble 6xHis-M2HOT was obtained from
BL21(DE3) cells expressing pG-KJES8 than those expressing pG-Tf2. The co-transformation
of NiCo(DE3) cells with pLATES52/M2HOT and pG-KJE8 was performed using NEB’s 30-
second heat-pulse transformation protocol and selection on LB-agar with 50 pg/mL ampicillin
and 20 pg/mL chloramphenicol. The co-transformation efficiency for NiCo(DE3) cells with
pLATES52/M2HOT and pG-KJES was 1.94 x 10° CFU/ug.

For all transformed cells described above, colonies were selected, grown in media
supplemented with the appropriate selection agent, and then induced as described in the next
section in order to confirm the presence of the expression constructs (i.e., 6xHis-M2HOT and
chaperones) by SDS-PAGE. Upon confirmation that the proteins of interest were expressed,
cells were grown to ODgoo = 0.5, at which point equal volumes of suspended cells were mixed

with sterile 50% glycerol to make 25% glycerol stocks that were stored at -80 °C.
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6xHis-M2HOT Expression in SHuffle T7 Express and BL21(DE3) Cells

For the NEB SHuffle T7 Express and Thermo Scientific BL21(DE3) E. coli cell lines,
6xHis-M2HOT was expressed both alone and with either: a) the dnaK-dnal-grpE and groES-
groEL chaperones (pG-KJES8 plasmid); or b) the tig and groES-groEL chaperones (pG-Tf2
plasmid). pG-KJE8 and pG-Tf2 are two of the five plasmids supplied with the Takara
Chaperone Plasmid Set (Cat. #3340).

Overnight cultures were grown in sterile round bottom polypropylene culture tubes with
two-position vent stoppers, and cultures for protein expression were grown in autoclaved
baffled Fernbach flasks. All cultures grew at 37 °C on shakers set to 200 RPM, with the only
exception being that the incubation temperature was lowered to 16 °C just prior to induction
of protein expression. The base media for all overnight growths and protein expressions was
autoclaved 2xYT, adjusted to pH 7.0, then supplemented with the appropriate antibiotic for
selection and inducers for protein expression.

When 6xHis-M2HOT was expressed alone, the base media was supplemented with 100
pg/mL ampicillin to maintain the pLATES2/M2HOT plasmid. The ampicillin concentration
was lowered to 50 pg/mL when either the pG-KJE8 or pG-Tf2 plasmids had been co-
transformed into the cell line, since both of these plasmids required supplementation with an
additional 20 pg/mL of chloramphenicol.

For induction of 6xHis-M2HOT expression, 0.05 mM IPTG was used. For induction of
dnaK-dnal-grpE and groES-groEL chaperones, both L-arabinose and tetracycline are
required, since the two groups of chaperones are under the control of different promotors on
the pG-KJES plasmid. Initial concentrations for L-arabinose and tetracycline were 0.5 mg/mL

and 5 ng/mL, respectively, for pilot studies comparing the different chaperone sets in
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BL21(DE3) and SHuffle T7 Express as well as the expression used in the preliminary IMAC
purification presented in Figure 3.3. L-arabinose and tetracycline were later increased to 2.0
mg/mL and 10 ng/mL, respectively, for all subsequent purifications. The tig and groES-groEL
chaperones are under control of a single promotor on the pG-Tf2 plasmid, and expression of
these chaperones was induced by the addition of 5 ng/mL tetracycline during the pilot studies.

Overnight cultures of SHuffle T7 Express and BL21(DE3) were used to seed media in
Fernbach flasks at a ratio of 1:40, which generally gave a starting ODgoo of 0.05 — 0.1. When
chaperone expression was required, the inducers for the chaperones were present in the media
at the time of inoculation. For 6xHis-M2HOT expression, once the ODgoo reached 0.3-0.4,
which took 150-180 minutes following inoculation, the temperature of the incubation was
lowered to 16 °C. 0.05 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) was added when
the ODgoo = 0.5, which generally took an additional 30 minutes after lowering the temperature.

Induction of expression was allowed to proceed at 16 °C for 18 — 20 hours, at which the
cells (final ODgoo = 2.0 — 2.2) were harvested by centrifugation at 5,000 x g for 10 minutes at
4 °C. The supernatant (exhausted media) was discarded and cells washed by resuspending the
cell paste in phosphate buffered saline (PBS), pH 7.4, by vortexing. The resuspended cells
were aliquoted into tared 50 mL Falon tubes and centrifuged at 5,000 x g for 10 minutes at 4
°C. After discarding the supernatant, the Falcon tubes were weighed again and the mass of the
cell pasted was calculated by subtraction. Aliquots of cell paste were either immediately lysed

or stored at -80 °C for future use.

6xHis-M2HOT Expression in NiCo21(DE3) Cells

For the NEB NiCo21(DE3) E. coli cell line, 6xHis-M2HOT was co-expressed with the

dnaK-dnal-grpE and groES-groEL chaperone group encoded by the Takara pG-KJES
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plasmid. Therefore, the growth and expression conditions were identical to those used in the
latter BL21(DE3) experiments. Briefly, the media was 2XYT supplemented with 50 pg/mL
ampicillin, 20 pg/mL chloramphenicol for overnight growths, and the same media
supplemented with an additional 2 mg/mL L-arabinose and 10 ng/mL tetracycline when the
expression media was inoculated (1:100) with the overnights. All overnights and inoculated
media were grown at 37 °C on shakers set to 200 RPM, and incubation temperature was
lowered to 16 °C when the ODsoo reached 0.3-0.4. 6xHis-M2HOT expression was induced
with 0.05 mM IPTG when the ODsoo was near 0.5 and the expression continued at 16 °C for
18-20 hours, at which the point the cells were harvested by centrifugation at 5,000 x g for 10
minutes at 4 °C. Following a wash with PBS and second spin, the cell paste in 50 mL Falcon
tubes was estimated by subtracting the tared tube weight from that of the tube with cell paste.

The cells were either immediately lysed or frozen at -80 °C.

Lysis of SHuffle T7 Express, BL21(DE3), and NiCo21(DE3) Cells

Cell lysis was accomplished by sonication in a manner similar to that described for the
ER2523 cells (see Section 3.4.1), with minor differences mostly involving the compositions of
the lysis buffer. Briefly, the similarities are as follows. Cell paste was suspended in ice cold
lysis buffer (to be described) by vortexing and transferred to a glass or metal beaker secured
by clamps and immersed in an ice water bath to absorb any heat generated. Sonication was
performed either with a QSonica Q125 fitted with a 1/8-inch probe, for small scale pilot
studies, or a QSonica Q500 fitted with a 1/2-inch probe for scaled up expressions. The
amplitude was set to 40%, the pulse time set to 2 seconds ON, 8 second OFF, and the cell
suspension was sonicated for a total processing time of approximately 10 minutes, or longer,

depending on the cell suspension volume and size of the beaker. A sample of the clarified
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lysate was always withdrawn and set aside in a 1.5 mL Eppendorf tube in order to assess the
amount of insoluble 6xHis-M2HOT.

Both the main volume of crude lysate and the withdrawn sample were centrifuged
separately at 15,000 x g for 20 minutes at 4 °C. The clarified lysate (supernatant) from the
main volume was transferred to a tared 50 mL Falcon tube and the volume estimated by
subtraction. The supernatant in the centrifuged 1.5 mL Eppendorf tube was discarded and the
insoluble material was dissolved with an inclusion body buffer, as described previously.

The lysis buffer used to extract 6xHis-M2HOT from SHuffle T7 Express, BL21(DE3) and
NiCo(DE3) cells was constantly being optimized in order to increase the yield of soluble
protein. Therefore, the curated results presented in the Results and Discussion section do not
share a common buffer for lysis and purification. The following paragraphs detail the specific
buffers used during cell lysis for the individual experiments that were presented.

The lysis buffers used to gauge the effectiveness of co-expressed chaperones to increase
6xHis-M2HOT solubility in pilot studies with SHuffle T7 Express and BL21(DE3) cells were
high pH and low pH. High pH was 50 mM Tris, 300 mM NacCl, adjusted to pH 8.0 and
supplemented with 1 mM PMSF. Low pH was 50 mM MES, 300 mM NaCl, pH 5.5 and
supplemented with 1 mM PMSF.

The lysis buffer for BL21(DE3) cells as a test for the IMAC purification (Figure 3.3) was
50 mM HEPES, 300 mM KCI, 10 mM imidazole, 0.1% Tween 20, pH 8.0 and supplemented
with 1 mM PMSF.

The lysis buffer for BL21(DE3) cells used for the IMAC purification followed by

IMAC/HSP-wash (Figure 3.4) was 20 mM Na3;POs, 300 mM NaCl, 10 mM imidazole, 2%
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3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 0.5% Tween 20,
pH 7.4 and supplemented with 10 mM BME and 1 mM PMSF.

Lastly, the lysis buffer for NiCo21(DE3) cells used in the one column IMAC/HSP-wash
purification was 50 mM HEPES, 150 mM KCI, 1 mM ZnCl>, 10 mM imidazole, 100 mM

arginine, 0.5% Tween 20, pH 8.0 and supplemented with 10 mM BME and 1 mM PMSF.

6xHis-M2HOT Purification by IMAC and HSP Wash

Purifications of 6xHis-M2HOT were performed almost exclusively by IMAC, with a
chitin column used to cleanup nickel-binding proteins for expressions in the NiCo21(DE3) cell
line. The IMAC resin was HisPur™ Ni-NTA Resin (ThermoFisher, #88221), which was
loaded onto a Bio-Rad Econo-Column® (1 x 10 cm) fitted with a Bio-Rad Econo-Column®
Flow Adaptor, which was used to pack the column as well as load, wash and elute the sample.
Tubing was used to connect the flow adaptor to a Bio-Rad Model EP-1 Econo Pump. A T-valve
with Luer-Lok™ fittings was installed halfway between the adaptor and the pump to interrupt
the mobile phase and inject the sample directly onto resin, via the flow adaptor. Fractions from
the column were collected in 13 x 100 mm VWR disposable borosilicate glass culture tubes
that were loaded into a Bio-Rad Model 2110 Fraction Collector. The Ni?*-NTA resin was
packed to a bed height of 6.4 cm, giving a total column volume (CV) of 5.0 mL. The volume
flow rate was 0.25 mL/min (19.10 cm/hr) while protein was on the column. In all other cases
(e.g., column equilibration and regeneration) the flow rate was 0.50 mL/min (38.20 cm/hr). All
purifications were performed in a cold room, at 4 °C.

The gradient former (originally designed to make gradient gels) had an inner and outer
chamber that could hold buffer, with a valve that controlled the flow between them. The inner

chamber led directly to the pump and was fitted with a stir bar, while the outer chamber was
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the furthest reservoir from the pump. A buffer with low imidazole concentration was placed in
the inner chamber, while an equal volume of buffer with a high concentration was placed in
the outer chamber. Uniform mixing was achieved by opening the valve between the two
chambers, allowing the more concentrated solution in the outer chamber to flow into the inner
chamber where the stir bar would mix the two, before the combined solution was pumped onto
the column. This was the basis for creating the imidazole gradient during the elution step.
Following the elution, the column was regenerated with 10 CVs of 20 mM 2-(N-
morpholino)ethanesulfonic acid (MES), pH 8.0, and then washed with 10 CVs of 18 MQ water.

The initial IMAC purification of 6xHis-M2HOT from BL21(DE3) cells (Figure 3.3) used
5 CVs of an equilibration buffer that was similar to the lysis buffer, specifically 50 mM
HEPES, 300 mM KClI and 10 mM imidazole, pH 8.0. Following manual loading of the sample
using a syringe and the T-valve installed on the tubing, 2 CVs of flow through were collected
as a single fraction and 10 CVs of wash buffer were applied to the column. The wash buffer
was 50 mM HEPES, 150 mM KCl, and 25 mM imidazole, pH 8.0, and five 2 CV wash fractions
were collected. Finally, the target protein was eluted with a with a 25-250 mM imidazole
gradient over 10 CVs with the elution buffer and collected as 10 individual fractions. The
elution buffer was created by the gradient by combining low and high imidazole buffers, both
having a base of 50 mM HEPES, 150 mM KCI buffer, pH 8.0. Low imidazole was 25 mM,
while high was 500 mM.

For the second IMAC purification of 6xHis-M2HOT from BL21(DE3) cells (Figure 3.4)
that was followed by a IMAC purification that included an HSP wash. The initial IMAC
purification was the same as that described above, with the exception that the base buffer was

phosphate buffer-based, to match the lysis buffer. The equilibration buffer was now 20 mM
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Na3PO4, 300 mM NaCl, 10 mM imidazole, 2% CHAPS, 0.5% Tween 20, pH 7.4,
supplemented with 10 mM BME. The wash buffer had the same basic composition, but with
25 mM imidazole, and the wash was collected over 12 CVs as 6 fractions. The elution gradient
buffer was 20 mM Na3PO4, 300 mM NaCl, with no detergents and a low and high imidazole
concentration of 25 and 400 mM imidazole, for a gradient of 25 — 212 mM imidazole collected
over 10 CVs as 10 x 1 CV fractions. The pooled fractions from the initial IMAC purification
were concentrated prior to being loaded back onto the Ni>*-NTA resin.

The HSP purification involved first a detergent wash, followed by an ATP wash, and
finally elution of the remaining proteins bound to the resin. After 5 CVs of equilibration with
20 mM Na3zPOs, 50 mM NaCl, 10 mM imidazole, adjusted to pH 7.4 and supplemented with
10 mM BME, the sample was loaded onto the column and 3 CVs of flow through were
collected as one fraction. The column was washed over 9 CVs with equilibrium buffer
supplemented with 2% CHAPS and 0.5% Tween 20, and 3 fractions were collected. The
column was then equilibrated with 3 CVs of the base for the HSP wash, which was 50 mM
TRIS, 50 mM KCI, pH 7.5, collected as one fraction. The buffer was switched from phosphate
to TRIS out of concern that phosphate would chelate the Mg?" cations required for ATP
activity. This was followed by 3 CVs of HSP buffer with 20 mM MgCl, and collected as one
fraction. The same buffer was supplemented this time with 5 mM ATP and used to wash the
column over 9 CVs, collecting three fractions. The HSP wash was repeated over 3 CVs (one
fraction) to flush Mg?* from the resin, and then the column was eluted with a 50:50 mixture of
the low (25 mM) and high (400 mM) imidazole phosphate-based elution buffers over 9 CVs,

collecting 3 fractions.
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For the combination IMAC and HSP purification of 6xHis-M2HOT from NiCo21(DE3)
cells (Figure 3.5), the base buffer was again matched to the lysis buffer and designed so that
no buffer exchanges were required during this purification. This time the equilibration buffer
was 50 mM HEPES, 150 mM KCIl, and 10 mM imidazole, 10 mM BME, 0.5% Tween 20, pH
8.0, which ran for 5 CVs. Following the sample injection, and collection of 1 CV fraction, the
column was washed with an ATP wash. The ATP wash was 10 CVs, collected over 4 fractions,
and was comprised of 50 mM HEPES, 50 mM KCI, 10 mM imidazole, 10 mM BME, 0.5%
Tween 20, 1 mM ZnCl,, 10 mM MgClz, and 5 mM ATP, pH 8.0 collected over 10 CVs and 4
fractions. This was followed by a 10 CV imidazole wash over 4 fractions, comprised of 50 mM
HEPES, 150 mM NacCl, 50 mM imidazole, 10 mM BME, pH 8.0, collected over 4 fractions.
Finally, the bound proteins were eluted with 6 CVs of 50 mM HEPES, 150 mM NaCl, 150

mM imidazole, 10 mM BM, pH 8.0, and collected over 4 fractions.

WELQut Protease Cleavage

Cleavage of the WELQut linker between the N-terminal 6xHis-tag and M2HOT was
performed using the Thermo Scientific WELQut protease (#EO0861). The reaction was
performed on a solution containing 6xHis-M2HOT that had been expressed in BL21(DE3)
cells and purified first by traditional IMAC and then a second time by IMAC with a set of HSP
washes to remove potentially interfering chaperones. Optimization of protease digestion was
performed by following the recommendations in the manufacturer’s optimization protocol.
The reaction buffer was 20 mM NazPO4, 50 mM NaCl, 10 mM imidazole, adjusted to pH 7.4.
The imidazole was included so that the reaction could be immediately loaded onto Ni**-NTA
resin for immediate IMAC purification. The protease to substrate ratios were chosen to be 1

Unit of protease to 100, 50, and 25 pg of 6xHis-M2HOT, as estimated using the total protein
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concentration of an impure sample. Reactions were performed at room temperature and 30 °C,

for durations of 4, 8, and 16 hours and cleavage efficiencies were analyzed by SDS-PAGE.

Centrifugal Concentration

For chromatography fractions that were < 6 mL, desalting and/or concentration was
performed with a Sartorius Vivaspin® 6 Centrifugal Concentrator (30 kDa MWCO) at 6,000
x g and 4 °C in a Beckman JA-20 rotor mounted in a Beckman J2-HS (and J2-21) centrifuge.
For chromatography fractions that were > 6 mL, desalting and/or concentration was performed
with an Amicon® Ultra-15 30kDa MWCO centrifugal filter, spun at 5000 x g at 4 °C in a
Beckman JA-10 rotor mounted in a Beckman J2-HS (and J2-21) centrifuge. When desalting or
facilitating a buffer exchange, the spin was repeated after the addition of the new buffer, with

this exchange being performed a total of two times.

3.4.3 Protein Analysis

Protein Quantitation

Three different methods of determining protein concentration were used for the
experimental results presented in this chapter. The Bradford assay and method of
Warburg-Christian were used to determine the total protein concentration of impure protein
samples, while the Azso method was used for fractions where the sample was relatively pure
(e.g. MBP-M1HOT).

The dye-based colorimetric method of Bradford® was used to determine the concentration
of total protein in the lysate and column fractions. Buffer components are known to interfere®’
with the Bradford assay, detergents®® in particular. Bio-Rad’s Protein Assay Dye Reagent

Concentrate (500-0006) states it can be used reliably with most detergents, assuming low
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concentrations. The Bio-Rad reagent is also linear between 0.2 and 0.9 mg/mL bovine serum
albumin (BSA). The BSA concentrations used for the standard curve were 0 (100 mM NaCl),
0.2,0.4, 0.6, 0.8 and 0.9 mg/mL BSA. The standards were made by dissolving BSA (Fraction
V) Heat Shock Treated (FisherBioReagents, BP1600-100) in filter sterilized 100 mM NaCl. In
a plastic cuvette (1 cm diameter), 20 uLL unknown sample (or standard) were mixed with 980
puL of 1X dye reagent and incubating at room temperature for 15 minutes, then the absorbance
at 595 nm was read. Uknown protein concentrations were determined using the BSA standard
curve.

The Warburg-Christian method makes use of both A6 and Azso absorptions, along with
an equation, to estimate the total protein concentration in an impure sample.>® This equation is
quoted in various forms in the literature, with differences being attributed to the coefficients
used in the formula. The form of the equation used in this research being given in Equation

3.1, with the caveat that the Azgo must be greater than the Azeo for the result to be valid.

Equation 3.1. The Warburg-Christian Equation for protein concentration.

[protein] (mg/mL) =[(1.31x A,,)—(0.57x A, )]* dilution factor

The Bradford assay, Warburg-Christian and Azg0 method employed used a UV-Vis
spectrophotometer running UVProbe v2.61 software. The Azso method also employed the
Beer-Lambert Law, a 1 cm value for the cuvette pathlength, and the extinction coefficient of

98,920 M! cm™! for MBP-M1HOT.

Protein Purity

The presence and purity of MBP-M1HOT and 6xHis-M2HOT were evaluated by running

samples on SDS-PAGE gels, followed by staining with Coomassie Brilliant Blue R-250. For
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6xHis-M2HOT, an additional in-gel stain visualized by fluorescence imaging was used to
probe the gel for presence of the His-tag. SDS-PAGE gels were 7.5% Mini-PROTEAN®
TGX™ Precast Protein Gels, 15-well, 15 ul (Bio-Rad #4561026) run in Bio-Rad Mini-
PROTEAN 3 cell using a 1X buffer made from Fisher BioReagents® Tris-Glycine-SDS, 10X
(powder; Cat # BP1342-1). The gels were run at a constant 200 volts for 30—35 minutes, with
power supplied by a BioRad PowerPac™ 3000 (165-5056).

Following an electrophoretic run, gels were removed from their cassettes, rinsed twice for
30 seconds with 18 MQ water and placed into Coomassie stain overnight with gentle rocking.
The Coomassie stain was 0.1% Coomassie BB R-250, 50% methanol, 40% 18 MQ water, and
10% glacial acetic acid. The gels were destained the following day with Destain 1 (53% 18
MQ water, 40% methanol, 7% glacial acetic acid), followed by Destain 2 (88% 18 MQ water,
5% methanol, 7% glacial acetic acid). Gels were photographed on a lightbox using a Nikon
D7000, the images processed using Adobe Photoshop CS6 and annotated using Adobe
ustrator CS6. For detection of His-tags in protein bands, the Invitrogen™ InVision™ His-
Tag In-Gel Stain was used prior to the Coomassie stain following the manufacturer’s protocol.
The InVison-stained gel was imaged with the UV transilluminator (302 nm) and UV tray of a

Bio-Rad Gel Doc™ EZ Imager .

Tryptic Digest and Mass Spectrometry

Protein identification for MBP-M1HOT and 6xHis-M2HOT was performed by tryptic
digest of gel-purified bands, followed by mass spectrometry (MS) and data analysis with a
proteome database. The UC Davis Proteomics Core Facility was commissioned to perform the
digest, mass spectrometry and analysis. Using a sterile blade, MBP-M1HOT and

6xHis-M2HOT protein bands were excised from a freshly run SDS-PAGE gel that had been
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Coomassie-stained. Gel slices were placed into 1.5 mL Eppendorf tubes, along with a small
amount of liquid (Destain 2), sealed with Parafilm M and shipped to the UC Davis Proteomics
Core Facility. At the facility the proteins were reduced, alkylated, digested with in-house
reductively methylated trypsin, and dried down in a vacuum concentrator. The material was
then solubilized in 2% acetonitrile and 1% trifluoracetic acid and loaded onto a liquid
chromatography tandem mass spectrometer (LCMS). Following high performance liquid
chromatography (HPLC), peptides were further separated using trapped ion mobility
spectrometry (TIMS) and the MS data was acquired using data-dependent parallel
accumulation serial fragmentation (DDA-PASEF). Data analysis involved using Fragpipe 18.0
to search the MS raw files using the UniProt proteome database and search results were loaded

into the Scaffold 5.0.1 MS/MS proteomics software.
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Chapter 4
The Expression of Recombinant HOT in PC-12 Cells

Abstract

A vector encoding recombinant mouse hydroxyacid-oxoacid transhydrogenase (HOT) and
the neomycin resistance gene were transfected into PC-12 (rat adrenal medulla) cells with the
use of cationic lipids. Stable transfectants expressing recombinant HOT were isolated under
the selective pressure of Geneticin (G-418), since the neomycin resistance gene would be
integrated into the host genome along with the mouse HOT cDNA sequence. The recombinant
mouse HOT contained a C-terminal HA-tag that allowed for detection of recombinant HOT
by Western blotting and could serve as an affinity tag in immunopurification. Despite only a
1.2 kDa difference in molecular weight between recombinant HOT and endogenous HOT, size
exclusion chromatography (SEC) successfully partitioned these proteins into separate column
fractions with the apparent molecular weights of 65 kDa and 41 kDa, respectively. When
fractions from the SEC purification were subsequently passed through an anion exchange
column (AEC), endogenous HOT unexpectedly eluted with the flow though—possibly
aggregated—while recombinant HOT eluted at the expected NaCl concentration. When the
order of the chromatography steps is reversed and lysate is purified by AEC first, both
recombinant and endogenous HOT elute close together at the expected NaCl concentration. In
addition, the antibody raised against the full HOT sequence does not bind recombinant HOT
with the HA-tag. It appears that the HA-tag at the C-terminus of recombinant HOT may
decrease interactions with the SEC resin allowing it to run ahead of endogenous HOT, inhibits

aggregation under AEC low-salt loading conditions, and blocks binding of the HOT antibody.
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4.1 Introduction

4.1.1 HOT in Mammalian Cells

To date, the only source of enzymatically active hydroxyacid-oxoacid transhydrogenase
(HOT) is that produced by animal cells. This includes both endogenously produced HOT,
which has been extracted from the cultured tissues and organs of several animal species!™, and
recombinant HOT, which has been introduced and expressed in mammalian cells that were
cultivated in the laboratory!:®.

The literature describes only one previous attempt to express human HOT in E. coli, with
the majority of the HOT expressed as inclusion bodies and, following solubilization with urea,
efforts to refold and recover active HOT by dialysis failed.!” Similar challenges expressing
HOT in E. coli were encountered during the research presented in this manuscript (Chapter 3).
While expression of recombinant proteins is routinely performed in prokaryotic hosts such as
E. coli, these organisms often lack the proper cellular environment and enzymes required to
produce structurally mature and/or functional active eukaryotic proteins. Many eukaryotic
proteins depend on covalent post-translational modifications (PTMs), including glycosylation
and disulfide bond formation, for proper protein folding and to stabilize the right
conformation.!! It is possible that the inability of E. coli to express soluble and active HOT is
due to the lack of one or more required PTMs. Based on experimental and computational
evidence, the UniProt entry Q8RON6 for mouse HOT infers N6-acetyllysine at position 443
(445 in human HOT)'? and phosphoserine at position 450 (452 in human HOT)"3,

In addition, multiple lines of experimental and computational evidence suggest that HOT

contains an N-terminal mitochondrial transit peptide (MTP). MTPs are 15 — 50 amino acids
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presequences that form amphipathic a-helices and help direct preproteins translated in the
cytosol to the translocases in the outer and inner mitochondrial membranes.!* !> Once across
the mitochondrial membranes, these presequences are cleaved from the N-terminus by
peptidases and the resulting preproteins are folded into their mature and active forms. '

The experimental evidence for the N-terminal MTP is based on the fact that HOT has two
in-frame ATG start codons preceded by Kozak consensus sequences.'” '¥ This suggests the
existence of two isoforms that differ by 46 amino acids in mouse'®, and 48 amino acids in
humans®. In one study with rat liver, HOT activity coeluted with 50 kDa and 45 bands on
SDS-PAGE during size exclusion chromatography.! In a separate study the following year,
transfection of mammalian cells with cDNA beginning with the first ATG resulted in evidence
of 50 kDa and 45 kDa expression products, while transfection with cDNA that began at the
second ATG resulted in only the 45 kDa product.’ The following section details these
experimental finding in more detail.

21, 22 and

Beside the experimental evidence, amino acid sequence analysis by Phobius
UniProt® predict a transit peptide at the N-terminus for both mouse (Q8RON6) and human
(Q8IWWS8) HOT (see Section 1.5.1). Also, protein structure prediction by AlphaFold** %
generated a structure for HOT that contained an amphipathic a-helix spanning the first 19
amino acids of the sequence, followed by a random coil for another 30 residues. The random
coil ends at the second methionine in the amino acid sequence, which encoded by the second
in-frame ATG and start of HOT isoform 2 (see Section 1.5.1). Given the absence of cellular

machinery required to process proteins with MTPs, the heterologous expression of proteins

with MTPs in a hosts such as E. coli may prove challenging. Indeed, over the past 3 decades a
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general strategy when expressing mitochondrial matrix enzymes in E. coli has been to remove

the MTPs altogether, via truncation of the cDNA.2%27

4.1.2 Literature on Recombinant HOT in Mammalian Cells

There have been only two publications documenting the introduction of recombinant HOT
into mammalian cells. In one publication, HOT enzymatic activity was induced in human
embryonic kidney (HEK 293) cells following transient transfection with a vector containing
the putative cDNA sequence for mouse HOT.! HOT enzyme activity was detected only after
cell lysate had been partially purified by anion exchange chromatography, with the assays for
the forward and reverse reactions providing Km estimates for all four canonical HOT
substrates.! Tryptic digest and mass spectrometry of 50 kDa and 45 kDa SDS-PAGE bands
that co-eluted with enzyme activity confirmed their identities as HOT, revealing the existence
of two isoforms.!

In the second publication, COS cells were transiently transfected with a recombinant
mouse HOT containing a C-terminal HA-tag, in order to determine HOT subcellular
localization with immunocytochemical staining and to produce expression products for
Western blot analysis.” Two mouse HOT coding sequences were used, one beginning at the
first ATG (M1) and including the purported N-terminal MTP, and the other beginning after
the MTP at the second ATG (M2). Immunostaining of cells transfected with M1IHOT-HA
cDNA sequence indicated that HOT was localized to mitochondria.” Western blots from
transiently transfected COS cells, as well as in vitro transcription and translation, demonstrated
that M1 sequence can produce both the 50 kDa and 45 kDa isoforms.” Although the expression
levels of the 45 kDa and 50 kDa isoforms are comparable in mammalian cells, the 45 kDa

isoform is a very minor product of in vitro transcription and translation.” On SDS-PAGE, the
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45 kDa expression products from M1 and M2 sequences migrate identically.” This suggests
that most of the 45 kDa isoform results from post-translational removal of the MTP in
mammalian cells, while with in vitro translation a small amount of it is from “leaky scanning”?®
of M1 mRNA by ribosomes.
To date, following objectives have not been documented in the literature:
1. Establishment of a mammalian cell line stably expressing high levels of
recombinant HOT.
2. Purification of recombinant HOT to homogeneity.

3. Complete multisubstrate enzyme kinetics for recombinant HOT, including

determination of Acat, the kinetic mechanism, and the pH-rate profile.

4.1.3 Present Research on Recombinant HOT in Mammalian Cells

Determining the complete enzyme kinetics for HOT requires a pure sample of the enzyme.
This is best accomplished with a recombinant HOT containing an affinity tag. Recombinant
HOT also has the added benefit that point mutations can be easily introduced in order to
determine which active site residues are critical for activity. Because heterologous expression
of recombinant HOT in E. coli has been largely unsuccessful'®, while transient transfection of
recombinant HOT into mammalian cells resulted in the recovery of active enzyme!, stable
transfection in a mammalian cell line is a natural progression of this strategy and far more

efficient approach in terms of protein expression.
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The aims of the present research were to:

1. Establish a mammalian cell line that stably expresses recombinant HOT.
2. Obtain pure recombinant HOT for enzyme kinetics studies.

To accomplish these aims a shuttle vector containing the full (M1) mouse HOT coding
sequence, along with a C-terminal HA-tag and the neomycin resistance gene, was used to
stably transfect PC-12 cells under the selective pressure of the antibiotic Geneticin. Lysate
from PC-12 cells stably expressing recombinant HOT was then purified by ion exchange and
size exclusion chromatography, with the purification followed by SDS-PAGE and Western

blotting with antibodies against both the HA-tag and HOT sequences.

4.1.4 Mammalian Cell Culture

Cell lines and Cell Culture

Three mammalian cell lines were investigated as potential hosts for the expression of

recombinant mouse HOT. These were COS-7, SH-SYSY, and PC-12. COS-7 and SH-SYS5Y

COos-7 SH-SY&Y PC-12
(ATCC CRL-1651) (ATCC CRL-2266) (ATCC CRL-1721)
£ MY A = v £ L

3

High Density

- T
High Density

A B Cc
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Figure 4.1. Mammalian cell lines used in recombinant protein expression. A) COS-7 from the kidney of an
African green monkey; B) SH-SY5Y from the bone marrow of a human with neuroblastoma; C) PC-12 from a
pheochromocytoma of the rat adrenal medulla (adapted from ATCC®).

168



cells were previously used to study recombinant and endogenous HOT, respectively.’”? COS-7
are kidney cells from the African green monkey (Cercopithecus aethiops) that have been
immortalized with the SV40 virus.?” SH-SYS5Y is a cancer cell line isolated from the bone
marrow of a human patient with neuroblastoma.?® PC-12 is a cancer cell line that was derived
from a pheochromocytoma of the brown rat (Rattus norvegicus) adrenal medulla.! Although
COS-7 and SH-SYS5Y cells are adherent, PC-12 cells may grow as either floating aggregates
of round cells or adapted to grow as an adherent variant.?? Images of all three cell lines at high
cell confluency (density) are shown in Figure 4.1.

Compared to the culturing of prokaryotic cells such as E. coli, the culturing of mammalian
cells is significantly more expensive, time consuming, and technically demanding.
Furthermore, it has been generally regarded that when it comes to target protein expression,
mammalian cells give relatively poor yields.>* Therefore, the use of mammalian cells for
recombinant protein expression has been traditionally reserved for situations when the target
expression in prokaryotic hosts has proven unsuccessful, or when immunological concerns and

t.3* However, over the

the regulations governing the production of pharmaceuticals require i
past two decades engineering advancements in expression vectors, cell lines, and the use of
suspension cells in bioreactors has made it possible to obtain g/L yields from target expression

in mammalian cells.>*>*’

Shuttle Vector

Gene transfer into mammalian cells can be accomplished in one of two ways: 1) infecting
the cell with a virus carrying the target gene (fransduction); and 2) physically or chemically
transferring a vector encoding the target gene into the cell (transfection).>® For the research

presented in this dissertation, a non-viral shuttle vector (pcDNA3.1) was used to transfect
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mammalian cells. Shuttle vectors contain two different origins of replication and two different
selection markers, enabling them to be transferred into two distinct organisms.*® This useful
feature permits straightforward manipulation of the DNA when the vector is transformed into
bacteria, such as site-directed mutagenesis or amplification.

pcDNA3.1 is a 5.4 kb vector for stable and transient expression of target proteins in
mammalian hosts. It contains the human cytomegalovirus (CMV) immediate-early promoter
for high-level expression of the recombinant protein, bovine growth hormone polyadenylation
signal for transcription termination and polyadenylation of the recombinant transcript, a
neomyecin resistance gene for selection of stable transfectants, and SV40 early promoter and
origin for episomal replication in cells that express SV40 large T antigen (i.e., COS-7).
Episomes are eukaryotic plasmids that replicate with the cells, associating with metaphase
chromosomes, but do not integrate into the genome and are therefore not subject to gene
silencing mechanisms in the nucleus.*” While the CMV immediate-early promoter on the
pcDNA3.1 vector results in strong constitutive expression of recombinant proteins in
mammalian cells, inducible promoters and engineered mammalian cells have been developed
that allow expression of recombinant proteins to be switched on and off, much like the lac
operon in E. coli.*' The vector also contains the T7 promoter for in vitro transcription and
sequencing of the insert, and for manipulation in E. coli the vector has a pUC origin for high-

copy number replication and the bla gene for ampicillin resistance.

Transfection

Transfection methods for mammalian cells include: 1) chemical (cationic lipid, calcium
phosphate); and 2) physical (electroporation, direct injection).*? Cationic lipids* (Invitrogen™

Lipofectamine 2000™) were used to transfect cultured mammalian cells in the research
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presented in this manuscript. The transfection outcome is divided into two categories, transient
and stable, which refer to the length of time the transgene is transcribed and translated.** In
transient transfection, the transgene is expressed for only a few days after which it is diluted
and lost during cell division. In stable transfection the vector encoding the transgene either
exists as an episome (see above) or is integrated into the host genome. In most cases, this
integration is a rare event that occurs with approximately 1 in 10,000 cells.*> The integration
mechanism is poorly understood but thought to involve a non-homologous end-repair
mechanism.*¢ Because of the random nature of the integration, the transgene may be subject
to silencing if the insertion occurs in condensed heterochromatin or is epigenetically silenced
following insertion.*” Alternatively, transfected DNA can also be integrated at predetermined
chromosomal locations with the use of a recombinase, such as FLP from yeast*®, or through
CRISPER/Cas9 gene editing*” *°. Following transfection, a selectable marker on the vector,
with the phenotype generally being antibiotic resistance, is used to select for stable

transfectants.’®

Selection

A number of agents may be used to select for cells that have undergone a stable
transfection.’! The pcDNA3.1 vector used in the present research includes neo gene under
control of the SV40 promoter.”> 33 The neo gene encodes a bacterial aminoglycoside-3'-
phosphotransferase®* (APH), also known as aminoglycoside kinase, which detoxifies the
antibiotic Geneticin® (G418). G418 inhibits the 80S ribosome elongation phase of protein
synthesis in mammalian cells.>® Cells that stably express transgenic sequences in the vector,
either as an episome or though integration into the genome, become resistant to effects of G418

and will continue to grow in its presence. With all antibiotics used for selection, a kill curve
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should be generated with untransfected cells in order to determine optimal concentration for
selection and maintenance of stable cell lines.>

Even following selection, the results of a stable transfection can be unpredictable over
time due to genetic drift and for this reason the passage number for a stable line should be kept
as low as possible. The passage number increases each time cells are transferred from one flask
to another and is one method for tracking the “age” of a cell line. In addition, cellular responses
and alterations (i.e., epigenetic, transcriptomic, metabolomic, etc.) may arise due to transgene
overexpression, antibiotic selection and other experimental manipulations, impacting the

expected phenotype in unforeseen ways.*®
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4.2 Results and Discussion

4.2.1 Mammalian Cell Culture

COS-7 versus PC-12 Cells for Protein Expression

The COS-7 cell line was initially chosen for stable transfection because the laboratory that
generously donated the pcDNA3.1 vector encoding recombinant HOT published the successful
transient transfection of this vector in COS cells.’ Cells were transfected with a mixture of the
expression vector and cationic lipids, and the transfectants were subjected to selection with the
aminoglycoside antibiotic Geneticin (G418). Stable transfection of COS-7 cells was identified
in several surviving colonies by Western blot detection of the C-terminal HA-tag of the
recombinant HOT protein using anti-HA antibodies. While scaling up the culturing of COS-7
cells that stably expressed the recombinant HOT-HA, two observations were made about the
cell line: 1) the cells grow very slowly, dividing once every two days; and 2) the cell density
at 100% confluency is low, with an average of 30 million cells per T-175 flask (175 cm? surface
for adherent cells). Similar observations were made when culturing the SH-SYSY cell line,
which has an apparent doubling time of 2-3 days and establishes thin neurite-like processes
that prevent high cell densities at 100% confluency. COS-7 and SH-SYS5Y complete growth
media also contains 10% fetal bovine serum (FBS). FBS is extremely expensive, with a $500
- $1000/1iter price (pre-2020) that fluctuates with beef prices and can sometimes be difficult to
acquire.

Given the time, yield, a cost to grow COS-7 and SH-SYS5Y cells, the decision was made
to switch to the PC-12 cell line, which at the time were being actively grown in the laboratory

for a separate project. PC-12 cells can divide in less than 36 hours and have a polygonal
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morphology that allows them to grow to a very high cell density, sometimes growing on top
of each other. Up to 90 million cells can be recovered from a single T-175 flask, versus 30
million for COS-7. Lastly, PC-12 complete growth media contains only 5% FBS and 10%
donor horse serum (HS). The HS is only around 1/5th the cost of FBS and, because of how it
is produced, it is generally always in stock. Therefore, the remainder of the research presented

here focuses solely on the expression of recombinant HOT in PC-12 cells.

PC-12 Cell Viability Study with G418

The optimal concentration of G418 required for selection and maintenance of stable
transfectants is dependent on the cell line, therefore it was necessary to perform a cell viability
study on untransformed PC-12 cells prior to transfection. For selection, the optimal
concentration of G418 is the minimum dose that results in significant death of untransfected
cells within 3-7 days. For the viability study, untransfected PC-12 cells were incubated for 12
days in media supplemented with 01,500 ng/mL G418 and cell survival was assessed every
3 days.

The results of the viability study are plotted as a kill curve in Figure 4.2. By day 3, only
5.2+ 6.6 % of cells exposed to 500 pg/mL G418 survived, therefore this concentration of G418
was used for the selection of stable transfectants. For maintenance of the selected cell line, the
general practice is to reduce the G418 concentration to < 50% of the concentration used for
selection, which in this case was 250 pg/mL G418. By days 3 and 6, the percent survival for
untransfected PC-12 cells in 250 pg/mL G418 was 10.0 + 3.3% and 6.3 + 0.7%, respectively.
This concentration was deemed sufficient to maintain the population of PC-12 cells that stably

express the HOT genes and the resistance-conferring aminoglycoside 3'-phosphotransferase
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Figure 4.2. G418 kill curve for untransfected PC-12 cells. The results of PC-12 cells incubated with 0, 50,
100, 150, 250, 500, 750, 1000, and 1500 pg/mL G418 for a total of 12 days, six replicates each. The percent
survival was based on the control wells, with no G418 (100% survival). The data for 750, 1000, and 1500 pg/mL
G418 is not shown because no cells survived in these concentrations for any length of time

(neo) genes, assuming that both integrated into the host genome without disruptions or

silencing of the HOT gene.

Stable Transfection of PC-12 Cells

PC-12 cells were transfected with the pcDNA3.1 vector encoding MIHOT-HA using

Lipofectamine 2000 transfection reagent’

and the manufacturer’s protocol for 6-well plate
transfections with 6, 9, 12 and 15 pL of transfection reagent used in 4 wells, plus controls.
Following transfection, cells from each well were transferred to 10-cm tissue-culture treated
dishes and diluted 1:25 in media. Eighteen distinct colonies were recovered after 6 weeks of
selection with 500 pg/mL G418, with each colony originating from a single cell that had
successfully acquired a neomycin resistance gene during transfection. Of the 18 recovered
colonies, 15 were the result of cells transfected with 9 puL of Lipofectamine 2000, while the

other 3 colonies came from cells that were transfected with 12uL of the reagent. No G418-

resistant colonies were recovered from transfections with 6 and 15 pL Lipofectamine 2000.
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To verify whether PC-12 colonies that acquired neomycin resistance had also integrated
the intact HOT-HA coding sequence, cell extract from each colony was analyzed by Western
blotting. These blots were visualized by staining with a primary antibody that recognizes the
C-terminal HA-tag, followed by a fluorescent dye-conjugated secondary antibody that
provided an observable and amplified signal (Figure 4.3). Because each sample well on the
blot was loaded with 25 pg total protein, the intensity of the fluorescent staining was
proportional to the level of HOT-HA expression. The lysate from three colonies (8, 9, and 15)
appeared to contain high expression levels of HA-tagged HOT isoform 2, which lacks the N-
terminal mitochondrial transit peptide and has a molecular weight of 46 kDa. The Western
blots showed no evidence of HA-tagged HOT isoform 1, which contains the N-terminal
mitochondrial transit peptide and has a molecular weight of 51 kDa. These observations are
consistent with observations that HOT is localized to the mitochondria, where the N-terminal
transit peptide is likely removed after being imported into the organelle. Colonies 8, 9, and 15

were cryogenically preserved in liquid nitrogen for further study.
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Figure 4.3. Western blots of total protein from stably transfected PC-12 colonies. Fluorescent imaging of
blots probed with anti-HA primary antibody and fluorescent-conjugated secondary antibody. Sample lanes were
loaded with 25 pg total protein. Lanes 1 and 2 on each blot contain visible ( ) and Western blot (black)
ladders, respectively. Well numbers in green indicate strongly expressing colonies that were cryopreserved. The

triangle indicates the molecular weight of bands pointed out by the indigo arrows. The molecular weight
of HOT without the mitochondrial transit peptide is 46 kDa. (A) Colonies 1-9; and (B) colonies 10—18.
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While all of the recovered PC-12 colonies survived G418 selection, implying they all
expressed the neomycin resistance gene, Western blots indicated that many of the colonies
displayed relatively low expression of recombinant HOT with respect to colonies 8, 9 and 15.
Because genomic integration of the pcDNA3.1 vector DNA is a random event, it is possible
that some elements required for expression of the target gene might have become disrupted
during integration, or the expression construct was integrated into a region of the genome with
low transcriptional activity. Furthermore, introduction of the vector and transfection reagent,
the expression of the neomycin resistance gene, and exposure of the cells to G418 during
selection all have the potential to trigger cellular responses that promote genomic instability
and epigenetic remodeling. Such changes to the genomic landscape could impact the potential

expression level of the desired protein.

4.2.2 Protein Extraction and Expression Efficiency

HOT has been extracted from animal tissues and cells using both liquid homogenization
(i.e. Potter-Elvehjem homogenizer) and repeated freeze-thaw cycles without loss of enzyme
activity.(refs) Both methods were evaluated for their ability to recover total protein from
PC-12 cells using the same lysis buffer. Liquid homogenization with a Potter-Elvehjem
homogenizer yielded significantly more protein (66.38 + 2.84 mg per billion cells, versus 50.29
+ 3.78 mg per billion cells) than lysis by freeze-thaw.

Using the average of these extraction methods, 100 mg of total protein would require
approximately 1,700 million cells (around 2.0 g wet cell pellet). The transfected PC-12 cells
used in this study grew to a cell density of approximately 525,000 cells/cm? on T-175 cell
culture flasks (TC-coated surface of 175 cm?) for a maximum yield of 90,000,000 cells per
flask if grown to 100% confluency. Acquiring 1,700 million cells would require approximately
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20 x T-175 flasks, plus a number of T-25 and T-75 flasks for propagating the cells used for
seeding. Each T-175 flask should have 50 mL of media supplemented with serum to support
the growth of the cells, not counting the media needed to grow the cells required to seed the
flasks and the media required to quench the trypsin during harvesting. Expect a requirement of
at least 2 liters of PC-12 media, which is D-MEM/F-12 supplemented with 5% donor horse
serum, 10% fetal bovine serum, and 250 ug/mL G418. The media costs $100/liter to make, the
plastic consumables (flasks, serological pipettes, etc.) are another $50. There are also
requirements for specialized equipment, such as a biosafety cabinet with laminar air flow, a
temperature and humidity-controlled CO: incubator, and liquid nitrogen storage dewars for
cryogenic preservation of cell lines. Assuming a week to grow enough cells to seed an
incubator with 20 x T-175 flasks, it would take another 3-4 days until the newly seeded cells
reach confluency, and then it takes 4 hours just to harvest and wash the cells from 20 x T-175
flasks. This is a lot of work for 100 mg of protein.

Compare this time, effort and cost to the expression of recombinant SSADH in E. coli
(Chapter 2), where 0.3 liters of inexpensive 2Y T broth and 24 hours yielded a 3.66 g cell pellet
containing 164 mg of total protein, 18 mg of which was pure recombinant SSADH. The
contrast could not be clearer. The culturing of mammalian cells for the purposes of
recombinant protein expression is a completely inefficient process as performed for this
research, particularly when considering that the target protein probably amounts to no more
than 0.1 mg of the 100 mg protein expression. Still, if a eukaryotic protein cannot be expressed
correctly in a prokaryotic host, this may be the only alternative. While this particular route may
not be feasible for structural studies that require milligrams of protein, 0.1 mg of pure enzyme

may provide enough material for enzyme kinetics experiments.
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4.2.3 Protein Purification Strategy I: AEC Before SEC

Anion Exchange Chromatography as the 1st Step

Anion exchange chromatography was performed on the clarified lysate from transfected
PC-12 cells that stably express recombinant M1HOT-HA, along with endogenously produced
wild-type HOT. The lysate was obtained by freeze-thaw cycles on 1 gram of cells (800 million)
which resulted in 2 mL of lysate with a total protein concentration of 45.33 mg/mL (90.66 mg
of total protein). The resin was DEAE-Sepharose Fast Flow and the mobile phase for the
separation was 20 mM Tris pH 7.6, with a NaCl gradient of 0—500 mM. The results of the
separation were followed by Western blotting using rabbit primary antibodies against both the
HA-tag and HOT protein sequence, followed by goat anti-rabbit fluorescent-conjugated
secondary antibodies and fluorescence imaging. To determine the quality of the separation, the
column fractions were visualized on Coomassie-stained SDS-PAGE gel.

Based on the Western blots stained with the anti-HA antibody (Figure 4.4), recombinant
HOT begins to elute in fraction G20 (167 mM NacCl), has a peak elution at G23 (243 mM
NaCl) and disappears from the column fractions by G25 (301 mM NaCl). The Western blots
also reveal a significant amount of non-specific binding by either (or both) the primary and
secondary antibodies to other protein bands throughout the blot, many of which are
significantly larger or smaller than the expected molecular weight for recombinant HOT-HA.

Nonspecific binding of antibodies became a serious issue shortly after this project began
when our primary supplier of antibodies, Santa Cruz Biotechnology (SCB), ran afoul of the
USDA due to questionable practices in antibody production.® SCB anti-HA antibodies were

initially used to estimate the expression level of the recombinant HA-tag in PC-12 stable
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Figure 4.4. Western blots of AEC column fractions with HA 1° antibody. The blots were stained with a
primary antibody against the HA-tag sequence. The yellow triangle indicates the molecular weights of the protein
bands pointed out by the blue arrows. Well numbers in green indicate fractions that were collected and advanced
to the next purification step. The NaCl concentration for select fractions appears in orange after the fraction
identifiers (above the well numbers). FT = flow-through, W = wash, G = salt gradient. (A) Anion exchange flow-
through fraction 1 through salt gradient fraction 14; (B) salt gradient fractions 15-28.

transfectants (Figure 4.3) with very good results. After the SBC catalog became unavailable,
sourcing quality antibodies targeting the HA-tag and the HOT protein sequence became
challenging, with most antibodies showing either significant nonspecific binding or worse,
they did not bind to any bands reasonably close the expected 40—50 kDa range for recombinant
or endogenous HOT.

Based on the protein sequence, the expected molecular weight for recombinant HOT-HA
with the N-terminal mitochondrial transit peptide (isoform 1; MIHOT-HA) is 51.1 kDa, while
recombinant HOT-HA without the transit peptide (isoform 2; M47HOT-HA) is 46.2 kDa. It
would appear that the recombinant HOT-HA observed on the Western blot is isoform 2. The
stained band in fraction G23 (lane 10) appears to be two bands running very close together.

The Western blot stained with the anti-HOT antibody (Figure 4.5) tells a similar story,
but this time with the elution beginning two fractions later, at G22, with peak staining at G23

and disappearance of staining by G25. The expected molecular weights for endogenous HOT
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Figure 4.5. Western blots of AEC column fractions with HOT 1° antibody. The blots were stained with a
primary antibody against the HOT protein sequence. The yellow triangle indicates the molecular weights of the
protein bands pointed out by the red arrows. Well numbers in green indicate fractions that were collected and
advanced to the next purification step. The NaCl concentration for select fractions appears in orange after the
fraction identifiers (above the well numbers). FT = flow-through, W = wash, G = salt gradient. (A) Anion
exchange flow-through fraction 1 through salt gradient fraction 14; (B) salt gradient fractions 15-28.

are 49.9 kDa with the N- terminal mitochondrial transit peptide (isoform 1; MIHOT) and 45.0
kDa without the transit peptide (isoform 2; M47HOT). As with the anti-HA blot, the apparent
molecular weight seems to indicate only the presence of HOT isoform 2.

One critical observation arises when comparing the staining patterns between the anti-HA
and anti-HOT Western blots. There is a notable absence of anti-HOT stained bands in lanes
representing fractions G20 and G21 (Figure 4.5). Both of these fractions clearly have
recombinant HOT-HA, since the anti-HA antibody in Figure 4.4 detected the presence of that
construct in these lanes. One likely explanation for this is that the presence of the C-terminal
HA tag on recombinant HOT-HA obfuscates the epitope recognized by the anti-HOT antibody,
resulting in differential staining of the two primary antibodies. This phenomenon will be
revisited again in Section 4.2.4.1, when the effect is more pronounced during Western blot

analysis of size exclusion chromatography fractions.
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Figure 4.6. SDS-PAGE of AEC column fractions. The yellow triangle indicates the molecular weights of the
protein bands pointed out by the black arrows. Well numbers in green indicate fractions that were advanced to
the next purification step. The NaCl concentration for select fractions appears in after the fraction
identifiers (above the well numbers). FT = flow-through, W = wash, G = salt gradient. (A) Anion exchange flow-
through fraction 1 through salt gradient fraction 14; (B) salt gradient fractions 15-28. Resin: DEAE-Sepharose
FF. Mobile phase: 20 mM Tris, pH 7.6. Gradient: 0-500 mM NaCl.

Examination of the Coomassie-stained SDS-PAGE gel (Figure 4.6) indicates that some
separation was achieved during anion exchange, but the fractions indicated by Western blot to
contain recombinant HOT-HA and endogenous HOT remained heavily contaminated with
other bands. Of particular note is what appears to be a significant number of chaperones from
the Hsp90 family. The Hsp70 and Hsp90 family are known to bind proteins bound for the
mitochondria and deliver them to mitochondrial translocases for import, as well as help them
fold properly once inside.!*!® To minimize the number of unwanted proteins carried over to
the next purification step, only fractions G22—G24 were pooled and concentrated to a 0.5 mL
sample with a total protein concentration of 28.18 mg/mL (14.09 mg;14.7% yield). It should
be noted that this purification was repeated with the same 20 mM Tris mobile phase, and 0 —
500 mM NaCl salt gradient, but at pH 8.0. The results were nearly identical with the exception
that peak elution for recombinant HOT-HA and endogenous HOT occur at 278 mM NaCl,

rather than 243 mM NaCl.
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Size Exclusion Chromatography as the 2nd Step

The pooled, concentrated and buffer exchanged fractions from anion exchange
chromatography, 14.09 mg in a 0.5 mL sample (1.2% of the column volume), were loaded
onto a Sephacryl S-200 column and separated using a mobile phase of 20 mM Tris, pH 7.6,
150 mM NaCl. Based on a calibration of the column with several protein standards, fractions
F11-F24 were selected for analysis. As with the anion exchange chromatography, the results
of the separation were followed by Western blotting using rabbit primary antibodies against
both the HA-tag and HOT protein sequence, followed by goat anti-rabbit fluorescent-
conjugated secondary antibodies and fluorescence imaging. To determine the quality of the
separation, the column fractions were visualized on Coomassie-stained SDS-PAGE gel.

The Western blot stained with antibodies against the HA-tag (Figure 4.7A) show bands
that run near the expected molecular weight of 46.2 kDa for recombinant HOT isoform 2
(M47HOT-HA), based on the Western ladder in Lane 1. Based on the molecular weight
standard curve for the calibrated size exclusion resin, the bands begin to elute from the column
with the fraction that would contain proteins with the molecular weight of 46 kDa. The Western
blot stained with the anti-HOT antibody (Figure 4.7B) also shows bands in the same locations,
indicating that both recombinant and endogenous HOT, with a difference in molecular weight
of only 1.2 kDa, are distinguishable on this column (1.5 x 24.5 cm; 43.3 mL).

The Coomassie-stained SDS-PAGE gel of the SEC column fractions shows a tremendous
gain in purification for the fractions F20-F22 (Figure 4.8). The suspected Hsp90 chaperone

elutes largely ahead of these fractions, beginning at F14 (192 kDa), peaking at F15 (145 kDa)
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Figure 4.7. Western blots of SEC column fractions with HA and HOT 1° antibodies. The yellow triangle
indicates the molecular weights of the protein bands pointed out by the blue and red arrows. Well numbers in
green indicate fractions of significant interest. The estimated molecular weight for select fractions appears in
blue and red, after the fraction (F) identifiers (above well numbers). (A) Size exclusion fractions 11-24, stained
with antibody against the HA-tag; (B) fractions 11-24, stained with antibody against the HOT protein sequence.

and trailing off by to half the peak intensity by F17 (82 kDa). This suggests that the suspected
Hsp90 protein elutes predominantly as a dimer, and to a lesser extent as a monomer. The two
bands that appear below the 30 kDa ladder, stained darkly in F18 and F19, also appear to elute

as dimers or trimers.
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Figure 4.8. SDS-PAGE of SEC column fractions. The gel represents size exclusion column fractions 11-24.
The yellow triangle indicates the molecular weight of the protein bands pointed out by the black arrow. Well
numbers in green indicate fractions of significant interest. The estimated molecular weight for select fractions
appears in blue, after the fraction (F) identifiers (above the well numbers).
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This information suggests that a much longer SEC column and reduced rate of flow might
result in better partitioning, allowing recombinant HOT-HA and endogenous HOT to be
collected without the earlier contaminating bands overlapping these fractions. Ultimately, SEC
fractions F20-F22 were pooled and concentrated to a volume of 0.5 mL with a total protein

concentration of 3.71 mg/mL by Bradford assay (1.8g mg;13.2% yield).

4.2.4 Protein Purification Strategy 11: SEC Before AEC

Size Exclusion Chromatography as the 1st Step

In order to observe the native oligomerization state of recombinant and endogenous HOT,
clarified lysate from stably transfected PC-12 cells was loaded directly onto a calibrated size
exclusion column. This column (1.5 x 62.0 cm; 109.6 mL) was much longer than the column
described in Section 4.2.3.2 (1.5 x 24.5 cm; 43.3 mL), with the additional expectation that
better resolution would be obtained with the longer column and a slower flow rate. The mobile
phase was once again 20 mM Tris, pH 7.6, 150 mM NaCl. The lysate was obtained by three
freeze-thaw cycles on a 2 g PC-12 cell pellet (1.56 billion cells), which were concentrated to
give a 1.0 mL sample (0.91% of the column volume) containing 42.16 mg total protein.

Western blots of size exclusion fractions with anti-HA and anti-HOT antibodies are shown
in Figures 4.9A and 4.9B. Of particular interest is the apparent differential staining of
overlapping bands by the two antibodies, which was previously observed during anion
exchange chromatography (Section 4.2.3.1). Here the effect is much more dramatic. Anti-HA
staining begins in fraction F25 and ends in F31 (Figure 4.9A). By contrast, anti-HOT staining
begins in fraction F29 and continues through the last fraction on the blot, F32 (Figure 4.9B).

It would make sense that F32 is not stained by the anti-HA antibody, because there is no
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Figure 4.9. Western blots of SEC column fractions with HA and HOT 1° antibodies. The yellow triangle
indicates the molecular weights of the bands pointed out by the blue and red arrows, while the white and black
triangles indicate the molecular weights of the bands pointed out by the “A” and “B” arrows, respectively. Well
numbers in green indicate fractions that were collected. Based on a calibration, the estimated molecular weight
for select fractions appears in blue and red, after the fraction (F) identifiers (above the well numbers). (A) Size
exclusion fractions 19-32, stained with antibodies against the HA-tag; (B) fractions 19-32, stained with
antibodies against the HOT protein sequence

detectable recombinant HOT-HA in F32. However, F28 has a very detectable amount of
recombinant HOT-HA, and yet the anti-HOT antibody does not appear to bind anything in that
fraction. Both antibodies were used at an equivalent and generous 1:500 dilution in the blotting
buffer, so the most probable explanation is that the C-terminal HA-tag on the recombinant
HOT-HA blocks binding of the anti-HOT antibody to its epitope, which is presumably located
near the C-terminus.

Of additional interest are the bands centered around fraction F22, which on first
appearance suggests oligomeric forms of recombinant HOT-HA and endogenous HOT. Non-
specific interaction of the anti-HA and anti-HOT antibodies was evident on many Western
blots, with staining of bands well over 120 kDa under denaturing and reducing conditions.
Such staining can clearly be disregarded as artifacts due to poor antibody specificity. However,

some bands cannot be dismissed outright when they fall between 40 and 50 kDa, such as the
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bands in fraction F22 marked “A” and “B”, in Figures 4.9A and 4.9B, respectively. Fraction
F22 was collected in order to analyze these bands further.

The gel used for the Western blot in Figure 4.9A seems to have become distorted while
assembling the electroblotting stack, a process that involves using a roller to press out air
bubbles between the SDS-PAGE gel and the PVDF blotting membrane. Too much pressure
can stretch and deform the SDS-PAGE gel, which is what appears to have occurred on the far-
right side (lanes 12—15). To correct this, both images in Figure 4.9 were imported into Adobe
Photoshop, colored blue (HA) or red (HOT), made transparent, and overlaid. The images were
skewed until the Western blot ladders and other key landmarks in the blots were aligned,
appearing black in the process due to the subtractive color mixing of blue and red (Figure
4.10A). To ensure complete honesty when making comparisons between original and
processed figures, the relative positions of the annotations identifying bands in Figures 4.9
and 4.10 have been fixed; only the gel or blot images under them have been replaced. This is
readily apparent in Figure 4.9A, where the blue arrow adjacent to the HA in does not quite
touch the band it points to, unlike in Figure 4.10A.

The subtractive coloring in Figure 4.10A illustrates the overlapping bands in fractions
F29-F31, indicating the presence of both the HA and HOT epitopes. However, fractions F26—
F28 show only blue bands resulting from those proteins being stained exclusively by anti-HA
antibody, with no evidence of association between those bands and the anti-HOT antibody.
Conversely, the single red band in F32 indicates that only the anti-HOT antibody binds to this
band, with no evidence that the protein band interacts with the anti-HA antibody. The coloring
and overlay of the two Western blot images also reveal the apparent differential staining by

the two antibodies, providing further evidence that the C-terminal HA-tag may prevent binding
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Figure 4.10. Composite Western blot and SDS-PAGE for SEC column fractions. The yellow triangle
indicates the molecular weights of the bands pointed out by the blue and red arrows, while the white and black
triangles indicate the molecular weights of the bands pointed out by the “A” and “B” arrows, respectively. Well
numbers in green indicate fractions that were collected. The estimated molecular weight for select fractions
appears in blue and red, after the fraction (F) identifiers (above the well numbers). (A) Size exclusion fractions
19-32 were stained with primary antibodies against the HA-tag and HOT protein sequences, and then digitally
overlaid and adjusted to normalize the bands for comparison. (B) SDS-PAGE of fractions 19-32, with the
annotations in Figure A used without changing their relative positions.

of the anti-HOT antibodies to their epitope. The color and overlay also strongly suggest that
the unknown “A” and “B” bands may not be oligomers of recombinant HOT-HA or
endogenous HOT, as they seem to run much higher and lower than the bands in fractions F27—
F32.

The intention of a larger Sephacryl S-200 column was to partition the much larger
molecular weight and oligomeric contaminants away from HOT-HA and HOT, which appear
to run only as monomers. It was surprising to discover that HOT-HA and HOT could be
resolved from each other, despite only a 1.2 kDa difference, by simply increasing the column
size by 2.5 times. Some of this partitioning may result from the intrinsic properties of the HA-
tag and its effect on protein interactions with the resin. The HA-tag (YPYDVPDYA) contains
two negatively charged aspartates along with a two proline residues. If the prolyl peptide bonds
are in the cis X-proline conformation, they may cause the tag to protrude from the surface of

the recombinant protein with a pair of negative charges and three bulky and electron-rich
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tyrosine residues. It would be interesting to see if increasing the NaCl concentration in the
buffer from 150 mM to 300 mM would screen some of these interactions and attenuate the
observed separation. While the ability to partition recombinant HOT-HA from endogenous
HOT was promising, the Coomassie-stained SDS-PAGE gel indicated a significant number of
contaminating proteins in all the fractions and further purification would be required (Figure
4.10B). Fractions F27-F32 were pooled, concentrated and desalted for the following anion
exchange chromatography step. The total protein recovered from the SEC purification was a

6.47 mg total protein in 1 mL (15.3% yield).

Anion Exchange Chromatography as the 2nd Step

Anion exchange chromatography on DEAE-Sepharose described in Section 4.2.3.1 was
performed on the pooled, concentrated and desalted SEC fractions. This mobile phase of 20
mM Tris and 0-500 mM NaCl gradient was buffered at pH 8.0, instead of 7.6. Figure 4.11

shows the elution of recombinant HOT-HA at 268—284 mM NaCl. This NaCl concentration is
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Figure 4.11. Western blots of AEC column fractions with HA 1° antibodies. The blots were stained with a
primary antibody against the HA-tag sequence. The yellow triangle indicates the molecular weights of the protein
bands pointed out by the blue arrows. Well numbers in green indicate fractions that were collected for further
analysis. The NaCl concentration for select fractions appears in orange after the fraction identifiers (above the
well numbers). FT = flow-through, W = wash, G = salt gradient. (A) Anion exchange flow-through fraction 2
through salt gradient fraction 20; (B) salt gradient fractions 21-34.
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Figure 4.12. Western blots of AEC column fractions with HOT 1° antibodies. The blots were stained with a
primary antibody against the HOT protein sequence. The yellow triangle indicates the molecular weights of the
protein bands pointed out by the red arrows. Well numbers in green indicate fractions that were collected for
further analysis. The NaCl concentration for select fractions appears in after the fraction identifiers
(above the well numbers). FT = flow-through, W = wash, G = salt gradient. (A) Anion exchange flow-through
fraction 2 through salt gradient fraction 20; (B) salt gradient fractions 21-34.

in close to the 243 mM NaCl that both recombinant HOT-HA and endogenous HOT eluted
with when purifying clarified cell lysate at pH 7.6. A surprising observation was that
endogenous HOT did not bind the DEAE-Sepharose, even at the increased pH, eluting instead
in the tail-end of the column flow-through, in fractions FT4-W6 (Figure 4.12). It may be that
semi-purified endogenous HOT molecules aggregated after desalting (0 mM NaCl), where the
20 mM Tris buffer provides a limited contribution to ionic strength and charge screening.
Aggregated HOT would potentially have fewer accessible negative charges required bind the
positively charged diethylaminoethyl groups of the resin. Aggregation may be less of an issue
with clarified lysate due, even desalted, since the sample would still contain a substantial
variety of charged molecular species and HOT would be effectively less concentrated.

Based on the SDS-PAGE gel, the endogenous HOT that eluted in flow-through fraction
FT4 is remarkably pure, with only faint traces of contaminating bands (Figure 4.13A).

Fraction FT5 also contains a significant amount of endogenous HOT, though more
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Figure 4.13. SDS-PAGE gel of AEC column fractions. The yellow triangle indicates the molecular weights of
the protein bands pointed out by the red arrows. Well numbers in green indicate fractions that were collected
for further analysis. The NaCl concentration for select fractions appears in orange after the fraction identifiers
(above the well numbers). FT = flow-through, W = wash, G = salt gradient. (A) Anion exchange flow-through
fraction 2 through salt gradient fraction 20; (B) salt gradient fractions 21-34.

contaminating proteins are evident here. With respect to recombinant HOT-HA, gradient
fractions G30 and G31 are also devoid of heavy contamination, but the Coomassie-stained
HOT-HA bands are also almost too faint to make out (Figure 4.13B). Still, the potential
increase in purity by simply reversing the purification steps, with SEC preceding AEC, is
clearly demonstrated to be a valid strategy.

Fraction FT4 had a volume of 5 mL, with a total protein concentration of 0.13 mg/mL for
a 0.65 mg yield of nearly pure endogenous HOT (10.0% yield). The recombinant HOT-HA
bands in G30 and G31 were overlooked because they did not readily stand out on the blot and
gel until the images were processed some days later. As a result, these fractions were not
collected or analyzed for protein concentration.

Since a very pure sample of endogenous HOT was now available, it was used to determine
if the unknown bands “A” and “B” in SEC fraction F22 (Figures 4.9 and 4.10), which eluted

with high molecular weight SEC fractions, represented HOT oligomers or were simply artifacts
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Figure 4.14. Western blot and SDS-PAGE comparison of fractions FT4 and F22. The yellow triangle
indicates the molecular weights of the protein bands pointed out by the red arrows, while the white and black
triangles indicate the molecular weights of the “A” and “B” arrows, respectively. Western blot ladders are in
lanes 1 and 6, while visible ladders are in lanes 5, 10, 11, and 15. (A) A comparison between fractions FT4 (lane
2) and F22 (lane 3) alone, and together (lane 4), stained with anti-HA antibodies. (B) A comparison between
fractions FT4 (lane 7) and F22 (lane 8) alone, and together (lane 9), stained with anti-HOT antibodies. (C) SDS-
PAGE comparison between fractions FT4 (lane 12) and F22 (lane 13) alone, and together (lane 14).

that resulted from poor antibody specificity. SEC fraction F22 was loaded side by side and
together with AEC fraction FT4 on Western blots and an SDS-PAGE gel. The results of these
comparisons are shown in Figure 4.14, and to ensure objectivity, the spacing between the
annotations (arrows and labels) is not changed between Figures 4.14A—C. For the blot stained
with the anti-HA antibody, only band “A” from SEC F22 is detected (Figure 4.14A), while
endogenous HOT in FT4 (in lane 2) is not stained because it does not have an HA-tag. For the
blot stained with the anti-HOT antibody (Figure 4.14B), endogenous HOT from AEC FT4 is
clearly visible in both lane 7 (run alone) and in lane 9 (run together with SEC F22). The anti-
HOT antibody also detects band “B” from SEC F22. The Coomassie-stained gel image for this
comparison is shown in Figure 4.14C. Based on their migration with respect to endogenous
HOT, bands “A” and “B” appear to be entirely different proteins, with their staining by anti-

HA and anti-HOT antibodies the result of non-specific binding.
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4.3 Conclusion

Both the COS-7 and PC-12 cell lines were transfected to produce lineages of cells stably
expressing recombinant HOT-HA. While both cell lines are capable of integrating the
recombinant DNA into their genomes, it was determined that protein expression in PC-12 cells
is more efficient in terms of time, effort and cost, yielding three times as many cells per cm?
as the COS-7 cells, and in only half the time.

Cell viability studies of untransfected PC-12 cells grown in the presence of G418 provided
the optimal concentrations of the antibiotic for the selection and maintenance of stable
transfectants. Cationic lipids were used to deliver the vector encoding antibiotic resistance and
recombinant HOT to the cells. Stable transfectants that had integrated these vector elements
into their genome were selected with G418. Western blotting was used to assay surviving
colonies for the expression of recombinant HOT, which contained a C-terminal HA-tag.
Colonies that showed the high expression levels of recombinant HOT-HA were identified,
preserved as cryogenic stocks, and cultured for the production of recombinant HOT-HA as
well as endogenously produced HOT.

Two methods were used to lyse PC-12 cells for protein extraction, free-thaw and liquid
homogenization with a Potter-Elvehjem homogenizer. Liquid homogenization ultimately
results in the recovery of more total protein. At the level of protein analysis, which included
Western blots and SDS-PAGE, there was no discernible difference in the quality or type of
proteins recovered by each method. This is largely due to the addition of 0.1% Triton X-100
to the lysis buffer, which solubilizes the lipid membranes. HOT is reportedly localized to the
mitochondria. Liquid homogenization, combined with a detergent-free, isotonic lysis buffer

will shear only the outer cell membrane, releasing intact organelles that then can be separated
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by differential centrifugation. The isolation of mitochondria from PC-12 cells was in the early
stages before this research was interrupted by the 2020 SARS-CoV-2 pandemic.

Preliminary purification of recombinant HOT-HA and endogenous HOT was performed
using a combination of anionic exchange chromatography (AEC) and size exclusion
chromatography (SEC). Altering the order of these two chromatographic methods resulted in
unique observations about how recombinant and endogenous HOT partitions under different
conditions. When AEC is performed first both recombinant and endogenous HOT elute at 284
mM NacCl at pH 7.6 (or 243 mM NaCl at pH 8.0). With the following SEC, both recombinant
and endogenous HOT elute together, primarily in the 4626 kDa fractions. However, when
SEC is performed first, the pooled and desalted fractions subsequently run on AEC partition
very differently, with endogenous HOT nearly pure with the flow through while recombinant
HOT elutes at high salt as expected. Additionally, increasing the size of the SEC column
resulted in partitioning of recombinant and endogenous HOT into different column fractions,
despite only a 1.2 kDa difference in molecular weight. Lastly, Western blotting revealed that
some polyclonal antibodies raised against the HOT sequence do not bind recombinant HOT,
which differs only in a C-terminal HA-tag. These observations suggest that the HA-tag
prevents aggregation of HOT in the absence of salt, deters interactions with Sephacryl (SEC)
resin, and can block the major epitope for polyclonal antibodies raised against the HOT protein

sequence.
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4.4 Materials and Methods

4.4.1 Mammalian Cell Culture

General Practices

Aseptic techniques were strictly practiced. Any cell culture work with exposed cells, such
as extracting colonies with cloning rings, harvesting cells, and changing the media in flasks,
was performed in a Labconco® Purifier™ Class II biosafety cabinet equipped with Drummond
Pipet-Aid® pipette controller. Every surface in the cabinet was wiped with 70% alcohol
(ethanol or isopropanol) and the built-in UV light was turned on 30 minutes before and after
work. Anything brought in or out of the cabinet was also sprayed with alcohol, including
Parafilm M wrapped media tubes and bottles, wrapped serological pipettes, media flasks and
gloved hands. Reusable items with internal spaces, such as pipettors and glassware (bottles and
Pasteur pipettes), were covered in aluminum foil or canisters and autoclaved for 30 minutes at
121 °C and 20 psi. All plastic consumables, such as culture flasks and serological pipettes,
arrived from the manufacturer in sterile packaging.

All materials used in the culture of immortal cell lines were deemed biohazardous and
treated appropriately. While PC-12 cells are classified as biosafety level (BSL) 1, COS-7 cells
are classified are classified as BSL-2 because they contain simian vacuolating virus 40
sequences and should be handled with caution. The Tygon® tubing and Erlenmeyer vacuum
flask used with the Pasteur pipettes for aspirating spent media were sanitized with a 10% bleach
solution, but the Pasteur pipettes themselves were placed into a “sharps” container that was
sterilized by autoclave before disposal, along with any plastic consumables that were in contact

with cells.

195



All cell lines were cultured at 37 °C in Shel Lab® Model 2350T/2350B CO; incubators,
with 5% CO; and equipped with a humidity tray filled with autoclaved water supplemented
with VWR Clear Bath® Algae Inhibitor. The incubators were routinely disassembled and

sterilized by autoclaving detachable components and/or with 70% alcohol.

Cryogenic Preservation

Cryogenic stocks were maintained in Taylor-Wharton 35VHC and 35VHCB-11M liquid
nitrogen (-196 °C) dewars with Cryo-Sentry low-level alarms. Cryogenically preserved cells
were stored in threaded cap cryotubes. Cells were thawed quickly in a 37 °C water bath for one
minute per 1 mL of cryogenically preserved cells. The thawed solution of cells was
immediately diluted 1:10 into pre-warmed 37 °C media, centrifuged at 200 % g for 5 minutes,
the media aspirated and then replaced with fresh pre-warmed media. This is done to remove
DMSO, which is used to prevent damage to the cells from ice crystals but is otherwise toxic to
the cells themselves.

COS-7 and PC-12 cryogenic cell stocks were prepared by growing the cells to 50%
confluency and then harvesting them with trypsin. Cells were counted and the cell density was
adjusted to 2 million cells per mL in freezing media, which is complete media for the respective
cell type that was supplemented with 5% DMSO. Cryotubes were placed in Styrofoam holders,
then the holders were placed into a Styrofoam box with a lid, and the box was placed into a -
80 °C freezer overnight. The following day the cryotubes were transferred into the liquid

nitrogen storage dewars for cryogenic preservation.
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Cells and Media

Untransfected COS-7 (CRL-1651) and PC-12 Adh (CRL-1721.1) cells were obtained
from ATCC®. Both cell lines were thawed as described and then subcultured twice to provide
an ample amount of cryogenic cell stock with a low passage number.

The base media for the COS-7 cell line is Dulbecco's Modified Eagle Medium (DMEM),
which contains amino acids, vitamins, glucose, pyruvate and L-glutamine. /ncomplete COS-7
media was prepared from powdered DMEM (ThermoFisher 12400024) packets, 1 per liter,
supplemented with 3.7 g/L sodium bicarbonate. After dissolving with 18 MQ water, the pH of
the incomplete media was adjusted to 7.4 and, while working in the biosafety cabinet, sterile
filtered into a 1000 mL disposable vacuum filter/storage bottle with a 0.2 um polyethersulfone
(PES) filter. To be complete, the incomplete base media is supplemented with serum that
contains proteins, lipids and growth factors. The complete COS-7 media was prepared by
adding 10% fetal bovine serum (FBS) and the appropriate antibiotic. Untransfected cells
should be supplemented with 100 units/L penicillin and 100 pg/L streptomycin. Transfected
cells are supplemented with Geneticin (G418) at a selection or maintenance dose that is
determined by a viability study on the cell line.

The base media for the PC-12 cell line is DMEM, which contains amino acids, vitamins,
glucose, pyruvate and L-glutamine, plus Ham’s F-12 which includes zinc, putrescine,
hypoxanthine, and thymidine. The ratio of DMEM to F12 is 1:1. PC-12 incomplete media was
prepared by dissolving powdered DMEM/F-12 (ThermoFisher 12400024) supplemented with
1.2 g/L sodium bicarbonate in 18 MQ water, adjusting the pH to 7.4 and filtered in same

manner as the COS-7 incomplete media. Complete PC-12 media is supplemented with 5%
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FBS, 10% donor horse serum, and either penicillin/streptomycin (untransfected cells) or G418
(transfected cells).

All incomplete and complete media were stored at 2 — 4 °C. The L-glutamine in the growth
media is known to rapidly and spontaneously decompose into pyroglutamic acid and ammonia,
depriving cells of this important amino acid and exposing them to toxic ammonia.*®®° To limit
L-glutamine decomposition, all media was used within 3 weeks of preparation. Because media
must be pre-warmed to 37 °C before use with cells, a process that accelerates L-glutamine
decomposition, both incomplete and complete media were also aliquoted into 50 mL Falcon
tubes to minimize exposure media to repeated heating cycles. Media in 1000 mL bottles was
only warmed if daily usage exceeded 250 mL, which also limited potential media
contamination. Media was warmed in a 37 °C water bath that was periodically cleaned and
supplemented with quaternary ammonium salts (i.e., Clear Bath).

FBS and HS are shipped frozen, thawed, aliquoted out into 50 mL Falcon tubes, which
are sealed with Parafilm M in the biosafety cabinet before being placed in a non-defrosting
freezer at -20 °C. 100X penicillin/streptomycin were aliquoted out in 10 mL Falcon tubes,
sealed with Parafilm M and placed at -20 °C. G418 is shipped on ice in a bottle as a powder
and stored at -20 °C. Each lot of G418 has a unique potency, listed as purity in pg/mg. This
purity value is used to correct for the actual concentration when making the G418 stock
solution. G418 stock solution was prepared combining the appropriate mass of HEPES and
G418 powders to make a stock solution that had the final concentrations of 100 mM HEPES
and 50 mg/mL (actual) G418. HEPES and G418 powders were dissolved in 18 MQ water, the
pH was adjusted to 7.4, and the solution was filter sterilized (0.22 um) in the biosafety cabinet.

The G418 stock solution was then aliquoted out in 10 mL and 50 mL Falcon tubes, sealed with
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Parafilm M and stored at -20 °. Incomplete and complete media were frequently aliquoted out
into 50 mL Falcon tubes and sealed with Parafilm M for general use. The use of 1000 mL

media bottles, also sealed with Parafilm M, was reserved for daily volumes exceeding 300 mL.

Subculturing and Harvesting of Cells

The COS-7 and PC-12 cell lines are adherent and attached themselves covalently to tissue
coated (TC) surfaces. The practice of detaching the cells from the surface of a flask and
transferring them to another flask is known as subculturing, passaging, or splitting. Each time
cells are subcultured their passage number increases by 1. An alternative and more accurate
method for tracking the “age” of a cell culture is to record the doubling number of the cells.
This is because splitting a single flask of confluent cells in half will give two new flasks that
can double one time before having to be split again, while splitting this flask into four new
flasks permits them to double twice. Both sets of flasks have increased their passage number
by 1, but the second set of flasks will have seen two rounds of cell division. Cells with high
passage or doubling numbers may show unexpected phenotypic changes due to genetic
instability or from the selective pressures of the media, and this in turn may affect the outcome
of experiments. For this reason, the COS-7 and PC-12 cells were not passaged more than 30
to 40 times before fresh cultures were seeded with cells from the cryogenic stocks. No obvious
changes in cell morphology were observed under a confocal microscope and the protein
expression patterns appeared stable.

The TC-coated flask sizes used were T-25, T-75, and T-175, where the number indicates
the available surface area in cm? for cells to grow on. Flasks were equipped with screw caps
containing a hydrophobic filter membrane that permitted continuous gas exchange. The

volume of media, phosphate buffered saline (PBS) pH 7.4 (without calcium and magnesium),
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and trypsin-EDTA (0.05%) use for each flask size is reported in Table 10. Complete media is

used for quenching the trypsin reaction, as the supplemented serum contains trypsin inhibitors.

Table 4.1. Media, PBS and trypsin volumes for subculturing.

Complete media
Flask size PBS (mL) Trypsin-EDTA (mL) Trypsin quench (mL) Growth (mL)
T-25 4 2 4 7
T-75 12 6 12 21
T-175 24 12 24 49

When working with cells, all media, phosphate buffered saline (PBS), and trypsin were
pre-warmed to 37 ° C in a water bath, then sterilized with alcohol before being transferred to
the biosafety cabinet. All culture flasks in the incubator were sprayed with alcohol before being
transferred to the biosafety cabinet and again before being returned to the incubator. Cells were
typically subcultured when their confluence reached 70-80% in order to keep the cells healthy
for propagation and expansion of new cell cultures. If cells were being harvested only for lysis,
their confluence was allowed to reach 100%.

To subculture cells, flasks were transferred from the incubator to the biosafety cabinet
where the exhausted media was aspirated using an autoclaved glass Pasteur pipette attached to
the house vacuum line by Tygon tubing. Two intervening vacuum Erlenmeyer flasks were
placed in series along the tubing to collect the hazardous waste and prevent accidental
aspiration into the house line. Using a sterile serological pipette, PBS was carefully added to
the top surface of the flask, opposite the bottom growing surface, in such a way as to not disturb
the attached cells. Flasks were returned to their original position, with the growing surface on
the bottom, and the layer of warm PBS was gently moved over the cells by gentle rocking of
the flask 3 to 4 times. The purpose of the PBS was to remove traces of the exhausted medium,

which had become acidic and contained trypsin inhibitors, both of which would interfere with
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the following use of trypsin. DO NOT stand flasks up on their short side (caps pointing up)
when there are adherent cells on the flask surface. Vibrations from the biosafety cabinet blower
will cause the PBS (or other liquid) meniscus to rapidly oscillate over the cells, detaching them
prematurely and resulting in lower cell recovery.

The PBS was carefully aspirated and replaced with the trypsin-EDTA (0.05%) solution.
Generally, the warm trypsin solution detached the cells after about 10 minutes with the
occasional, gentle rocking of the flasks in the biosafety cabinet. In a few instances where the
laboratory was too cold and detachment was incomplete, flasks were returned to the 37 °C
incubators for 5 minutes to assist the trypsin reaction. Despite sheets of cells visibly sloughing
off the flask surface, one or two sample flasks were typically inspected under the microscope
to ensure all of the cells were detached. Using a sterile serological pipette, fresh complete
media was added to the flasks to quench the trypsin. The mixture in the flask was drawn back
into the pipette and used to gently wash the cells from the flask surface several times, then
transferred into a sterile Falcon tube. The Falcon tube was sealed with Parafilm M, placed into
a clinical centrifuge and the cells were spun at 200 x g for 5 minutes at room temperature. The
Falcon tubes with pelleted cells were returned to the biosafety cabinet where the supernatant
was carefully aspirated, and the cells resuspended with enough complete media to fill the tube.
10 uL of suspended cells were removed, placed onto a hemocytometer, and cells within 5
squares were counted under the magnification of a confocal microscope. The cell density of

the suspension, in cells per mL, was calculated with Equation 4.1.

Equation 4.1. Hemocytometer formula.

Cell density (cells/mL) = cells counted % 10,000 x dilution

squares counted
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A record for each cell line was kept that included the number of cells harvested at 100%
confluency for any given flask size, providing the maximum supported cell density in
cells/cm?. This value was used to find the optimal cell number required for seeding new flasks,
which depended on the purpose. Flasks that were seeded in order to propagate and expand the
cell culture were seeded at 15 — 20% confluency, so that after two doublings they would be
between 70 — 80% confluent. Flasks that were seeded for the purpose of harvesting cells for
lysis were seeded at 25% so they would be 100% confluent after two doublings. Once the
volume of suspended cells required to seed a flask at the optimal confluency was determined,
this volume was added to flasks containing pre-warmed complete media using a sterile
serological pipette and dispersed by gently pipetting up and down three times. The flasks were
then capped and returned to the incubator.

When harvesting cells for lysis, the same general procedure for harvesting and counting
applied except the Falcon tubes were tared. The counted cells suspended in complete media
were centrifuged at 200 x g for 5 minutes to pellet the cells so that the complete media could
be aspirated. PBS was used to resuspend the cells with gentle pipetting, the cells were
centrifuged as before, and the PBS was removed by aspiration. The Falcon tubes with cell
pellets were weighted and the pellet mass and number of cells noted. After the base of the lysis
buffer was removed the cells were either placed on wet ice in a refrigerator at -2—4 °C for no
more than 24 hours, or flash frozen in liquid nitrogen (first of 3 freeze-thaw cycles) and placed

in a -80 °C freezer until the remainder of the freeze-thaw cycles could be completed.

Transfection of PC-12 Cells and Selection with G418

Approximately 1 day before transfection, enough PC-12 cells were suspended into

complete media without antibiotics so they could be added into each well of a 6-well plate at
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approximately 45% confluency. The following day, when the cells were 90-95% confluent,
they were transfected using Lipofectamine™ 2000 Transfection Reagent (ThermoFisher
11668027) and the 6-well plate transfection protocol provided by the manufacturer for 6, 9, 12
and 15 pL of transfection reagent per well. Two additional wells served as controls
(untransfected and mock transfection). The pcDNA3.1 vector was diluted into Opti-MEM™
Reduced Serum Media per the instructions. The 6-well plate was placed into the 37 °C CO»
incubator for 24 hours, after which time cells from each well were transferred (trypsin protocol)
to 4 x 10-cm tissue culture treated dishes with complete media minus antibiotics. Each well of
a 6-well plate is 9.6 cm?, and each of the four10-cm dishes has an area of 56.7 cm?, so this was
effectively a 1:24 split. After 24 hours the media was replaced with complete media
supplemented with 500 pg/mL G418 to begin selection.

After a few weeks of selection with G418, several small colonies were observed on many
of the dishes, each resulting from a single cell that had successfully acquired the neomycin
resistance gene during transfection. After six weeks under the selective pressure of G418, 18
colonies were large enough to harvest with the use of trypsin and cloning cylinders. Using
cloning cylinders, each of the colonies was extracted and transferred to an individual well of a
12-well plate, and once those cells reached 70-80% confluency they were used to seed T-25
flasks. The T-25 flasks were incubated until cells reached approximately 90% confluency, at
which point approximately 15% of the cells were used to seed a new T-25 flask for the
expansion of potential cryogenic stocks, while the remainder of the cells were harvested for
lysis. The cell lysate from each of the 18 colonies was run on SDS-PAGE and analyzed by
Western blotting using primary antibodies against the HA-tag. Colonies that showed high

expression of the HA-tag were selected for cryogenic preservation.
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Cell Lysis

Two methods were used to lyse PC-12 cells, freeze-thaw and liquid homogenization with
a Potter-Elvehjem homogenizer. The lysis buffer for both methods was 20 mM Tris, pH 7.6,
150 mM NaCl, 0.1% Triton X-100, and GoldBio ProBlock™ Gold Mammalian (GB-108-2)
protease inhibitor cocktail. 10 mL of lysis buffer was used per gram of wet cell pellet, which
was approximately 1 billion cells.

For freeze-thaw, cells in a Falcon tube were immersed in liquid nitrogen for 30 seconds,
then allowed to thaw at room temperature. This was repeated twice, for a total of 3 freeze-thaw
cycles. If the cells had been previously frozen in liquid nitrogen and stored at -80 °C, then this
counted as the first freeze and only two additional freeze-thaw cycles were performed. For
liquid homogenization, cells suspended in lysis buffer were poured into a glass Potter-
Elvehjem homogenizer tube sitting on wet ice. The polytetrafluoroethylene (PTFE) pestle was
connected to connected to a motor at a slow speed and the glass tube was slowly lifted from
the ice until the pestle reached the bottom of the tube while spinning, and then the pestled was
withdrawn by lowering the tube back into the ice. This was performed 10 times and then the
cells were checked for lysis with a dye exclusion test which can identify cells with
compromised plasma membranes. 0.1 mL of Gibco™ 0.4% Trypan Blue Solution (15250061)
was mixed with 0.1 mL of suspended cells, and 10 pL of this mixture was placed into a
hemocytometer. Blue cells indicated compromised plasma membranes. Homogenization
continued until >95% of the cells were blue, which was 20-30 passes of the pestle.

Cells were spun at 20,000 x g (~17,300 RPM w/6 cm radius; Beckman Type 70.1 Ti rotor)
in Sorvall Discovery 90 ultracentrifuge for 15 min at 4 °C. Supernatant was decanted into a

clean tube and spun at 50,000 x g (~27,300 RPM) for 30 minutes at 4 °C. A thin and easily
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disrupted lipid layer floated at the surface of the supernatant, so a glass pasture pipette was
passed though the lip layer and used to carefully withdraw the supernatant without disrupting
the lipid layer above and the pelleted debris below. After carefully transferring the clarified
lysate to a clean tube it was either concentrated and desalted for anion exchange
chromatography, or simply concentrated for size exclusion chromatography centrifuging in a
Sartorius Vivaspin® 6 Centrifugal Concentrator (30 kDa MWCO) at 6,000 x g and 4 °C in a

Beckman JA-20 rotor mounted in a Beckman J2-HS (and J2-21) centrifuge.

4.4.2 Protein Purification

Anion Exchange Chromatography

Anion exchange chromatography was performed using GE Healthcare DEAE Sepharose®
Fast Flow (CAS #: 57407-08-6; Sigma-Aldrich: DFF100) resin loaded onto two Bio-Rad
Econo-Columns®. One was a 1.5 x 20.0 cm column filled to a height of 7.5 cm (13.25 mL bed
volume) and the second was a 1.5 x 20.0 cm column filled to a height of 11.5 cm (20.32 mL
bed volume). Both columns were fitted with a Bio-Rad Econo-Column® Flow Adaptor, was
used to pack the column as well as load and elute the sample. The adapter was connected
through tubing to a Bio-Rad Model EP-1 Econo Pump, which was fed by a
GibcoBRL/LifeTechnologies™ Model 750 gradient former. A T-valve with Luer-Lok™
fittings was installed halfway between the adapter and the pump to interrupt the mobile phase
and inject the sample directly onto resin, via the flow adapter.

The gradient former (originally designed to make gradient gels) had an inner and outer
chamber that held buffer, with a valve that controlled the flow between them. The inner

chamber led directly to the pump and was fitted with a stir bar, while the outer chamber was
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the furthest reservoir from the pump. A buffer with 0 mM NaCl was placed in the inner
chamber, while an equal volume of buffer containing 1000 mM NaCl was placed in the outer
chamber. Uniform mixing was achieved by opening the valve between the two chambers,
allowing the more concentrated solution in the outer chamber to flow into the inner chamber
where the stir bar would mix the two before the combined solution was pumped onto the
column. Fractions from the column were collected in VWR disposable borosilicate glass
culture tubes (13 x 100 mm) that were placed into a Bio-Rad Model 2110 Fraction Collector.
4.4 mL fractions were collected for the 7.5 cm column, and 5.1 mL fractions were collected
for the 11.5 cm column.

In a refrigerated room, the resin on the column was equilibrated with 5 column volumes
of 20 mM Tris, pH 7.6 (or pH 8.0), 0 mM NaCl with a flow rate of 1.0 mL/min. A 20 mM Tris
buffer at pH 7.6 was used for the 7.5 cm column, while a 20 mM Tris buffer at pH 8.0 was
used for the 11.5 cm column. From here on, the method described is for purification performed
at pH 7.6. Apart from the bed volume, fraction volumes and pH differences, the methods were
the same. The pump was stopped, and the clarified cell lysate was slowly loaded onto the
column with a syringe that was attached to a Luer-Lok port on the T-valve in the direction that
led to the resin. Once the valve was closed, the pump was restarted and column was washed 2
column volumes of equilibration buffer (0 mM NaCl) at a flow rate of 0.5 mL/min, which
would remain the flow rate for the duration of the purification.

The target protein was eluted by opening the valve on the gradient former, allowing the
1000 mM NacCl buffer in the outer chamber to mix with the 0 mM NaCl buffer in the inner
chamber, resulting in a 0-500 mM gradient applied to the column over 10 column volumes.

Following the gradient, the column was washed with 20 mM Tris, pH 7.6, and 1000 mM NaCl
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NaCl Conductance Standard Curve
0 - 500 mM NaCl in 20 mM Tris pH 7.6
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Figure 4.15. Standard curve for NaCl conductance.

for 5 column volumes. Occasional cleaning in place involved washing with 1.0 M NaOH at a
flow velocity of 40 cm/h for 1 or 2 hours, and 30% isopropanol for 1 or 2 hours.

A Radiometer Copenhagen Type CDM2e conductivity meter was used to measure the
NaCl concentrations in the fractions. To calibrate the meter readings, a standard curve of
conductance versus NaCl concentration (Figure 4.15) was generated with NaCl standard from
0 to 500 mM NaCl, in 50 mM increments. These standards were made by mixing the
appropriate volumes of 20 mM Tris, pH 7.6 buffer and 0 mM NaCl with the same buffer
containing 1000 mM NacCl. Using a polynomial fit to the data, the NaCl concentration in any

fraction could be estimated and a plot of the gradient could be generated (Figure 4.16).

Elution Profile From Conductance
0 - 500 mM NaCl gradient in 20 mM Tris pH 7.6
DEAE Sepharose® FF (1.5 x 7.5 cm)

Conductance (m0O)

1 4 7 10 13 16 19 22 25 28
Fraction

Figure 4.16. Conductance of anion exchange chromatography fractions.
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Size Exclusion Chromatography

Size exclusion chromatography was performed with GE Healthcare Sephacryl® S-200
High Resolution resin, which was loaded onto two Bio-Rad Econo-Columns®. One column
was a 1.5 x 30.0 cm column filled to a height of 24.5 cm (43.30 mL bed volume) and the other
was a 1.5 x 75.0 cm column filled to a height of 62.0 cm (109.56 mL bed volume). Both
columns were fitted with a Bio-Rad Econo-Column® Flow Adaptor that was used to pack the
column as well as load and elute the sample. The adaptor was connected through tubing to a
Bio-Rad Model EP-1 Econo Pump. A T-valve with Luer-Lok™ fittings was installed halfway
between the adaptor and the pump to interrupt the mobile phase and inject the sample directly
onto resin, via the flow adaptor. Fractions from the column were collected in VWR disposable
borosilicate glass culture tubes (13 x 100 mm) that were placed into a Bio-Rad Model 2110
Fraction Collector.

In a refrigerated room, the resin was equilibrated with 2 column volumes of the elution
buffer at a flow rate of 1.0 mL/min (35 cm/hr), which consisted of 20 mM Tris, pH 7.6, and
150 mM NacCl. The sample was loaded slowly onto the column with a syringe that was attached
to a Luer-Lok port on the T-valve in the direction that led to the resin. The pump was started,
and the column was eluted with 1 column volume of elution buffer. The flow rate for the 24.5
cm column was set to 0.50 mL/min (17 cm/hr) and 1.2 mL fractions were collected. The flow
rate for the 62.0 cm column was set to 0.45 mL/min (15.2 cm/hr) and 2.0 mL fractions were
collected. The resin was regenerated with 1 column volume of 20 mM Tris, pH 7.6, 1 M NaCl.
Occasional cleaning in place of the column was performed by flowing 0.3 M NaOH through

the column at 15-20 cm/h for 1 to 2 hours.
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Elution of Molecular Weight Standards
Sephacryl® S-200 HR (1.5 x 24.5 cm)
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Figure 4.17. Elution of molecular weight standards from 24.5 cm SEC column.

Molecular Weight Standard Curve
Sephacryl® S-200 HR (1.5 x 24.5 cm)
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Ficure 4.18. Molecular weight standard curve for 24.5 cm SEC column.

Both the 24.5 cm and 62.0 cm columns were calibrated using size exclusion molecular
weight standards, which included blue dextran, aldolase, ovalbumin, carbonic anhydrase,
myoglobin and vitamin B12. The elution profile for these standards on the 24.5 cm column is
shown in Figure 4.17. A standard curve was generated using the log of the molecular weight
for each standard, the peak elution volume (V) for each standard, and the void volume (Vo)
for the column as determined by blue dextran. The molecular weight standard curve for the

24.5 cm column is shown in Figure 4.18.
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Elution of Molecular Weight Standards
Sephacryl® S-200 HR (1.5x 62.0 cm)
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Figure 4.19. Elution of molecular weights from 62.0 cm SEC column.
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Figure 4.20. Molecular weight standard curve for 62.0 cm SEC column.

The increase in resolution afforded by the 62.0 cm column, using the same set of standards,
is evident in the elution profile for this column (Figure 4.19). The molecular weight standard

curve for the standards on the 62.0 cm column is shown in Figure 4.20.

Centrifugal Concentration

For chromatography fractions that were < 6 mL, desalting and/or concentration was

performed with a Sartorius Vivaspin® 6 Centrifugal Concentrator (30 kDa MWCO) at 6,000
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x g and 4 °C in a Beckman JA-20 rotor mounted in a Beckman J2-HS (and J2-21) centrifuge.
For chromatography fractions that were > 6 mL, desalting and/or concentration was performed
with an Amicon® Ultra-15 30kDa MWCO centrifugal filter, spun at 5000 x g at 4 °C in a
Beckman JA-10 rotor mounted in a Beckman J2-HS (and J2-21) centrifuge. When desalting or
facilitating a buffer exchange, the spin was repeated after the addition of the new buffer, with

this exchange being performed a total of two times.

4.4.3 Protein Analysis

Protein Quantitation

The dye-based colorimetric method of Bradford®! was used to determine the concentration
of total protein in the lysate and column fractions. Buffer components are known to interfere®
with the Bradford assay, detergents®® in particular. Bio-Rad’s Protein Assay Dye Reagent
Concentrate (500-00006) states it can be used reliably with up to 0.1% Triton X-100, which was
the concentration of Triton used in the lysis buffer. The Bio-Rad reagent is also linear between
0.2 and 0.9 mg/mL bovine serum albumin (BSA). The BSA concentrations used for the
standard curve were 0 (100 mM NaCl), 0.2, 0.4, 0.6, 0.8 and 0.9 mg/mL BSA. The standards
were made by dissolving BSA (Fraction V) Heat Shock Treated (FisherBioReagents, BP1600-
100) in filter sterilized 100 mM NaCl. In a plastic cuvette (1 cm diameter), 20 pL unknown
sample (or standard) were mixed with 980 uL of 1X dye reagent and incubating at room
temperature for 15 minutes, then the absorbance at 595 nm was read. Uknown protein

concentrations were determined using the BSA standard curve.
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SDS-PAGE

All SDS-PAGE gels used were Invitrogen™ Bolt™ 4-12% Bis-Tris Plus 1.0 mm X 15-
well Mini gels (NW04125BOX). Gels were loaded on a Novex® Bolt® Mini Gel Tank
(A25977) using Invitrogen™ Novex™ Bolt™ MOPS SDS Running Buffer (B0001). The
visible ladder used was Goldbio® BLUEstain™ Protein Ladder, 11-245 kDa (P007-500),
loaded at 3 uL/well, while each protein sample was loaded at 15 pL/well. Protein samples were
prepared using 4X Bolt™ LDS Sample Buffer (B0007) and the manufacturer’s instructions.
The gels were run at a constant 150 volts for 30—35 minutes, with power supplied by a BioRad
PowerPac™ 3000 (165-5056). Gels were removed from their cassettes, rinsed twice for 30
seconds with 18 MQ water, and placed into Coomassie stain overnight. The Coomassie stain
was 0.1% Coomassie BB R-250, 50% methanol, 40% 18 MQ water, and 10% glacial acetic
acid. The gels were destained the following day with Destain 1 (53% 18 MQ water, 40%
methanol, 7% glacial acetic acid) followed by Destain 2 (88% 18 MQ water, 5% methanol,
7% glacial acetic acid). Gels were photographed on a lightbox using a Nikon D7000, the
images processed using Adobe Photoshop CS6 and annotated using Adobe Illustrator CS6.

SDS-PAGE gels for Western blots were prepared and run the same way, with the
exception that MagicMark™ XP Western Protein Standard (LC5602) was used as the ladder,
at 2 uL/well. In addition, after removing gels from their cassettes and rinsing with 18 MQ

water, gels were not stained with Coomassie.

Western Blotting

After washing SDS-PAGE gels with 18 MQ water, they were placed on top of the PDVF
membrane of the electroblotting transfer stack. Both Invitrogen™ Novex™ iBlot™ Transfer
Stack, PVDF, regular (Ref: IB401001) and mini size (Ref: IB401002) were used. Regular size
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supports the blotting of two mini gels simultaneously. The Invitrogen™ iBlot™ Gel Transfer
Device (IB1001) was used to transfer the proteins into the PDVF membrane by electroblotting
at 20 volts for 7 minutes. The gel was discarded and Thermo Scientific™ Ponceau S Staining
Solution (A40000279) was used to evaluate the membrane for transfer efficiency. The stain
was quickly reversed by incubating it for 2 minutes in 0.1% NaOH, followed by a rinse with
18 MQ water.

To prevent non-specific binding of the antibodies to the PDVF membrane, they were
blocked at room temperature by placing them in a 10 mL blocking buffer for 1 hour with gentle
rocking. The blocking buffer was 5% BSA in TBST, pH 7.5 (sterile filtered). The blocking
buffer was decanted and replaced with 10 mL of the primary antibody solution. The primary
antibody solution was 1:500 dilution of antibody in the blocking buffer. For HA-tag detection
the primary antibody was polyclonal anti-HA-TAG IgG produced in rabbit (Sigma-Aldrich™;
Product number: SAB4300603). For detection of HOT, the primary antibody was polyclonal
anti-ADHFel IgG produced in rabbit (Sigma-Aldrich™; Product number: SAB1410235). The
product documentation of this specific Sigma-Aldrich anti-ADHFel IgG lists the immunogen
as ADHFEI (NP_653251.1, ~ 419 a.a.) full-length human HOT protein, therefore the precise
nature of the epitope is unknown.. Initial anti-ADHFel IgG was obtained from Santa Cruz
Biotechnology (item number, clone and immunogen unknown). After adding the primary
antibody solution, the blot was incubated overnight at 4 °C with gentle rocking. The following
day the primary antibody solution was transferred to a sterile 15 mL Falcon tube and placed in
the refrigerator for reuse, since it was possible to use antibody solutions more than once,
depending on the circumstances. The blot was washed 4 times for 5 minutes each with TBST,

pH 7.5.

213



After washing TBST, the blot was incubated in 10 mL of secondary antibody solution for
1 hour at room temperature. From this point forward, the container with the membrane was
kept wrapped in aluminum foil. The secondary antibody solution was 1:500 dilution of Donkey
anti-Rabbit IgG (H+L), DyLight® 488 Conjugate (ImmunoReagents, Inc.; Part number:
DkxRb-003-D488NHSX) in blocking buffer. Following the incubation, the secondary
antibody solution was transferred to a sterile 15 mL Falcon tube and refrigerated for reuse. The
blot was washed 4 times for 5 minutes each with TBST, pH 7.5.

To image the antibody staining, the blot was placed on the Fluor stage of an Amersham™
Typhoon™ 5 Biomolecular Imager with Image Lab v6.1.0 software. The filter was set to Cy2
525BP20 and the blot was excited at 488 nm. The images processed (i.e., crop and
contrast/brightness adjustments) with Image Lab, exported as BMP files and saved along with
the other instrument specific experiment files. Further image adjustments were made in Adobe

Photoshop CS6 and annotations were made with Adobe Illustrator CS6.
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