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Abstract

Liver transplantation is the only life-saving treatment for patients with end-stage liver
disease; however, organ availability is insufficient to meet demands. Steatotic livers are
extended criteria donor (ECD) organs that could be used for transplantation if not for an
increased susceptibility ischemia reperfusion injury (IRI). Heme oxygenase-1 is a gene,
that when upregulated has be shown to reduce IRI in animal models of transplantation.
Increasing HO-1 activity in steatotic livers by delivery of a functional cell-penetrating
HO-1 protein (through the use of cell-penetrating peptides) may provide protection
against IRI, making these organs useful for transplantation. The purpose of this thesis
was the generation and testing of a cell-penetrating HO-1 protein. HO-1 and EGFP gene
sequences were cloned into the pET-28B(+) vector in frame with a CPP or TAT
sequence. Resulting plasmids were cloned into E. coli, and protein expression was
induced using IPTG. Proteins were purified using Ni-NTA affinity chromatography
under denaturing and non-denaturing conditions. Non-denatured proteins were tested for
HO-1 activity and the ability of both denatured and non-denatured proteins to transduce
cells in vitro was tested by fluorescence microscopy. The cell-penetrating ability of non-
denatured proteins was further tested in J774, HepG2 and HUVEC cells using
immunofluorescence. Five HO-1 and two EGFP cell-penetrating proteins were generated
expressed and purified successfully. Purified non-denatured HO-1 retains its enzymatic
activity. Non-denatured CPP-EGFP and CPP-HO1 penetrated cells more effectively than
their denatured counterparts. CPP-EGFP and CPP-HO1 proteins are able to penetrate
multiple cell types in vitro. Successful generation and testing of a cell-penetrating HO-1
protein, for use in an animal model of steatotic liver transplantation. This protein
demonstrates promise for use as a potential therapeutic agent in the field of liver

transplantation.
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Chapter 1: Introduction

1.1 Liver Transplantation

The first human liver transplants were performed by Thomas Starzl in 1963 [1].
Although technically successful, poor outcomes, and high rejection and mortality rates
limited its application to that of a last-ditch effort for a select number of patients with
end-stage liver disease until the 1980°s [2, 3]. Since that time there have been steady
advances in immunosuppression, surgical techniques, and post-operative care that have
led to widespread acceptance and utilization of this therapy [4, 5]. In a 2009, there were
452 liver transplants performed in Canada. In the same year, the reported 1, 3, and 5 year
survival rates for recipients transplanted in 2008, 2006, and 2004 were 93.3%, 82.7% and
80%, respectively [6]. The statistics from the United States are even more striking,
where 6320 liver transplants were performed in 2009 [7]. Survival rates in the US are
similar, with reported rates in 2004 of 87%, 79% and 73% at 1, 3 and 5 years,
respectively [7]. This success has led to a greater willingness of physicians to refer
patients for liver transplantation (LT). Until recently liver transplantation was only used
to treat patients with end stage liver disease (ESLD) or acute liver failure (ALF).
However, in recent years its use has been applied to include patients with a host of
primary liver diseases as well as patients with certain malignancies such as

hepatocellular- (HCC) and cholangiocarcinomas [8, 9].

The increased demand for liver transplantation has not been paralleled by a similar
increase in the availability of donor organs, and, as such, wait lists have grown
progressively over the past 20 years. In Canada, at the end of 2009, there were 551
patients listed and waiting for liver transplantation, and an additional 91 people died
waiting for an organ, representing a mortality rate of 14% [6]. With the ability to provide
such a successful treatment, many health care practitioners find these statistics

unacceptable.



1.2 Extended Criteria Organs

In attempt to increase the number of donor organs and reduce wait times, one of the
major strategies being employed by transplant surgeons is the use of extended criteria
donor (ECD) organs [10]. Although there are no set criteria defining ECD organs, they
are generally considered to be organs at increased risk of poor function or failure that
may subject the recipient to greater risk of morbidity or mortality [11, 12]. ECD organs
can be broadly categorized according to the primary risk associated with transplantation
of the organ. Such risks include: impaired graft function; graft failure; and transmission
of donor disease to the recipient (such as Hepatitis B or C or cytomegalovirus (CMV)).
The former makes up the greatest component. Several donor-related factors can place an
organ at risk for delayed function including: donor age; race; height; extent and type of
hepatic steatosis; time in intensive care unit; hemodynamic instability or need for
inotropic support (intravenous medications to augment blood pressure and cardiac
function); donor hypernatremia (abnormally elevated serum sodium levels); prolonged
ischemia; partial-liver allograft; and prolonged organ ischemia [13-38]. Aside from age,
the presence of hepatic steatosis is the most frequent cause for an organ to be considered
marginal [39] and, as such, much research has been directed towards the acceptable use

of steatotic livers for transplantation.

1.3 Hepatic Steatosis

Fat accumulation within the liver is considered to be pathologic when the hepatic fat
content is greater than 5% of the actual wet liver weight [40]. The development of
hepatic steatosis is a result of the accumulation of ectopic lipids within hepatocytes,
owing to an imbalance between supply, formation, consumption, and hepatic oxygenation
of triglycerides (TG) [41, 42]. The liver controls fatty acid and triglyceride metabolism
through multiple mechanisms including: 1) the uptake of dietary fats, and circulating free
fatty acids (FFA), which are subsequently converted to TG’s and exported via very-low
density lipoproteins (VLDL); 2) de novo lipogenesis from precursors such as glucose,

amino acids and ethanol; and 3) B-oxidation of free fatty acids for gluconeogenesis in the



fasting state [41, 42]. Derangements in these pathways result in two different patterns of
hepatic steatosis: microvesicular and macrovesicular steatosis (see fig 1). Microvesicular
steatosis, which is characterised by the presence of numerous tiny fat droplets within the
hepatocyte cytoplasm that surround but do not displace the nucleus [35, 43] is the result
of mitochondrial injury and defects in -oxidation of FFA. It is most commonly seen in
the setting of critical illness and/or acute hepatic dysfunction, toxins, or metabolic
disorders [35, 43-45]. Microvesicular steatosis is reversible and frequently absent in
functional allografts within one week after transplantation [46]. Although there has been
some evidence suggesting that the presence of microsteatosis poses a risk for poor graft
function [47, 48], the majority of studies have not found impaired hepatic function when

these organs are used for transplantation [49-52].

1.3.1 Macrovesicular Steatosis

Macrovesicular steatosis is characterized by the presence of only one or a few well-
demarcated fat droplets within the hepatocyte cytoplasm with displacement of the nucleus
to the edge of the cell [35, 43]. This is due to the accumulation of triglycerides within the
hepatocyte, as a result of de novo lipogenesis, and is frequently associated with insulin
resistance [39, 53-60]. It is now known that the primary cause of insulin resistance is the
action of exocrine substances released by adipocytes termed “adipokines” [61-66].
Adipokines mediate an inhibition of glucose metabolism via the inhibition of the insulin
receptor substrate-1 (IRS-1) pathway [42], resulting in increased pancreatic insulin
secretion. However, signalling via the insulin receptor substrate-2 (IRS-2) pathway -
which is responsible for the activation of de novo lipogenesis - remains intact. This
coupled with an increase in the delivery of FFA to the liver, results in markedly increased
TG production [41, 67]. These exocrine functions of adipocytes explain why hepatic
steatosis is commonly associated with metabolic syndrome and obesity [68]. The high
prevalence of these conditions in Western societies suggests that macrovesicular steatosis
itself is likely very common [23, 38]; in fact a recent survey has indicated that up to 30%
of the population in Western societies has a certain degree of hepatic steatosis [69], and

autopsy studies have reported steatosis rates ranging from 4-24% [70-72]. Although



there are other causes of macrovesicular steatosis, such as alcohol abuse, the most
prevalent risk factors in Western society are diabetes and hyperlipidemia, both of which
are strongly associated with obesity [73]. The role of obesity as a contributor to hepatic
steatosis is illustrated by an Italian study using hepatic ultrasound which found steatosis
in 76% of obese (non-alcoholic) individuals, compared to only 16% of lean (non-
alcoholic) individuals [74]. In multiple studies from the early 1990’s the prevalence of
hepatic steatosis in donors was found to range from 9-26% [33, 50, 75-81]. However
obesity rates have significantly increased over the past 20 years in western societies,
therefore it is likely that the presence of hepatic steatosis potential donors is even more
common today. The high prevalence of macrovesicular steatosis in the general population
poses a major challenge to the field of liver transplantation since unlike microvesicular
steatosis, the presence of macrovesicular steatosis has been found to be a major risk

factor for poor graft function following transplantation [35].

1.4 Macrovesicular Steatosis And Transplantation

In 1987 Portman et al. [82] first suggested that there may be an association between
severe steatosis and graft primary non-function (PNF). Since that time there has been the
accumulation of a large body of evidence correlating the presence of macrovesicular fat
with an increased incidence of post-operative complications including: prolonged
intensive care unit and hospital stay; delayed graft function (DGF) and PNF (up to 60%);
biliary complications; and increased overall cost [46, 83-86]. However, the risk varies
with the degree of steatosis within the liver. Hepatic steatosis is categorized as mild
(<30%), moderate (30-60%) and severe (60%) according to the percentage of hepatocytes
containing fat vacuoles within the cytoplasm [35, 87, 88]. There is a large amount of
evidence indicating that livers with mild steatosis can be transplanted with results similar
to those for nonsteatotic livers [35, 38] and although some transplant centres report good
results with severely steatotic livers in highly selected patients [89-92], the majority of
centres avoid transplanting livers with severe steatosis because of the exceptionally high
complication and reduced survival rates associated with their use [33, 34, 36, 39, 73, 75,

81, 93-97]. The most controversy arises in the use of livers with moderate steatosis.



While the use of these livers does not appear to have as significant an effect on graft
function and survival as severely steatotic livers do [86, 90, 93, 98, 99], many studies still
report moderate rates of early graft dysfunction [39, 52, 81, 95, 100, 101], especially in
the setting of prolonged cold ischemia [95]. While many centres will use moderately
steatotic organs, these organs are generally reserved for low-risk patients or those in
urgent need of transplantation. Over the past 20 years, research has demonstrated that the
reason for the high rates of graft dysfunction in livers with macrovesicular steatosis is a
reduced tolerance for organ ischemia and reperfusion injury sustained during

transplantation [40, 91, 93, 102-104].



Figure 1. Microvesicular and macrovesicular steatosis. Hematoxalin and eosin
staining of liver tissue demonstrating microvesicular and macrovesicular steatosis. In
microvesicular steatosis (left) hepatocytes contain multiple small fat droplets in the
cytoplasm without displacement of the nucleus. In macrovesicular steatosis (right)
hepatocytes typically contain one or a small number of large fat droplets with
displacement of the nucleus to the periphery of the cell. Used with permission from
Yerian, 2011 [43].



1.5 Hepatic Steatosis And Ischemia Reperfusion Injury
1.5.1 Ischemia Reperfusion Injury And The Liver

Ischemia reperfusion injury (IRI) is the accumulated injury sustained by an organ as a
result of direct cellular damage from ischemia and delayed damage from subsequent
activation of the innate immune system following reperfusion. The specific sequence of
events involved in IRI have not been determined precisely, as it is a complex interplay
involving activation and recruitment of multiple cell types, and the production and release
of cytotoxic compounds, inflammatory cytokines and complement. In the setting of liver
transplantation there are two main types of ischemic injury: 1) cold ischemic injury (II)
and 2) warm IRI [105]. Because all cadaveric donor transplants undergo a significant
period of cold storage they are highly susceptible to cold II. Cold II in the liver is
dominated by damage to sinusoidal endothelial cells (SEC’s) and microcirculatory
disruption [105-108]. Cold ischemia inhibits the Ca**-ATPase resulting in a slow
increase in intracellular calcium with subsequent activation of calpains and disassembly
of cell structural components [109, 110]. This leads to the release of matrix
metalloproteinases, activation of the cell surface, platelet adhesion and reduced sinusoidal
flow upon reperfusion [111-113]. The end result of cold storage injury is cellular death
via a combination of apoptosis and cellular necrosis [105, 114]. In addition, during
ischemia, there is a depletion of adenosine triphosphate (ATP) within SEC’s, Kupffer
cells and hepatocytes [115, 116], resulting in the impairment of the sodium/potassium
ATPase, the accumulation of intracellular sodium, and cellular edema [117, 118]. This

leads to sinusoidal narrowing and reduced microcirculatory flow on reperfusion [118].

Cellular damage and necrosis results in the release of danger-associated molecular
pathogens (DAMP’s), which are recognized by pattern recognition receptors (PRR’s),
such as toll-like receptor 4 (TLR-4), resulting in activation of cellular mediators of
inflammation [118]. Following reperfusion kupffer cells are activated via TLR-4
signalling or by complement [113, 119] to produce and release reactive oxygen species

(ROS) [120-122], and inflammatory cytokines including tumor necrosis factor-a (TNF-



a), interleukin-6 (IL-6), interleukin-12, (IL-12), interleukin-18 (IL-18) and interleukin-1
(IL-1B) [113, 118, 123-125]. This results in cellular damage and the recruitment of
inflammatory cells. Reactive oxygen species are produced primarily by Kupfter cells and
neutrophils via the xanthine oxidase system, as well as electron release from damaged
mitochondria [126, 127]. ROS cause extracellular matrix breakdown, destroy cellular
membranes through lipid peroxidation [105, 128], react with nitric oxide (NO) to create
reactive nitrogen species (RNS) [113] and stimulate the release of inflammatory
cytokines such as TNF-a and IL-10 from endothelial cells [129, 130]. Inflammatory
cytokines recruit and activate neutrophils, monocytes and lymphocytes (primarily CD4+
T cells) to sites of injury [131-133]. Activated neutrophils release proteases and ROS
resulting in extracellular matrix breakdown and cellular damage [106, 118]. CD4+ T
cells perform multiple actions, including the stimulation of: neutrophils in response to IL-
17 release [134]; hepatocytes to produce ROS; and endothelial cells and hepatocytes to
express cellular adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1)
and vascular adhesion molecule-1 (VCAM-1) [113, 131, 135]. Selectins and integrins on
the surface of activated neutrophils and platelets mediate adhesion to ICAM’s and
VCAM’s resulting in congestion of sinusoids and a further reduction in circulatory flow
[136-139]. CD4+ T cells release interferon-y (IFN-y) which further activates Kupffer
cells to produce TNF-a, IL-1 and prostanoids [140], although the mechanism by which
this is accomplished is not yet fully understood. The end result of these processes is
cellular death via a combination of necrosis and apoptosis [105, 141], which if extensive

enough can result in hepatic dysfunction or even non-function.
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Figure 2. Cellular and humoral mediators of liver ischemia reperfusion injury.
During cold storage, ATP depletion results in intracellular accumulation of Na” and Ca
resulting in SEC swelling. Upon reperfusion Kupffer cells are activated by complement
and release ROS and pro-inflammatory cytokines, resulting in hepatocyte and SEC
damage and recruitment of neutrophils and lymphocytes. Neutrophils release ROS and
proteases, furthering SEC and hepatocyte damage. IFN-y from CD4+ T cells and NK
cells further activates Kupffer cells. CD4+ T cells also release IL-17 resulting in
recruitment of neutrophils and monocytes and further organ injury. Adapted with
permission from Abu-amera et al., 2010 [118].
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1.5.2 The Effects Of IRI On Steatotic Livers

There is a large body of evidence demonstrating that recipients of livers with moderate to
severe macrovesicular steatosis suffer more postoperative complications, have increased
rates of allograft dysfunction and non-function and even reduced survival. It is thought
that the principal reason for this is an exaggerated IRI compared to non-steatotic livers
[35, 103, 142]. Animal models of IRI and hepatic steatosis using a methionine and
choline deficient (MCD) diet have found: increased transaminase levels [104]; increased
leukocyte recruitment and adhesion [104]; increased sinusoidal stenosis and obstruction
with reduced flow [143, 144]; greater mitochondrial injury with significantly lower ATP
and ATPase levels [145]; massive necrosis [104]; and reduced survival in animals with
steatotic livers [145]. Animal models using leptin receptor deficient Zucker rats similarly
demonstrate: a predominance of necrosis vs. apoptosis in control animals [102]; increased
lipid peroxidation [146]; higher transaminase levels [147]; lower ATP and ATPase levels
[35]; increased free radical formation [148, 149]; reduced hepatic arterial and

micocirculatory flow [150]; and reduced survival [147].

Several potential explanations for these findings have been hypothesized. It has been
shown in animal models that the hepatic sinusoidal space is decreased by 50% in fatty
livers [143, 151-153]. When combined with the cellular swelling and platelet and
leukocyte adhesion seen in reperfusion injury there is an even greater reduction in
sinusoidal flow [84]. The increased lipid content of steatotic livers provides more
substrate for peroxidation resulting in the increased formation of free radicals that can
cause further cellular damage [94, 148, 149]. There is also evidence of mitochondrial
dysfunction in steatotic livers. Steatosis leads to an accumulation of non-esterified fatty
acids which have an inhibitory effect on f-oxidation leading to a decrease in acetyl-
coenzyme A (CoA) production and impaired gluconeogenesis [35]. The downstream
effect is reduced intracellular energy levels and ATP depletion. Hepatic steatosis appears
to alter Kupffer cell function and this may also play a role in reducing tolerance to IRI.
In response to liver injury, Kupffer cells from steatotic mice demonstrate decreased

phagocytic capability and increased release of ROS, IL-6, and IL-1f resulting in an
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amplification of the inflammatory response and escalation of hepatocellular injury [39,
40, 144]. In addition, increased TNF-a levels have been demonstrated in animal models
of hepatic steatosis, leading to increased expression of cellular adhesion molecules and
increased leukocyte recruitment and adhesion [39]. Lastly, steatosis may result in
derangements in the apoptotic pathway. Pro-apoptotic caspase levels are decreased in
Zucker rat livers in response to IRI and this leads to massive necrosis, whereas in lean
animals the degree of cellular death is much smaller and occurs predominantly via
apoptosis [35]. This shift to necrosis results in exacerbation of the inflammatory
response and more extensive organ injury. Because exacerbated IRI appears to be the
major mechanism responsible for the increased rate of graft dysfunction observed in
steatotic livers, research aimed at improving the utility of these organs has been aimed,
primarily, at mechanisms that either inhibit IRI, or enhance hepatic resistance to this
process. One such approach that has received intense interest is the upregulation of the

heme oxygenase system.
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Chapter 2: Heme Oxygenase

Heme oxygenase (HO) catalyzes the first and rate-limiting step in the breakdown of heme
into biliverdin (BV), carbon monoxide (CO) and free divalent iron (Fe*") [154]. The
enzyme was first identified in 1968 by Tenhunen et al. [155]. Three different isoforms of
the enzyme have been identified. However only two (HO-1 and HO-2) are expressed in
humans [156]. HO-2 is constitutively expressed under homeostatic conditions, HO-1
expression is highly inducible in response to cellular stress and a number of exogenous
compounds [154, 157, 158]. Although both enzymes catalyze the same reaction, the
significant induction of HO-1 expression under conditions of cellular stress has targeted it
as a key gene for protection against inflammatory injury [154, 158]. The HO-1 gene is
located on chromosome 22 at locus q12, and encodes a 32 kiloDalton (kDa) protein
[159]. The gene is well conserved across species, with the human, mouse and rat genes
sharing similar structural organization into five exons and four introns, and their cDNA’s
demonstrating 80% sequence homology [158]. Recombinant human HO-1 has also been
used successfully in rodent models of disease [160]. The heme degrading function of the
enzyme is mediated by a flexible bihelical structure surrounding the heme pockets,
containing a conserved histidine residue (His-25) that serves as the heme ligand [161,
162]. Both isoforms contain similar hydrophobic regions at the extreme carboxy
terminus, which serve to anchor them to cellular membranes [163-165]. Within the cell
HO-1 is primarily localized to the endoplasmic reticulum (ER); but has also been found
in the nucleus and associated with the plasma membrane [158]. HO-1 is most highly
expressed in the spleen and specialized reticuloendothelial cells of the liver and bone
marrow [166, 167]. In response to hemolysis, HO-1 activity is dramatically increased in
the liver parenchyma, kidney, and circulating macrophages [167-169]. It is also highly
expressed in activated monocyte/macrophages, dendritic cells [170]and consitutively
expressed in CD4+CD25+ T cells [170-173]. Although the p38 mitogen activated
protein kinase (MAPK) pathway appears to represent the major pathway responsible for
HO-1 induction [158, 174], a number of other pathways including the extracellular
signal-regulated kinases 1/2 ( ERK1/2) [157, 174, 175], protein kinase C (PKC) [176,
177], protein kinase A (PKA) [178], and phosphatidyl-inositol-3-kinase (PI3K) pathways
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[179, 180], are also known to play a role in the induction of HO-1 expression. A major
inducer of HO-1 expression is oxidative stress [181]. HO-1 mRNA levels are increased
in viable rat tissue within four hours of reperfusion [182]. It is likely that this is an
adaptive mechanism for cellular protection from inflammatory injury. Indeed, there is a

host of evidence supporting a key role for HO-1 in cellular protection against IRI.

2.1 HO-1 And IRI

HO-1 activity is important in the maintenance of oxidant/antioxidant homeostasis. Most
HO-1 deficient (HO-1 -/-) mice do not survive to term, and those that do demonstrate
growth retardation and normochromic, microcytic anemia and die within one year. On
examination, these animals demonstrate iron deposition in their kidneys and livers, and
evidence of chronic inflammation with hepatosplenomegaly, leukocytosis and hepatic
periportal inflammation [154]. These mice also display increased mortality in a model of
lung IRI [183]. A human case of HO-1 deficiency has been reported with findings of
endothelial cell damage, iron accumulation in the liver and kidney and increased cell

susceptibility to heme overloading in vitro [184].

Overexpression of HO-1improves resistance to oxygen hyperoxic cellular injury in
pulmonary epithelial cells [185, 186] and prevents TNF-a-mediated apoptosis in murine
lung fibroblasts and endothelial cells through increased expression of the anti-apoptotic
molecules B cell lymphoma-2 (Bcl-2), bel-2-associated athanogene-1(Bag-1) and bcl-2-
associated x protein (Bax) [187-190]. HO-1 expression has been found to be protective
against IRI in animal models of lung, heart, kidney and liver transplantation [189-195].
There is also evidence to support the importance of HO-1 in protecting against IRI in
human transplantation. A dinucleotide repeat polymorphism, containing a variable
number of guanine thymine (GT) repeats within the HO-1 promoter, has been described
[196]. Promoters with short GT repeat sequences are associated with high HO-1
expression, while those with long GT repeat sequences are associated with low

expression [197]. Katana et al. examined the promoters of kidney transplant recipients
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and donors, and found an association between recipients with high expression

polymorphisms and improved graft function two years post transplant [159].

In the case of the liver, HO-1 upregulation has been shown to preserve microcirculatory
function [198-202], inhibit leukocyte adhesion and accumulation within the sinusoids
[203-205], reduce the production of inflammatory cytokines [204, 206, 207], prevent
ATP depletion [208], and reduce apoptosis [202, 204, 205, 207, 209] in animal models of
IRI. There is also evidence that HO-1 may confer protection by inducing a switch from a
Thl to a Th2 response. In arat LT model Ke et al. found that HO-1 overexpression
resulted in increased levels of the Th2 cytokines IL-4 and IL-10 and decreased levels of
the Th1 cytokines IFN-y and IL-2 [210]. The end result of these effects is reduced
hepatocellular injury, preserved liver function, and improved graft and recipient survival
[201, 211]. Conversely, inhibition of HO-1expression using small interfering ribonucleic
acid (siRNA), or HO-1 knockout mice (HO-1+/-) results in increased levels of TNF-a,
IL-6 and IFN-y, enhanced leukocyte adhesion and recruitment, and increased apoptosis
[204, 205]. In an animal model of transplantation following extended cold storage,
inhibition of HO-1 activity using tin protoporhyrin (SnPP) ameliorated the beneficial
effects seen from heat preconditioning or cobalt protoporphyrin (CoPP) treatment [202].

The benefits of increased HO-1 activity have been studied in animal models of hepatic
steatosis. Using rats fed a methionine and choline deficient diet (MCD), Mokuno et al.
demonstrated that HO-1 upregulation via heat shock preconditioning results in a
reduction in TNF-a and IL-10 levels, reduced necrosis, and improved survival, following
transplantation [211]. HO-1 overexpression using adenoviral gene transfer in Zucker rats
results in reduced hepatocyte injury and improved liver function and survival following
liver transplantation [198]. Similar effects have been seen with HO-1 upregulation by
ischemic preconditioning [212-214]. These protective effects appear to be mediated

through the end products of Heme breakdown by HO-1: BV/bilirubin (BR) and CO.
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Figure 3. Heme Oxygenase-1 catalyzes the rate-limiting step in the conversion of
heme to biliverdin, carbon monoxide and free iron. Biliverdin is converted to
bilirubin which functions as a free radical scavenger and is recycled back to biliverdin.
Free iron is bound by ferritin preventing its injurious effects. Carbon monoxide
stimulates vascular relaxation, and has anti-inflammatory, anti-oxidant and anti-apoptotic
effects.
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2.1.1 Biliverdin/Bilirubin

The metabolism of heme by HO-1 leads to the production of BV. Within the cell BV is
rapidly converted to BR by biliverdin reductase (BVR). Both BV and BR are important
endogenous antioxidants whose activities have been demonstrated in vitro and in vivo
[215, 216]. Biliverdin therapy was found to result in improved portal venous flow,
increased bile production, reduced hepatocelullar damage and preservation of hepatic
histologic structure in a rat model of liver transplantation [217]. BV given as an adjuvant
during and after transplantation results in a decrease in endothelial expression of cellular
adhesion molecules, reduced infiltration by neutrophils and inflammatory macrophages,
reduced production of inducible nitric oxide synthase (iNOS) mRNA and pro-
inflammatory cytokines (IL-1p, TNF-a, and IL-6), and increased expression of anti-
apoptotic molecules (Bcl-2, Bag-1) in a rat model of LT [217]. BR has been shown to
rescue cells from hydrogen peroxide induced damage [218] and to suppress oxidative
stress in rats treated with copper sulphate or exposed to ultraviolet radiation [219, 220].
By scavenging oxygen radicals BR is, itself, oxidized to BV which is then recycled back
to BR by BVR, resulting in an amplification of BR bioactivity that allows for small
quantities of BR to effectively neutralize much larger amounts of oxygen radicals. This
is supported by research demonstrating that BR is capable of protecting cells from a
10,000 fold increase in oxidative stress generated by hydrogen peroxide [218, 221].
These findings suggest that HO-1 produced BV and BR play a major role in
cytoprotection against IRI through ROS scavenging and the suppression of inflammatory

and apoptotic signalling.

2.1.2 Carbon Monoxide

Another major product of HO-1-mediated heme degradation is CO. Although previously
thought of as a toxic substance, in small quantities, CO has been found to have significant
anti-inflammatory and vasodilatory effects. CO administration provides protection
against inflammatory injury in animal models of heart, lung, kidney, liver and small

bowel IRI [222, 223]. In humans CO production, evaluated by measurement of
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carboxyhemoglobin, is associated with improved survival in liver transplant patients
[224]. CO inhalation improves survival after IRI in HO-1 deficient mice, although alone
it is unable to fully compensate for the loss of HO-1 activity [183]. These beneficial
effects are achieved through a number of different mechanisms. CO inhalation
suppresses expression of early pro-inflammatory genes (TNF-a, IL-6, nitric oxide
synthase (NOS)) via inhibition of ERK1/2 signalling [182], and causes vasorelaxation
and inhibition of platelet activation and aggregation [225] - processes that requires both
cyclic guanine monophosphate and p38MAPK signalling [187]. The p38 MAPK
pathway also appears to be responsible for the anti-apoptotic effects of CO. CO
inhalation in a mouse model reduced apoptosis through activation of the
MKK3/p38MAPK pathway resulting in decreased expression of Fas and FasL, inhibition
of the activity of caspases 3, 8 and 9, and increased expression of the anti-apoptotic
molecules Bcl-2 and B cell lymphoma extra large (Bel-X1) [226]. The vasoactive
properties of CO can be attributed to at least two separate mechanisms. CO stimulates
soluble guanylate cyclase (sGC), resulting in the generation of cGMP and activation of
calcium-dependent sodium channels [227, 228], with subsequent smooth muscle and
hepatic stellate cell relaxation and a reduction in sinusoidal tone [229, 230]. In addition,
CO inhibits cytochrome p450 mediated production of endothelin-1, a compound known
to increase sinusoidal resistance [231]. CO generated by hepatocytes may also play a role
in the regulation of bile excretion through alteration of the contractility of the bile
canaliculus [232]. Other anti-inflammatory effects of CO include the down-regulation of
iINOS and plasminogen activator inhibitor type 1 (PAI-1) expression in macrophages,
endothelial cells, fibroblasts and hepatocytes [187, 225, 233]. Based on the wide body of
research on the biologic functions of HO-1, it is apparent that it exerts its primary
cytoprotective effects through the actions of its enzymatic products: biliverdin and carbon

monoxide.
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2.1.3 Fé*" And Ferritin

Although much of the beneficial effects of HO-1 expression are mediated through the
production of BV and CO, another key role is the regulation of free iron in conjunction
with HO-1 expression. Fe"is the other product of heme degradation by HO-1. Fe*
causes cytotoxicity through incorporation into phospholipid bilayers and the generation
of hydroxyl radicals [234, 235] via the Fenton reaction [236]. However, HO-1 induction
also results in a concomitant increase in the expression of ferritin [237-239] and the
ATPase pump responsible for exporting iron from the cell [240]. Fe*" is immediately
bound by ferritin [241], and this combination of ferritin sequestration and export from the

cell serves to protect cells from the potentially injurious effects of free iron.

2.2 Mechanisms Of HO-1 Upregulation

The data supporting the role for HO-1 as a major mediator of protection against IRI has
made upregulation of its expression a major area of interest in the field of transplantation.
Much work has gone into finding the best mechanism by which this can be accomplished

and applied safely and ethically to the field of human solid organ transplantation.

As previously mentioned the HO-1 promoter is governed by multiple regulatory elements
[159], and multiple different signalling pathways have been implicated in the induction of
its expression [157]. The most well known inducers of HO-1 expression are heme and
cobalt protoporphyin, and these compounds have been used in multiple animal studies.
Heme is known to cause cytotoxic injury through the production of free radicals, and
cytoskeletal and DNA damage [184, 189, 242, 243]. The administration of such a
potentially injurious substance to donor or recipient would not likely receive ethical
approval for clinical trials. Similarly, cobalt ions can stimulate the production of
inflammatory cytokines and ROS [244-249]. Another one of the most studied
mechanisms for HO-1 upregulation is ischemic preconditioning, which involves
subjecting the organ to a short period of ischemia and reperfusion prior to the period of

prolonged ischemia. This results in activation of cytoprotective mechanisms including
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HO-1expression, and primes the organ for the greater stress to come [106, 250]. Despite
promising results in animal studies trials of ischemic preconditioning in humans have
reported disappointing results with no benefit to graft or patient survival [147], and a
recent Cochrane database review concluded that there is currently no evidence to support
the preconditioning of donor livers [251]. A variety of natural compounds have also
been found to induce HO-1 expression [182, 252]. However, the potential for HO-1
upregulation with these compounds could be limited by dosing, and they require pre-

treatment of the donor, which can be fraught with ethical issues.

Multiple studies have examined the effects of HO-1 overexpression using adenoviral
gene transfer [198, 200, 207, 208, 253]. These delivery systems allow for efficient
transduction of multiple cell types with high capacity vectors capable of achieving stable
long-term overexpression of a gene of interest [254-256]. However, the cells most
sensitive to liver IRI are sinusoidal endothelial cells, and adenoviruses poorly transduce
endothelial cells [256]. In addition, HO-1 has been found to be highly expressed in many
tumors of different tissue origin, and can induce cancer cell proliferation, angiogenesis,
metastasis, and resistance to apoptosis and chemotherapy [170, 257-262]. These findings
suggest that long term HO-1 overexpression may have detrimental effects. Cellular
transduction by adenoviral vectors incites an innate and subsequent adaptive immune
response towards the virus and the transgene [254, 255]. Recombination between the
helper virus and host genome has also been reported in certain cell types [256]. An ideal
therapy would be able to temporarily provide a large increase in HO-1 activity within the
target tissues during the time when it is most required - during ischemia and immediately
post-reperfusion. The ability to treat donor organs in an ex vivo situation would also
alleviate many of the ethical concerns associated with systemic pretreatment of donors.

A potential method to achieve this goal this would be the creation of an HO-1 protein that
is able to transverse the cellular membrane independent drugs or viral particles. This
could be accomplished by incorporation of a protein transduction domain sequence to

generate a cell-penetrating recombinant HO-1 protein.
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Chapter 3: Cell-Penetrating Peptides

Cell-penetrating peptides (CPPs) (also known as protein transduction domains (PTDs) are
short cationic amino acid (a.a.) sequences (generally 9-20 a.a.) that are capable of
crossing cellular membranes independent of normal receptor-ligand interactions. Cellular
transduction by a polycationic peptide was first reported in 1965 [263], and this was
confirmed in 1988 and 1991 when it was found that the trans-activator of transcription
(TAT) protein of the human immunodeficiency virus (HIV) and the Drosophila
Antennapedia homeodomain were able to transduce human cells [264, 265]. In 1994
Derossi et al. determined that the cell-penetrating ability of Antennapedia was due to a 16
a.a. sequence (RQIKIYFQNRRMKWKK), which they termed penetratin [266]. This was
followed in 1997 by Vives et al. who identified the minimal peptide sequence of TAT
required for cellular uptake [267]. Since that time a number of other transducible
peptides have been discovered and synthesized [268]. These peptide sequences have
garnered specific interest not only because they are able to cross cellular membranes, but
also because they are able to transport linked cargo along with them into the cell [268].
As such, they are currently one of the most promising tools for the delivery of
biologically active molecules into cells, and a potential keystone in the future of targeted

therapeutics for many diseases [269-271].

CPPs have been shown to efficiently deliver a variety of biomolecules including: full
length functional proteins; plasmid DNA; siRNA; peptide nucleic acids (PNA);
liposomes; nanoparticles and even pharmaceuticals [268, 272]. They possess some key
advantages over viral gene delivery methods in that they are free of infectious material,
can be produced in large quantities and stably stored by lyophilisation, can be used to
deliver active proteins rather than just nucleic acids, and their transduction capacity
appears to be size-independent (proteins in excess of 100kDa have been delivered
successfully into cultured cells [273]) [268, 274]. As researchers have begun to
understand mechanisms by which CPP’s transduce cells, and the sequence characteristics

that convey these abilities, they have modified them or designed new sequences to
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overcome limitations and enhance function leading to the development of chimeric and

synthetic classes of CPP’s in addition to the original protein-derived ones [272].

3.1 Mechanisms Of Transduction

Although a large amount of work has gone into elucidating the mechanisms of CPP
transduction, it is still incompletely understood. It was originally thought that CPP’s
entered cells in an energy- and receptor-independent fashion; however research over the
past 10 years has shown that this is not the case [273, 275, 276]. It is likely that not all
CPP’s are internalized by a single mechanism, and some appear to use more than one
mechanism, although it is generally accepted that for most polycationic CPP’s
internalization occurs primarily via endocytosis [277-280]. The internalization process
occurs through three primary steps: 1) electrostatic interactions with the plasma
membrane 2) endocytosis and 3) release into the cytoplasm by retrograde transport [268,
274, 276]. The electrostatic interactions are believed to be mediated by interactions
between the guanidium groups on arginine residues and proteoglycans associated with
cellular membranes [276, 281, 282]. Following interaction with the cellular membrane
the CPP is taken up by endocytosis. Endocytosis can occur through any of 3 major
mechanisms: 1) clathrin-mediated 2) caveolin-mediated and 3) macropinocytosis, and
there is evidence that CPP internalization occurs by each of these [283-287]. Relocation
to the cytoplasm or nucleus occurs after endosomal escape via reverse transport [288].
Although the major pathway for CPP uptake appears to be via endocytosis, there is also
evidence to support nonendosomal pathways which can occur in parallel with endosomal
uptake [276, 281, 289]. The exact mechanism of uptake appears to vary, not only
between individual CPPs, but is also dependent upon the specific cargo [272, 290-292].

Regardless of the mechanism through which a CPP enters the cell there is considerable
evidence supporting the ability of these molecules to transport cargo into cells both in
vitro and in vivo. This has led to the investigation of CPP-mediated delivery of

therapeutic molecules in models of disease including stroke [293-296], cardioprotection
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[297-300], neuropathic pain [301], and oncology [302-307], among others. A small
number of studies have evaluated the therapeutic benefits of CPP-delivered HO-1.
Ribeiro et al. showed that a TAT-HO-1 fusion protein was able to transduce pancreatic 3-
cells and protect them from TNF-a mediated cytotoxicity. These cells were then able to
reverse chemically-induced diabetes upon islet cell transplantation [308]. Ma et al.
demonstrated that a recombinant HO-1 protein containing an N-terminal modified TAT
sequence was able to transduce and protect hearts from prolonged cold storage in an
animal model of cardiac transplantation. Transduced hearts had less ischemic damage,
reduced apoptosis, and there was improved graft and recipient survival following
transplantation in comparison to untreated controls, or to organs treated with a cell-
penetrating HO-1 lacking enzymatic activity, or cell-penetrating enhanced green
fluorescent protein (EGFP) [160]. Most recently Li-hui et al. found that TAT-HO-1 is
able to transduce rat liver cells and reduce SEC apoptosis in an ex vivo model of IR.
These studies suggest that cell-penetrating peptides can be used as a vehicle for HO-1
delivery to organs ex vivo, and that a cell-penetrating HO-1 has therapeutic potential in

the protection of solid organs from IRI after transplantation.
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Chapter 4: Summary And Objective

Advances in the field of liver transplantation have led to it becoming the therapy of
choice for those with end-stage liver disease or certain hepatic cancers not amenable to
liver resection. The number of patients who are candidates for this life-saving therapy far
outweighs the availability of donor organs. As wait lists have grown, and more patients
die while waiting for an organ, transplant surgeons have become more aggressive in
using organs previously thought too high-risk for transplantation. Livers with significant
macrovesicular steatosis comprise a large proportion of these extended criteria organs.
The use of steatotic livers for transplantation has been associated with increased rates of
graft dysfunction, non-function, biliary complications, chronic rejection and decreased
patient survival. This is because of their increased susceptibility to ischemia-reperfusion
injury (IRI). Heme oxygenase 1 has emerged as a major therapeutic target in the
protection of organs from IRI. Upregulation and overexpression of HO-1 has been
shown to reduce IRI in animal models of liver transplantation, including models of
hepatic steatosis. However, current methods for HO-1 therapeutics are limited by ethical
concerns regarding the pre-treatment of donors (in the case of heme and CoPP);
limitations in the ability to increase HO-1 expression and activity (natural products and
anaesthetics); inconsistent results (ischemic preconditioning); or the generation of an
aggressive innate immune response, DNA recombination between host and vector
genomes and the potential for increased oncogenic activity with long term HO-1
overexpression (adenoviral gene transfer). Cell-penetrating peptides (CPP) have emerged
over the past 10 years as major targets for the delivery of therapeutic bioactive molecules
to cells. These peptides represent an ideal method for HO-1 therapeutics in the setting of
transplantation. A CPP-HOlprotein solution or lyophilized powder can be brought by
the retrieval team and administered to the organ during cold storage. Such a protein
allows for the delivery of active HO-1 and can be re-administered as necessary prior to
implantation. The dose can be escalated as required and is potentially unlimited in its
ability to increase HO-1 activity. There are no issues with long-term HO-1
overexpression and potential oncogenicity, as the protein is delivered and present during
the time of ischemia and immediate post reperfusion period, and because the half-life of

HO-1 is only 15 hours it will not persist within the organ long term [309].
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CPP-HO1 molecules have already demonstrated efficacy in cytoproctection against IRI in
in vitro and animal models; however, it has not been tested in an animal model of liver
transplantation, or in steatotic livers. As steatotic livers are more susceptible to IRI than
non-steatotic livers, it is hypothesized that treatment with a CPP-HO-1 will lead to a
significant benefit in terms of reduced liver injury, improved graft function, and
improved survival. The objective of this project is the creation of a functional CPP-HO-1

for use in an animal model of steatotic liver transplantation.
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Chapter 5: Materials And Methods

5.1 Creation Of Expression Plasmids
5.1.1 Plasmids Used

Multiple plasmids were used in this study. The plasmid pINCY, containing the human
HO-1 ¢cDNA sequence was purchased from Open Biosystems (Huntsville, AL) and used
as the template for HO1 PCR amplification. The cDNA template for EGFP was the
plasmid pEGFP-C1 (Clontech, Mountain View, CA, USA) (generously donated by Dr.
Kishore Pasumarthi). Two separate expression plasmids were used: 1) pET28B(+)
(Novagen, Gibbstown, NJ, USA) containing a lac I coding sequence; a kanamycin
resistance gene; a bacteriophage T7 promoter upstream of a lac operator sequence, a 6X
histidine tag, and a multiple cloning site with restriction sites for, among others, Nhel,
EcoRI and HindIII. A second 6X histidine tag is located downstream from the multiple
cloning site, which was incorporated into the CPP,EGFP, CPP-HO1-1 and CPP-
SDMHOI clones. 2) pTAT2.1 (generously donated by Dr. Steve Dowdy) is derived from
pET28B and contains a kanamycin resistance gene; and a bacteriophage T7 promoter
upstream of a 6X histidine tag, a TAT sequence
(AGGAAGAAGCGGAGACAGCGACGAAGA) and a multiple cloning site that

includes restriction sites for EcoRI and HindIIII.

5.1.2 Primers

All forward primers contained a 5’ EcoRI restriction site just upstream from the gene
coding sequence and all reverse primers contained a 5° HindIII restriction site just
downstream from the gene coding sequence. Other primer-specific inclusions are listed

as follows.

1. pCPP-EGFP:
a) forward primer (CPP-EGFP +)
5’AAGCTAGCGGCTATGCTCGCGCTGCTGCTCGCCAGGCTCGCG
CTGGTGAATTCCGCCACCATGGTGAGCAAGGGCG-3’ containing a
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5’ Nhel restriction site, a CPP sequence, and an internal EcoRI site
upstream to the EGFP sequence

b) reverse primer (EGFP -)
5’-GGCAAGCTTCTTGTACAGCTCGTCCATGCC-3’

. pTAT-EGFP:

a) forward primer (EGFP +)
5’-TAGAATTCCACCATGGTGAGCAAGG-3’

b) reverse primer (EGFP -)
5’-GGCAAGCTTCTTGTACAGCTCGTCCATGCC-3’

. pCPP-HO1-1:

a) forward primer (HO1 +)
5’-TAGAATTCATGGAGCGTCCGCAACCCGAC-3’

b) reverse primer (HO1-1 -)
5’-CGAAGCTTCATGGCATAAAGCCCTACAGC-3’

. pCPP-HO1-2:

a) forward primer (HO1 +)
5’-TAGAATTCATGGAGCGTCCGCAACCCGAC-3’

b) reverse primer (HO1-2 -)
5’-CGAAGCTTCACATGGCATAAAGCCCTACAGC-3’ containing a
stop codon just upstream from the 5’ HindlII restriction site.

. pTAT-HOL1:

a) forward primer (TATHO1 +)
5’-TAGAATTCCATGGAGCGTCCGCAACCCGAC-3’

b) reverse primer (HO1-1 -)
5’-CGAAGCTTCATGGCATAAAGCCCTACAGC-3

. pSoluble HO1 (sHO1):

a) forward primer (HO1 +)
5’-TAGAATTCATGGAGCGTCCGCAACCCGAC-3’;

b) reverse primer (sHOL1 -)
5’-AAATAAGCTTTCAAGCCTGGGAGCGGGTGTTGAGTGG-3’

containing a stop codon starting at base 796 of the HO-1 gene sequence.
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The forward and reverse primers for CPP-EGFP and CPP-HO1-1 were derived from
those described by Ma et al. [160]. All primers were purchased from IDT (Coralville, IA,
USA) with the exception of the forward primers for pTAT-EGFP and pTAT-HOI1, which
were purchased from Invitrogen (Carlsbad, CA, USA).

5.1.3 Polymerase Chain Reaction

PCR amplification was performed in 50ul reaction volumes containing ~50ng of template
DNA (pEGFP-C1 or pINCY), 200uM final concentration of dANTP’s (NEB, Ipswich,
MA, USA) 0.5uM final concentrations of forward and reverse primers, 1.5ul of stock
DMSO (Finnzymes), 10ul of 5X Phusion HF Buffer (Finnzymes, Finland) and 1 unit (U)
of Phusion Hot Start Taq Polymerase (Finnzymes). Reactions were carried out using an
icycler (Biorad, Hercules, CA, USA) under the following cycling conditions: a hot start at
98°C, 30 seconds at 98°C, 35 cycles of (10 seconds at 98°C, 15 seconds at 70°C, 30
seconds at 72°C), 10 minutes at 72°C and then held at 4°C. Amplified DNA samples
were then purified from the reaction mixture and unused dNTP's using a commercial
purification kit (Qiagen, Germany) according to the manufacturer’s instructions. Purified
samples were analyzed by gel electrophoresis through a 1% agarose (Invitrogen) gel
containing ethidium bromide and imaged using an Alphaimager (Alphalnnotech
Corporation, San Leandro, CA, USA). DNA concentration was determined using a

Nanodrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, USA).

5.1.4 Site-Directed Mutagenesis

Ma et al., 2009 [160] described the creation of a non-functional HO-1 mutant containing
the point mutations H25A and H132A. I desired to create a similar mutant for use as a
negative control, and to do so created primers as described by Ma et al. which encode for
a change from hisitidine to alanine at amino acids 25 and 132 of the HO-1 protein

sequence. The primers sequences are (all from IDT):
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1. HO1-SDMH25A forward primer:
5’-ACCAAGGAGGTGGCCACCCAGGCA-3’
2. HO1-SDMH25A reverse primer
5’-CTGCCTGGGTGGCCACCTCCTTGGT-3’
3. HO1-SDMH132A forward primer
5’-GCTGCTGGTGGCCGCCGCCTACACC-3°
4. HO1-SDMH132A reverse primer
5’-GGTGTAGGCGGCGGCCACCAGCAGC-3’

By performing PCR with these primers, a construct of pINCY containing the H25A and
H132A point mutations within the HO-1 gene sequence was engineered using a
QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies) according
gene to the manufacturer’s instructions. Briefly, the point-mutations were introduced by
PCR amplification of plasmid pINCY with primer sets, the methylated template DNA
was removed by Dpnl digestion and the remaining amplified plasmid DNA containing
the mutations of interest was transformed into XL-10 Gold competent E. coli cells.
Mutated plasmid DNA was then isolated from overnight cultures of transformed bacteria
using a miniprep kit (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. The isolated DNA was used as a template for PCR using forward and
reverse primers for CPP-HO1-1 as described above to create the final CPP-SDMHO1

clone.

5.1.5 Vector And Insert Preparation

Vector and insert preparation for the creation of CPP-EGFP was as follows: purified
PCR product and empty pET-28B(+) were digested with Nhel and HindIII restriction
endonucleases (Fermentas, Burlington, ON, Canada). Digestion reactions contained 1

unit of each enzyme/pg DNA, and 1/10 volume of 10X Fast digest Buffer (Fermentas) in
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sterile water and were carried out for 15 minutes at 37°C. Digested pET-28B(+) was
subsequently treated with Thermosensitive FastAP alkaline phosphatase (Fermentas) for
10 minutes at 37°C and heat-inactivated at 75°C for 5 minutes. DNA was isolated from

the reaction mixture using a PCR purification kit (Qiagen).

For the creation of pCPP-HO1-1, pCPP-HO1-2 and pCPP-sHO1, purified PCR product
and pCPP-EGFP DNA were digested with EcoRI and HindIII as described above. pCPP-
EGFP digestion resulted in the excision of the EGFP sequence leaving the CPP sequence
cloned into pET28b(+) in frame. Digested pCPP-EGFP was then alkaline phosphatase
treated as described above, and the pET-28B(+)-CPP sequence was used in ligation
reactions for the creation of pCPP-HO1-1 and pCPP-HO1-2. For the creation of pCPP-
sHO1 and pCPP-SDMHO1 the generated sHO1 and SDMHO1 PCR products and the
digested fragment of pCPP-EGFP containing pET28b(+)-CPP were gel purified using a

0.8% agarose gel as described below.

Vector and insert preparation for the creation of pTAT-EGFP and pTAT-HO1 was
accomplished by the following steps: purified PCR product and empty pTAT2.1 were
digested with EcoRI and HindlIII. Digestion products were then subjected to
electrophoresis using a 0.8% agarose gel without ethidium bromide (EtBr). Following
migration of the dye front to the end of the gel, the gel was soaked in ~200ml of 1XTBE
containing Sul of Ethidium bromide (Biorad) for 15 minutes. DNA in the gel was then
visualized using UV light on a gel imager and bands corresponding to pTAT2.1, EGFP
and HO-1 were excised with a razor blade and purified using a gel purification kit

(Qiagen) according to the manufacturer’s instructions.

5.1.6 Ligations And Transformations

Ligations were performed by combining 250ng of digested PCR product with 50ng of

digested vector (5:1 insert to vector ratio) in a reaction volume of 20ul containing 0.5-1
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unit of T4 DNA ligase (Fermentas) and 1/10 volume of 10X T4 DNA ligase buffer.
Reactions were carried out for 30 minutes at room temperature, and ligation products
transformed into chemically-competent £. coli Top10 cells (Invitrogen). Competent cells
were allowed to thaw on ice and 10ul of ligation reaction was incubated with 20ul of
cells for 15 minutes on ice. Cells were then subjected to heat shock for 30 seconds in a
42°C water bath and immediately chilled on ice for 2 minutes. Following this 250ul of
SOC medium (NEB) was added and the cells were incubated at 37°C, shaking at 250rpm
for 1hr in an Innova 43 shaker incubator (New Brunswick Scientific, Edison, NJ, USA) to
allow for expression of the antibiotic resistance gene. After incubation 50pul of the
transformation reaction was spread on Luria Broth (LB) Agar medium containing
50pg/mL kanamycin (Sigma, St. Louis, MO) and incubated overnight at 37°C to select
for kanamycin-resistance conferred by expression of the kanamycin resistance gene on
the recircularized vector. Single colonies were selected and cultured overnight at 37°C in
LB broth containing 50pg/mL kanamycin using a shaker incubator. Bacterial cells were
pelleted by centrifugation at 18,000 x g using a Microfuge 18 centrifuge (Beckman
Coulter, Brea, CA, USA), and plasmid DNA isolated using a PureLink quick plasmid
mini prep kit (Invitrogen) according to the manufacturer’s instructions. Glycerol stocks
of positive transformants were made by adding glycerol to a final concentration of 25%

and freezing at -80°C.

Plasmid DNA was digested using either Nhel and HindIII (CPP-EGFP, CPP-HO1-1,
CPP-HOI1-2) or EcoRI and HindIII (pTAT-EGFP, pTAT-HO1) as described previously
and samples analyzed by agarose gel electrophoresis to identify plasmids that had
incorporated the desired sequence (CPP-EGFP, CPP-HO1, EGP, HO1). The identities of
candidate clones were confirmed by DNA sequence analysis (London Regional

Genomics Centre, London, ON, Canada).
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5.2 Protein Expression
5.2.1 Transformation Into Host Organism

Plasmids were transformed into Rosetta2(DE3)pLysS (Novagen) chemically competent
E. coli cells as described for Top10 cells, and plated on Luria Broth (LB) Agar (EMD,
Gibbstown, NJ, USA) containing 50pg/mL kanamycin and 34pg/mL chloramphenicol
(Sigma). Glycerol stocks were made for each clone by selecting five colonies isolated
from a single sequence confirmed transformant. These colonies were used to inoculate
LB containing 50pg/mL kanamycin and 34pg/mL chloramphenicol and incubated at
37°C, with shaking at 250rpm until the OD sy was approximately 0.6. Cultures were
frozen down with 20% glycerol (Sigma) and 0.5% Glucose (Sigma) and stored at -80°C.

5.2.2 Identification Of Protein Expressing Isolates

Liquid LB containing 50pg/mL kanamycin and 34pg/mL chloramphenicol was
inoculated with a single colony from each transformant and cultured overnight at 37°C.
A total of 0.2mL of overnight culture was used to inoculate 1.8mL of LB or TB (EMD)
containing 50pug/mL kanamycin and 100uM IPTG (Sigma) and cultured at 37°C, with
shaking at 300rpm for 16 hours. Cells were pelleted by centrifugation at 3700 x g and
washed once with 1XPBS pH 7.4, before being resuspended in 1X phosphate buffered
saline (PBS) pH7.4, containing 5Smg/mL lysozyme. The suspension was incubated at
4°C, 200rpm on a Lab Rotator (Barnstead Lab Line, part of Thermo scientific, Waltham,
MA, USA) rotary shaker for 30 minutes, and then sonicated with a microson ultrasonic
cell disruptor (model MS-25, CM-1 microtip converter) (Heat Systems Ultrasonics,
Farmingdale, NY, USA) at 90% output for 5-10 X 20-second cycles with 10-second
intervals between each cycle. The whole of the sonication procedure was performed with
the samples on ice. After sonication samples were incubated with 10 units of benzonase
nuclease on ice for 15 minutes. Lysed samples were subjected to centrifugation at 20,000
X g, 4°C using a microfuge 22R centrifuge (Beckman Coulter) for 20min. Supernates
were removed and total protein concentrations were determined using a

spectrophotometric assay. Samples were diluted 1/100 in Bio-rad protein assay reagent
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(Biorad) and ODs9s was measured using a DUS00 spectrophotometer (Beckman Coulter).
Protein concentrations were calculated by plotting ODsys against a standard curve
generated using known concentrations of bovine serum albumin (Sigma). An equal
volume of 2XSDS sample buffer was added to each sample and a total of 3ug of protein
from each isolate was analyzed for the presence of the expressed protein of interest using
SDS-PAGE. The isolate that expressed the highest amount of protein for each clone was

selected for use for all further protein expression experiments.

To determine the optimal conditions for protein expression multiple conditions were
tested. Single colonies from freshly-plated glycerol stocks were used to grow overnight
cultures as described previously and 1/10 volume of overnight culture was inoculated into
LB or TB containing 50pg/mL kanamycin and OuM, 0.7uM, 10uM, 100uM, or ImM
IPTG. Cultures were incubated at 37°C or 30°C, with shaking at 200rpm for 16hrs.
Bacteria were then pelleted by centrifugation at 3700 x g, washed once with 1XPBS pH
7.4 and lysed as previously described. Protein concentration of supernatants was
determined as previously described and expression was analyzed by SDS-PAGE. The
conditions that provided the best expression, as indicated by the strongest protein band of
expected size observed on the SDS-PAGE gel, were used for all further protein

expression experiments.

To express protein for purification overnight cultures were made from single colonies of
freshly plated glycerol stocks. 10mL of overnight culture was inoculated into 240mL of
TB containing 2mM MgCl,, pH 7.4 and 50pg/mL kanamycin, and grown at 37°C, with
shaking at 250rpm in 1L Erlenmeyer flasks. Once cultures reached an ODgg of 0.4—0.6
(~1.5 hours), IPTG was added to final concentrations of (100uM: CPP-HO1-1, pTAT-
HOI1-5, sHO1, pTAT-EGFP, CPP-EGFP; ImM: CPP-HO1-2, SDM-HO1) and cultured at
30°C, 200rpm for 16 hours.
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5.3 Protein Purification

Since it has been suggested that denatured TAT-fusion proteins have better cell-
penetrating efficiency [310, 311] I decided to purify the expressed proteins under both
native and denaturing conditions to determine which resulted in better cell-penetrating

efficiency.

5.3.1 Non-Denaturing Purification Buffers

The buffers used for purification under native conditions are as follows: 1) Lysis/binding
buffer: 50mM NaH,PO4, 300mM NaCl, EDTA-free complete protease inhibitors (Roche,
Penzberg, Germany), 10mM imidazole, Smg/mL lysozyme, pHS8.0. 2) Wash buffer:
50mM NaH,PO4, 300mM NaCl, EDTA-free complete protease inhibitors, 30mM
imidazole, pH 8.0. 3) Elution buffer: 50mM NaH,PO4, 300mM NaCl, complete protease
inhibitors, 500mM imidazole, pH 8.0.

5.3.2 Denaturing Purification Buffers

The buffers used for purification under denaturing conditions are as follows: 1)
Lysis/binding buffer: 1 XPBS, 5Smg/mL lysozyme, 6M urea, 10mM imidazole, EDTA-
free complete protease inhibitors, pH 7.4. 2) Wash buffer: 1XPBS, 6M urea, 30mM
imidazole, EDTA-free complete protease inhibitors, pH 7.4. 3) Elution buffer: 1 XPBS,
6M urea, S00mM imidazole, EDTA-free complete protease inhibitors, pH 7.4.

5.3.3 Purification

Cells from overnight E. coli expression cultures were pelleted by centrifugation at 3700 x
g, 4°C for 10 minutes using an Allegra X-15R centrifuge (Beckman Coulter), washed
once with 1XPBS pH 7.4, and resuspended in either native or denaturing lysis buffer

(6mL/ 250mL culture). Bacteria were using a French press (American Instruments
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Company, Division of Travenol Labs Inc., Silver Springs, Maryland, USA) at 14,000 psi,
~ImL/min flow rate, or sonicated 6X30 seconds, with 10 second intervals at 90% power
output. Lysates were then subjected to centrifugation at 18,000 x g, 4°C, for 20 min, and
supernatants removed and incubated with lysis buffer pre-equilibrated Ni-NTA agarose
beads (Qiagen) for 1hr at 4°C on a rotary shaker. The remainder of the procedure was
performed at 4°C in a cold room. Supernatants and Ni-NTA agarose beads were loaded
onto a SmL polypropylene column (Qiagen) and once the beads had settled, the sample
was allowed to flow under gravity. Alternatively supernatants following centrifugation
were added directly to columns containing pre-equilibrated beads, without the 1 hour
incubation step. Flowthroughs were initially collected and analyzed for retained protein
of interest by SDS-PAGE and Western blot analysis. Beads were washed with 10
volumes of wash buffer, and eluted using 2.5-5mL of elution buffer. Samples of eluate
were saved for SDS-PAGE and Western blot analysis, and the remainder was added to a
PD-10 size exclusion chromatography column (GE Healthcare, Little Chalfont, UK) pre-
equilibrated with 25mL of cold histidine-tryptophan-ketoglutarate (HTK) organ
preservation solution. After the sample had completely entered the packed bed of the
PD-10 column it was eluted from the column in 2mL fractions by the addition of multiple
volumes of 2mL HTK. Protein concentrations were determined by Bradford assay, and
glycerol was added to protein-containing fractions to a final concentration of 10%; prior

to freezing liquid nitrogen and storage at -80°C.

5.4 SDS PAGE And Western Blot Analysis
5.4.1 SDS-PAGE

Protein samples received an equal volume of 2X SDS PAGE sample buffer (10% v/v of
1.5M Tris pH 6.8, 6% v/v of 20% w/v SDS, 30% v/v stock glycerol, 15mL v/v stock [-
mercaptoethanol, 0.0018% w/v bromophenol blue) were boiled for 10 minutes, loaded on
a SDS-PAGE gel made up of a 4% stacking gel and 10% resolving gel (stacking gel (for
SmL): 3.075mL distilled H>O, 1.25mL of 0.5M Tris-HCI pH 6.8, 0.025mL of 20% w/v
SDS, 0.67mL of Acrylamide/Bis-acrylamide (30%/0.8% w/v), 0.025mL of 10% w/v
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ammonium persulfate, 0.005mL TEMED. Resolving gel (for 30mL): 12.3mL of distilled
H,O, 7.5mL of 1.5M Tris-HCI pH 8.8, 0.15mL of 20% w/v SDS, 9.9mL of
Acrylamide/Bis-acrylamide (30%/0.8% w/v), 0.15mL of 10% w/v ammonium persulfate,
0.02 mL TEMED) and subjected to electrophoresis at 110V using a Bio-Rad powerpac
basic until the dye front reached the bottom of the gel (~1 hour). Gels were fixed and
stained in the following solutions on a rotary shaker: 1) fixation solution - 50% methanol,
10% glacial acetic acid and 50% distilled water for 30 minutes 2) stain - 50% methanol,
10% glacial acetic acid, 50% water and 0.25% w/v Coomassie blue R-250 (Bio-Rad) for
3 hours 3) destain - 20% Methanol, 7.5% glacial acetic acid, 72.5% distilled water for 4-
16 hours. Crumpled kimwipes were placed in the container to help soak up the excess
stain. Once the gels had been destained they were dried onto Whatman paper using a gel

Dryer (Bio-Rad) for 3 hours.

5.4.2 Antibodies

Primary antibodies used in this study included: mouse monoclonal anti-HO1 (ADI-OSA-
110), (Stressgen, division of Enzo Life Sciences, Farmingdale, NY, USA), rabbit
polyclonal anti-HO1 (ADI-SPA-895) (Stressgen); mouse monoclonal anti-histidine
(OB05) (Novagen); rabbit polyclonal anti-GFP (ab290) (Abcam, Cambridge, UK).
Secondary antibodies used included: horse anti-mouse horse radish peroxidase, and goat
anti-rabbit horse radish peroxidase (both from Vector labs Inc., Burlington, CA, USA);
goat anti-rabbit Cy2, and goat anti-mouse Cy3 (both from Jackson Immunoresearch,

West Grove, Pennsylvania, USA).

5.4.3 Western Blot

Protein samples were prepared and separated on a 10% SDS PAGE gel as described
previously. Once the dye front reached the bottom of the gel it was removed and
incubated briefly in 1X Western transfer buffer. The gel was then loaded on a Western

transfer apparatus (Bio Rad) and transferred to PVDF (Millipore, Billerica, MA) at 110V
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for Thour. PVDF membranes were then removed and blocked with 5% BSA in TBS
containing 0.05% sodium azide for 30 minutes at room temperature or overnight at 4°C,
with gentle agitation on a Rocker II benchtop rocker (Boekel Scientific, Feasterville
Pennsylvania, USA). Blots were rinsed with 1X Tris buffered saline (TBS) and
incubated with primary antibody against: HO1- mouse anti-HO1 (1:3000 dilution) ;
EGFP — Rabbit polyclonal anti-EGFP (1:7500 dilution); His-tagged CPP-proteins —
mouse monoclonal anti-HIS (1:1000 dilution) in blocking solution (5% BSA in TBS with
0.05% sodium azide), overnight at 4°C with gentle rocking. Blots were then washed with
IXTBS with 0.1% Tween-20 (TBST) (Sigma) for 3x10 minutes, and incubated with
secondary antibody [goat anti-mouse HRP (1:10000 dilution); horse anti-rabbit hrp
(1:10000 dilution)] in TBST with 5% (w/v) skim milk powder for 1hour at room
temperature with gentle rocking. Finally, blots were washed with 1XTBST 3x10
minutes, incubated with ECL Plus developing reagent (Amersham, Amersham, UK) for
60-90 seconds and visualized imaged on a Kodak Image Station 4000mm Pro

(Carestream Molecular Imaging, Woodbridge, CT).

5.5 Cell Culture
5.5.1 Cell Lines

Four separate cell lines were used: 1) HepG2 human hepatocellular carcinoma cells
(American Type Culture Collection (ATCC); Manassas, VA, USA); 2) Human umbilical
vein endothelial cells (HUVEC) generously donated by Dr. J-F. Légaré (Dalhousie
University, NS); 3) J774 mouse macrophage cells generously donated by Dr. Tim Lee
(Dalhousie University, NS) and 4) 293T human kidney fibroblast cells generously
donated by Dr. Craig McCormick (Dalhousie University, NS).

5.5.2 Culture Medium

HepG2, J774 and HEK293T cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (ATCC, Manassas, VA, USA and Gibco, Grand Island, NY, USA)

36



supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS) (HyClone, Logan,
UT), 100 units/mL of penicillin (Gibco) and 100 pg/mL of streptomycin (Gibco)
(cDMEM). HUVECs were cultured in Endothelial Basal Medium (EBM™) containing
provided supplements (Lonza Inc., Walkersville, MD, USA) including hydrocortisone,
human epidermal growth factor (hREGF), FBS, vascular endothelial growth factor
(VEGF), human fibroblast growth factor-basic (hFGF-B), recombinant insulin-like
growth factor-1 (R3-IGF-1), ascorbic acid, heparin and gentamicin/amphotericin-B

(EGM™),

5.5.3 Maintenance Of Cell Lines

All cell lines were grown in 75cm” tissue culture flasks (Corning Incorporated, Corning,
NY, USA) at 37°C in a 5% CO; humidified atmosphere. Once cells reached 70-90%
confluency they were passaged by the following process: The medium was aspirated, and
cells were washed once with 1X PBS, treated 2.5mL of 0.05 % trypsin with EDTA<*4Na
(Gibco) at 37°C until cells were loosened from the base of the flask with gentle agitation.
An equal volume of fresh medium was added to the trypsinized cells, and 0.5-1mL of cell
suspension was added to 13mL of fresh medium in a T75 tissue culture flask. If cells
were to be plated for experimentation they were counted using a haemocytometer and

plated at the appropriate density.

5.5.4 In Vitro Cell Penetration Assay

Cells (HepG2, J774 and HUVEC) were plated on glass coverslips in a 12 well plate (BD
Falcon, Franklin, NJ, USA) at a density of 1.0X10’ cells/coverslip and cultured overnight
in 2mL of medium/well at 37°C in a 5% CO; humidified atmosphere. The following day
medium was removed and replaced with 2mL of serum free medium and 500pg of
protein (in HTK/10%glycerol) was added to each well. Cells were then incubated at
37°C, 5% humidified CO; for 2-5 hours. Negative controls were cells treated with serum

free medium alone, and cells treated with HTK without protein. Following treatment the
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medium was aspirated, cells were washed once with warm PBS and fixed with 4%
paraformaldehyde (1mL/well) for 15 min. Coverslips bearing cells treated with CPP-
EGFP and pTAT-EGFP were mounted on slides using fluorescent mounting medium
(Fluoromount: Sigma), and examined using a Zeiss Axiovert 200M microscope (Carl
Zeiss AG, Oberkochen, Germany) with a Hamamatsu Orca R2 Camera (Hamamatsu
Photonics, Hamamatsu, Shizuoka, Japan) and Axiovision Rel. 4.8.1 software (Carl Zeiss,
AG). CPP-HOI1-1, CPP-HO1-2, pTAT-HO1, CPP-SDM-HO1, and CPP-sHO treated

cells underwent immunofluorescence staining prior to microscopic analysis.

5.5.5 Immunofluorescence

Immunofluorescence staining was used to examine for cellular penetration by HO-1 and
EGFP. Slides bearing samples that had been fixed with 4% paraformaldehyde were
treated with 1ImL of ice cold 100% methanol and incubated at -20°C for 1 hour, washed
2X with ImL PBS and treated with primary antibodies [Rabbit polyclonal Anti-HO1
(diluted 1:1000) and Mouse monoclonal anti-His (diluted 1:1000)] diluted in 1%BSA in
PBS for 1 hour at room temperature. Cells were then washed 3X 5 minutes with PBS and
incubated with secondary antibodies [Goat anti-rabbit Cy2 and Goat anti-mouse Cy3
(both generously donated by Dr. J.F. Legare, Dalhousie University)] diluted in 1%BSA in
PBS for 1 hour. Cells were then washed once with ImL of PBS containing a 1:5000
dilution of Hoechst stain (Invitrogen) for 5 minutes, and received 2 further 5 minute
washes with PBS. Coverslips were then mounted on slides using fluorescent mounting

medium and cells were analyzed by fluorescence microscopy as described previously.

5.5.6 Live Cell Fluorescence

HepG2 cells were suspended in 1.5mL microcentrifuge tubes at a density of 1X10°
cells/tube. Cells were then pelleted by centrifugation at 1000 x g for 5 minutes at 4°C
and then resuspended in serum free DMEM. CPP-EGFP and pTAT-EGFP proteins were

added at a concentration of 7.5uM and samples were incubated for 1hr at 37°C with
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intermittent mixing. A mock treatment sample received serum free DMEM to a volume
of ImL and a negative control received no additives. Cells were then washed twice with
1X PBS, plated in a chamber slide and examined for fluorescence as described

previously.

5.7 Bilirubin Production Assay

HEK293T cells were seeded onto a 60mm culture dish (BD Falcon, Franklin, NJ, USA)
and grown overnight, then washed with 1XPBS and homogenized in an ice cold buffer
containing (20mM Tris-HCI, 0.5% Triton X-100, 0.1% sodium cholate and EDTA-free
complete protease inhibitors). Total protein content of homogenates was determined by
Bradford assay. A reaction mixture containing 4.4ug cellular protein (from lysates),
250pg BSA, 25uM Hemin (Sigma), 2mM glucose-6-phosphate (G6P), 0.25U glucose-6-
phosphate dehydrogenase (G6PD) (Sigma), 2mM nicotinamide adenine dinucleotide
phosphate (NADPH) (Sigma), 5.5U recombinant Biliverdin Reductase (Sigma), and
300ug purified protein, was incubated at 37°C in the dark for 1 hour. After incubation
bilirubin concentration was determined by measuring the difference in absorbance
between 464 and 530nm and multiplying by the extinction coefficient of 40mM'cm™.
Prior to measurements the spectrophotometer was blanked using a sample containing all
of the reaction components except for purified protein and cellular extract. Control
samples included reaction mixture treated with protein isolated from uninduced culture
and a reaction mixture without the NADPH electron donor. Reactions were performed in
triplicate, mean values and standard error of the mean were calculated for each group and
plotted on a graph. Statistical analysis was performed using a one way ANOVA test to

compare the variance between the means of the 3 sample groups, using a p-value of 0.01.
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Chapter 6: Results

6.1 Cloning Scheme For pCPP-EGFP, pTAT-EGFP, pCPP-HOI-1, pCPP-HO1-2,
pCPP-SDMHOI1, pCPP-sHO1 And pTAT-HO1

To produce a recombinant cell-penetrating HO-1 protein required the generation of a
plasmid containing the CPP DNA sequence in frame with the HO-1 gene sequence. For
ease of testing the cell-penetrating capability of the CPP peptide, I also decided to
produce a cell-penetrating enhanced green fluorescent protein that could be easily
analysed using fluorescence microscopy. Such proteins had already been created, but
were unavailable upon request; therefore the decision was made to produce these
plasmids myself. Plasmids containing seven different clones (pCPP-HO1-1, pCPP-HO1-
2, pCPP-SDMHO1, pCPP-EGFP, pCPP-sHO1, pTAT-HO1, and pTAT-EGFP) were
created. The first step was to create a CPP-EGFP plasmid; primers (CPP-EGFP +, EGFP
-) were sequences described in Ma et al., 2009 [160]. CPP-EGFP + consisted of the
PTD-4 sequence described by Ho et al. [312] with a glycine linker and an incorporated
EcoRI cut site followed by the N-terminal sequence for EGFP. This design allowed for
PCR amplification of a CPP-EGFP sequence from pEGFP-C1 template DNA for cloning
into the expression vector pET-28b(+). The EcoRlI cut site allowed for excision of the
EGFP sequence so that another sequence of choice (such as HO1, SDMHOI1, or sHO1)
could be cloned downstream from the CPP sequence (Figure 4). The glycine residue was
inserted to increase the rotational flexibility of the CPP tag. The various CPP-HO1
clones were all created by amplification of the HO-1 sequence from the pINCY template
using primers described in Ma et al. [313] (for pCPP-HO1-1 and pCPP-SDMHO1), or
primers designed by me (for pCPP-HO1-2 and pCPP-sHO1). The product of pCPP-
HO1-1 (created using primers HO1 + and HO1-1 -) correlates to the PTD-HO1 protein
mentioned in Ma et al., containing a PTD-4:HO1 sequence flanked by 6 XHIS-tag
sequences at both the N- and C-termini. The pCPP-SDMHOI1 clone was designed (using
primers HO1-SDMH25A +, HO1-SDMH25A -, HO1-SDMH132A +, HO1-SDMH132A)
to express a non-functional HO1 protein for use as a negative control with regards to the
beneficial effects of HO1 activity. Concern over a potential inhibitory effect of the C-
terminal 6XHIS tag on HO1 membrane binding led to the creation of pCPP-HO1-2
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(using primers HO1 + and HO1-2 -), whose expression product lacks this tag. To try and
overcome intial difficulties with protein expression and purification I also obtained the
pTAT 2.1 plasmid from Dr. Steven Dowdy (University of California, San Diego), which
contains a 6X histidine tag followed by a TAT sequence in frame with a downstream
multiple cloning site. Gene sequences were amplified using primer sets TAT-HO1 + and
HO1-1 — (for pTAT-HO1); and EGFP + and EGFP — (for pTAT-EGFP) and cloned into
pTAT2.1 to generate the pTAT-HO1 and pTAT-EGFP. There were initial difficulties
with purification of full length CPP-HO1 proteins, leading to poor yields of purified CPP-
HOL1 proteins. In an attempt simplify the purification and increase yields, I created a
soluble CPP-HO1 (CPP-sHO1) construct (using the primers HO1 + and sHO1 -) lacking

the final 23 amino acids at the C-terminus [313].
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Figure 4. Schematic for cloning of CPP-EGFP and subsequent cloning of CPP-HO1-
1, CPP-HO1-2, CPP-SDMHOI1 and CPP-sHO1. The CPP-EGFP PCR product is
cloned into pET-28b(+). The EGFP sequence is then excised and the HO-1 PCR product
cloned into its place in the pET-28b(+)-CPP vector.




6.2 SDMHO-1, CPP-EGFP, TAT-HOI1, TAT-EGFP

PCR using the appropriate template (either pPEGFP-C1 of pINCY) and primer sets
yielded DNA fragments of expected sizes for HO1-1, HO1-2, sHO1, EGFP (for pCPP-
EGFP), HO1 (for pTAT-HO1) and EGFP (for pTAT-EGFP) (Fig. 5). These sequences
were then cloned into the appropriate expression vectors (pET-28b(+) or pTAT2.1).
Nhel/HindIII restriction digests of the resultant clones yielded fragments of the expected
sizes for CPP-HO1-1, CPP-HO1-2, CPP-sHO1, CPP-EGFP (Fig. 6A, C) indicating
incorporation of the correct sequences into the expression vector. EcoRI/HindIII
restriction digestion resulted in the excision of fragments consistent in size with the gene
inserts for CPP-HO1-1, CPP-HO1-2, pTAT-HO1, CPP-EGFP, pTAT-EGFP (Fig.6B) and
CPP-sHOL1 (Fig. 6C). Digestion of the empty pET28b(+) vector with Nhel/HindIII and
EcoRI/HindIII yielded fragments of 5311bp and 5349bp, respectively, as well as a
fragment of between 2 and 3kb that likely represents undigested supercoiled DNA. The

identities for all clones were confirmed by DNA sequence analysis.
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Figure 5. PCR products were generated for cloning. PCR was performed using the
templates pEGFP-C1 and pINCY with appropriately selected primers. Final reaction
products were analyzed by agarose gel electrophoresis. Products and sizes are : A) HOI-
1, 880bp B) HO1-2 product, 882bp C) CPP-EGFP, 786bp D) Lane 1: TAT-EGFP, 738bp
Lane 2: TAT-HOI, 881bp E) sHOI, 816bp
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Figure 6. Restriction digestion confirmation of HO1 and EGFP clones. Clones were
subjected to restriction digestion using either Nhel/HindlIII to excise the CPP-gene
sequence or EcoRI/HindIII sequence alone. The resulted products were resolved using
agarose gel electrophoresis. DNA bands of the expected size for the gene sequence of
interest (HO1 or EGFP) indicated successful clone generation. Gene sizes in bp are listed
in brackets. A) Nhel/HindIII digests - Lane 1: pCPP-HO1-1(915bp); Lane 2: pCPP-HOI1-
2 (917bp); Lane 3: pCPP-EGFP (774bp); Lane 4: empty pET28b(+) vector (no insert). B)
EcoRI/HindIII digests - Lane 1: pCPP-HO1-1 (870bp); Lane 2: pCPP-HO1-2 (872bp);
Lane 3: pTAT-HOI1 (871bp); Lane 4: pCPP-EGFP (729bp); Lane 5: pTAT-EGFP (727
bp); Lane 6: empty pET28B(+), (no insert). C) pCPP-sHO1 digests. Lane 1: Nhel/HindIII
(849bp); Lane 2: EcoRI/HindIII (804bp).
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6.3 Isolate Screening

Following confirmation of clone sequences, the next step was to transform these clones
into the E. coli strain Rosetta2(DE3)pLysS for protein expression. Because of the
possibility of mutations or DNA damage during transformation, five transformants for
each clone were screened for protein expression. Individual transformants, containing the
sequences of interest confirmed by DNA sequence analysis, were induced to express the
protein of interest with IPTG. Following induction, cultures were lysed and supernatants
analyzed for protein production by SDS-PAGE analysis. For all CPP-HO1
transformants, IPTG treatment resulted in the production of protein bands consistent with
the expected protein sizes (Fig 7): CPP-HO1-1 ~37 kDa (expected size 37.3 kDa); CPP-
HO1-2 ~35 kDa and 32 kDa (expected size 35.8 kDa); TAT-HO1 ~37 kDa (expected size
of 37.0 kDa); CPP-SDMHO1 ~37 kDa (expected size 37.3kDa); CPP-sHO1 ~ 32-33 kDa
(expected size 33.3 kDa); CPP-EGFP ~32-33 kDa (expected size 32.1 kDa); TAT-EGFP
~ 32-33kDa (expected size 31.8 kDa). The observed bands were of greater intensity than
bands of ~37 or 32 kDa observed in the control samples from cells transformed with
empty pET28b(+) or pTAT2.1 vectors, respectively. In the cases of CPP-HO1-1, CPP-
HO1-2, TAT-HO1 and CPP-sHOI1 the presence of these induced proteins correlated with
a green colouration of the bacterial pellet, indicative of biliverdin produced from the
degredation of Heme by HO-1. For CPP-EGFP and TAT-EGFP the presence of the
induced bands correlated with a yellow colouration of the bacterial pellet, which is
presumed to be a result of EGFP production, as the pellet from uninduced cultures was
beige. With the exception of clone 1 for CPP-HO1-1, TAT-HO1, CPP-EGFP and TAT-
EGFP there was no significant difference in the degree of protein expression observed
among the five clones tested. Clones 3, 4, 5, 4, 4, 3 and 2 were selected for future
expression of CPP-HO1-1, CPP-HO1-2, TAT-HO1, CPP-SDMHO1, CPP-sHO1, CPP-
EGFP and TAT-EGFP respectively.
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Figure 7. Protein expression E. coli bearing plasmids of interest. E. coli.
Rosetta2(DE3)pLysS cells were transformed with the plasmids indicated below and five
individual transformants for each clone were induced to express the protein of interest
using 100uM IPTG, and cultured in LB at 37°C, 300rpm for 16 hours. Cells were then
lysed and 10pg protein from each lysate was analyzed by electrophoresis through a 10%
SDS-PAGE gel. For all gels (A-G) lanes 1-5 are individual transformants. E. coli
transformed with empty pET28B(+) (A-B, D-F) or pTAT2.1 (C, G) was used as a
negative control. A) CPP-HOI1-1, protein size 37.3kDa. B) CPP-HO1-2, protein size
35.9kDa. C) TAT-HOI, protein size 37.0kDa. D) CPP-SDMHOI, protein size 37.3kDa.
E) CPP-sHOLI, protein size 33.3kDa. F) CPP-EGFP, protein size 32.1kDa. G) TAT-
EGFP, protein size 31.8kDa. Arrows indicate the size of the protein of interest.
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6.4 Protein Expression

Since the goal of this project was the production of proteins for potential therapeutic use,
it was important to determine the optimal expression conditions in order to maximize
protein yield. Individual E. coli Rosetta2(DE3)pLysS transformants of each clone were
selected and grown in either LB or TB medium and expression of cloned genes was
induced, using a range of IPTG concentrations at 37°C or 30°C for 16hr. Cells were

lysed and proteins extracted from supernatants were analyzed by SDS-PAGE.

Following induction of protein expression with IPTG a change in colour of the bacterial
culture from beige to green was observed for CPP-HO1-1 (Fig. 8A, Fig. 9), CPP-HO1-2,
TAT-HOI, and CPP-sHO1 but not CPP-SDMHOI (Fig. 9). This is believed to be due to
the production of biliverdin from HO-1 metabolism of heme [160, 308], with a
subsequent intracellular accumulation of biliverdin, resulting in a green change in colour
of the bacterial cells, since upon centrifugation (Fig. 8B). Because LB is lighter in color
than TB, the color change observed in LB cultures prior to pelleting the bacteria (Fig. 8A)
is more dramatic than that seen with TB cultures (figure 9). Expression of CPP-EGFP
and TAT-EGFP also resulted in a colour change of the culture and bacterial pellet from
beige to yellow, which is presumed to be secondary to the production of EGFP (Fig. 8C,
Fig. 9). These findings that bacterial colour change proved to be a reliable indicator of
successful protein expression, was very useful, in that it allowed me to assess the success
of protein expression visually, rather than subjecting each induction experiment to
analysis by SDS-PAGE or Western blot, prior to undertaking a costly purification

experiment.

6.4.1 Optimization Of Expression Conditions

The complexities protein folding and post-translational modifications, often result in
significant variability in the efficiency of the expression of human proteins in E. coli.

The optimal set of expression conditions was determined for each protein by culturing
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transformed bacteria in either TB or LB and treating with multiple IPTG concentrations
(0.7, 10, 100, 1000uM). The highest level of CPP-HO1-1 expression was found to occur
when plasmid-bearing cells were grown in TB medium at 30°C (Fig. 10). When grown
in LB at 37°C the presence of a band consistent in size with that expected for CPP-HO1-1
(37.3kDa) was observed in response to induction with 0.7, 10 and 1000uM IPTG (Fig.
10A); however, when grown at 30°C, expression was greatest in response to IPTG
concentrations of 0.7, 100 and 1000uM (Fig. 10B). When grown in TB at 37°C only
1000uM IPTG resulted in any appreciable expression, as it was the only condition that
resulted in the production of a protein band of expected size of greater intensity than seen
in the uninduced control (Fig. 10C). Growth in TB at 30°C resulted in significant protein
expression in response to 10, 100 and 1000uM IPTG (Fig. 10D); with 10uM giving the

greatest protein expression of all conditions tested.

CPP-HOI1-2 protein expression was greatest when plasmid-bearing cells were grown in
TB and protein expression was induced at 30°C (Fig. 11). When grown in LB medium at
37°C the greatest amount of protein was seen when gene expression was induced with
1000uM IPTG (Fig. 11A), whereas at 30°C, similar protein levels were observed in
response to IPTG concentrations of 0.7, 10 and 1000uM IPTG (Fig. 11B). When grown
in TB at 37°C, expression increased with increasing concentrations of IPTG (Fig. 11C);
however, even at 1000uM IPTG only a weak protein band was observed. Cultures grown
in TB at 30°C demonstrated a doublet band in response to IPTG induction; the larger
band is consistent with the expected size of CPP-HO1-2 (35.8kDa). Expression of a
protein of this size was observed to the greatest degree at IPTG concentrations of 100 and

1000uM (Fig. 11D).

TAT-HO1 expression was greatest when plasmid-bearing cells were grown in TB and
induced at 30°C (Fig. 12). When grown in LB medium at 37°C, only 10uM IPTG
resulted in the production of a protein band of the predicted size of TAT-HO1 (37kDa)

that was greater in intensity than that seen in the uninduced control (Fig. 12A). When
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grown in LB at 30°C, a similar protein band was seen only in response to 100uM IPTG
(Fig. 12B). When cultures were grown in TB medium at 37°C TAT-HOI1 expression was
observed to the greatest degree in response to 100uM IPTG (Fig. 12C). Cultures grown
and induced at 30°C demonstrated significant TAT-HO1 expression with IPTG
concentrations of 10, 100 and 1000uM (Fig. 12D).

CPP-SDMHOI expression was greatest when plasmid-bearing cells were grown in TB
and induced at 30°C (Fig 13). When grown in LB medium at 37°C, IPTG concentrations
of 10, 100 and 1000uM resulted in the production of a protein band of the predicted size
for CPP-SDMHOI1 (37.3kDa) (Fig. 13A). When grown in LB at 30°C no appreciable
expression was observed (Fig. 30B). Similarly, no expression was observed for cultures
grown in TB and induced at 37°C Fig (Fig. 13C). However, when cultures were grown
in TB at 30°C strong induction of CPP-SDMHO1 expression was observed in response to
10, 100 and 1000uM IPTG (Fig. 13D).

CPP-sHO1 protein expression was greatest when plasmid-bearing cells were grown in TB
and protein expression was induced at 30°C (Fig. 14). When grown in LB medium at
37°C sHOI expression, indicated by the presence of a 33.3kDa protein band, was greatest
when induced with 1000uM IPTG (Fig. 14A). When grown in LB at 30°C all IPTG
concentrations induced protein expression to a similar degree (Fig. 14B). When grown in
TB medium at 37°C the greatest expression was observed with 100 and 1000uM IPTG
(Fig. 14C). When grown in TB at 30°C strong expression was observed for IPTG
concentrations of 10, 100 and 1000puM, with 100uM resulting in the greatest expression
for all conditions tested (Fig. 14D).
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Figure 8. Protein expression is evidenced by colour change of the bacterial culture.
Rosetta2(DE3)pLysS transformed with plasmids containing the sequence of interest were
induced to express protein by the addition of 10uM IPTG to bacterial culture grown in
LB medium and incubation at 37°C, 250rpm overnight. A) CPP-HO1-1 expression
resulted in a change of the culture and B) bacterial pellet from beige to green, while C)
CPP-EGFP expression resulted in a change of the bacterial pellet to yellow.
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Figure 9. Bacterial culture colour change is indicative of HO1 activity and EGFP
expression. Expression was induced by IPTG treatment of E. coli Rosetta2(DE3)pLysS
containing the indicated plasmids, followed by overnight culture at 30°C, 250rpm.
Protein expression resulted in a greenish colour change because of accumulated biliverdin
in the case of CPP-HO1-1, CPP-HO1-2, TAT-HO1 and CPP-sHO1 but not the inactive
mutant CPP-SDMHO1. Expression of CPP-EGFP and TAT-EGFP resulted in a colour
change to yellow.
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Figure 10. Optimization of CPP-HO1-1 protein expression. Single colonies from
freshly plated cultures were inoculated into either LB or TB and grown to an ODggo of
0.6, induced with indicated concentrations of IPTG, and incubated at either 37°C or 30°C
for 16hr. Total cellular protein was extracted by bacterial lysis using a french press. 20ug
of protein from each lysate was resolved by 10% SDS-PAGE and stained with
Coomassie blue. CPP-HO1-1 expression is indicated by a protein band of 37.3kDa. LB
induction at A) 37°C or B) 30°C. TB induction at C) 37°C or D) 30°C. Arrowhead
marks CPP-HOI1-1 for all panels.
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Figure 11. Optimization of CPP-HO1-2 protein expression. Single colonies from
freshly plated cultures were inoculated into either LB or TB and grown to an ODgg of
0.6, induced with indicated concentrations of IPTG, and incubated at either 37°C or 30°C
for 16hr. Total cellular protein was extracted by bacterial lysis using a french press. 20ug
of protein from each lysate was resolved by 10% SDS-PAGE and stained with
Coomassie blue. CPP-HO1-2 expression is indicated by a protein band of 35.8kDa. LB
induction at A) 37°C or B) 30°C. TB induction at C) 37°C or D) 30°C. Arrowhead
marks CPP-HO1-2 for all panels.
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Figure 12. Optimization of TAT-HO1 protein expression. Single colonies from
freshly plated cultures were inoculated into either LB or TB and grown to an ODgq of
0.6, induced with indicated concentrations of IPTG, and incubated at either 37°C or 30°C
for 16hr. Total cellular protein was extracted by bacterial lysis using a french press. 20ug
of protein from each lysate was resolved by 10% SDS-PAGE and stained with
Coomassie blue. TAT-HOI expression is indicated by a protein band of 37.0kDa. LB
induction at A) 37°C or B) 30°C. TB induction at C) 37°C or D) 30°C. Arrowhead
marks TAT-HOI for all panels.
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Figure 13. Optimization of CPP-SDMHO1 protein expression. Single colonies from
freshly plated cultures were inoculated into either LB or TB and grown to an ODgg of
0.6, induced with indicated concentrations of IPTG, and incubated at either 37°C or 30°C
for 16hr. Total cellular protein was extracted by bacterial lysis using a french press. 20ug
of protein from each lysate was resolved by 10% SDS-PAGE and stained with
Coomassie blue. CPP-SDMHOI expression is indicated by a protein band of 37.3kDa.
LB induction at A) 37°C or B) 30°C. TB induction at C) 37°C or D) 30°C. Arrowhead
marks CPP-SDMHOL1 for all panels.
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Figure 14. Optimization of CPP-sHO1 protein expression. Single colonies from
freshly plated cultures were inoculated into either LB or TB and grown to an ODggg of
0.6, induced with indicated concentrations of IPTG, and incubated at either 37°C or 30°C
for 16hr. Total cellular protein was extracted by bacterial lysis using a french press. 20ug
of protein from each lysate was resolved by 10% SDS-PAGE and stained with
Coomassie blue. CPP-sHO1 expression is indicated by a protein band of 33.3kDa. LB
induction at A) 37°C or B) 30°C. TB induction at C) 37°C or D) 30°C. Arrowhead
marks CPP-sHOI for all panels.
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CPP-EGFP protein expression resulted in the production of a 31.7 kDa band. Expression
was greatest when plasmid-bearing cells were grown in LB medium and induced at 37°C
with 10uM IPTG or 30°C with 0.7 or 100uM IPTG (Fig. 15). When cultures were grown
in LB and induced at 37°C the greatest expression was observed with 10 and 100uM
IPTG (Fig. 15A). When grown in LB at 30°C similar expression was observed with 0.7
and 100uM IPTG (Fig. 15B). When grown in TB medium and induced at 37°C similar
expression was observed with 0.7, 10 and 100uM IPTG; however, expression in this
growth media at these temperatures was less than for the other conditions (Fig. 15C).
Cultures grown in TB and induced at 30°C showed similar expression with 10, 100 and

1000pM IPTG (Fig. 15D).

TAT-EGFP expression resulted in the production of a 32.1kDa band. Expression was
greatest when plasmid-bearing cells were grown in LB medium and induced at 37°C (fig
16). When grown in LB at 37°C similar expression levels were observed with 0.7, 10, or
100uM IPTG (Fig. 16A). When grown in LB at 30°C significant expression was
observed for all IPTG concentrations (Fig. 16B). When grown in TB and induced at
37°C the greatest expression was observed for IPTG concentrations of 0.7, 100 and
1000uM (Fig. 16C). When grown at 30°C greatest expression was observed in response
to 10 and 100uM IPTG (Fig. 16D).

These experiments show that growth and induction in TB medium at 30°C provided the
optimal conditions for all of the CPP- and TAT-HOI proteins. CPP- and TAT-EGFP
appeared to be optimally expressed by plasmid-containing cells grown in LB medium at
30°C. Therefore for future experiments it is recommended that growth in TB at 30°C be
used for HO1 protein expression and EGFP protein expression be induced in LB medium

at 30°C.
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Figure 15. Optimization of CPP-EGFP protein expression. Single colonies from
freshly plated cultures were inoculated into either LB or TB and grown to an ODgg of
0.6, induced with indicated concentrations of IPTG, and incubated at either 37°C or 30°C
for 16hr. Total cellular protein was extracted by bacterial lysis using a french press. 20ug
of protein from each lysate was resolved by 10% SDS-PAGE and stained with
Coomassie blue. CPP-EGFP expression is indicated by a protein band of 31.7kDa. LB
induction at A) 37°C or B) 30°C. TB induction at C) 37°C or D) 30°C. Arrowhead
marks CPP-EGFP for all panels.
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Figure 16. Optimization of TAT-EGFP protein expression. Single colonies from
freshly plated cultures were inoculated into either LB or TB and grown to an ODggg of
0.6, induced with indicated concentrations of IPTG, and incubated at either 37°C or 30°C
for 16hr. Total cellular protein was extracted by bacterial lysis using a french press. 20ug
of protein from each lysate was resolved by 10% SDS-PAGE and stained with
Coomassie blue. TAT-EGFP expression is indicated by a protein band of 32.1kDa. LB
induction at A) 37°C or B) 30°C. TB induction at C) 37°C or D) 30°C. Arrowhead
marks TAT-EGFP for all panels.
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6.5 Protein Purification

Expressed proteins were extracted by bacterial lysis followed by gravity purification
using Ni-NTA Agarose beads (Qiagen). SDS-PAGE analysis demonstrated partial
purification of all expressed cell-penetrating proteins (Fig. 17A). All samples of full
length HO1 proteins (CPP-HO1-1, CPP-HO1-2, TAT-HO1, CPP-SDMHO1)
demonstrated the presence of a second band of ~33kDa in size (Fig. 17A). This may
represent a truncated form of the protein secondary to degradation or incomplete
translation. This doublet pattern has been observed by others when purifying
recombinant HO-1 [163, 308]. Ribeiro et al. [308] suggested that this smaller sized band
may represent a non-membrane binding form of the protein containing the most extreme
C-terminal membrane binding region. This is a feasible explanation as the smaller sized
protein bands are similar in size to the CPP-sHO1 protein (33.3kDa). CPP-sHOI1, CPP-
EGFP and TAT-EGFP were also present in the purified fraction, with purification of
sHO1 being particularly efficient. The identity of these bands was confirmed by Western
blot analysis using primary antibodies against HO1 (Fig. 17B), EGFP (Fig. 17C) and the
histidine tag (Fig. 17D).

6,5,1 Purification Under Denaturing And Non-Denaturing Conditions

Previous studies have used cell-penetrating HO1 proteins purified using both denaturing
(animal model of heart transplantation) [160] and non-denaturing (in vitro treatment of
pancreatic -cells) [308] methods. In this study I decided to compare the yield of CPP-
EGFP and CPP-HO1-1 purified under both native and denaturing conditions. CPP-EGFP
was efficiently purified by both methods although the yield was greater using denaturing
conditions, as indicated by the presence of a stronger 31.7 kDa band on SDS-PAGE
analysis (Fig. 18A, B). The identities of these bands were confirmed by Western blot
analysis with primary antibodies against the GFP (Fig. 18C) or histidine tag (Fig. 18D).
The yield of CPP-HO1-1 was greater when purified under native conditions (Fig. 19A,
(), indicated by the presence of a stronger 37kDa band on SDS-PAGE compared to that
seen under denaturing conditions. In addition, there was less evidence of truncated forms

of the enzyme (indicated by doublet bands of ~35 and 33kDa (Fig. 19A)) when purified
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under native conditions. The identity of the purified bands was confirmed by Western

blot analysis using primary antibodies against HO1 and the histidine tag (Fig. 19C, D).

Initial problems with low yield resulted in attempting protein purification using a batch
protocol, wherein Ni-NTA agarose beads were incubated with bacterial lysates for 1hr at
4°C prior to application to a column. This resulted in a mild increase in protein yield, but
at the expense of purity when compared to a strictly gravity-purification method (wherein
lysates were simply added to columns containing pre-equilibrated Ni-NTA agarose
beads). A comparison of the profiles of proteins purified and observed by SDS-PAGE in
Figures 17 (A) and 21 (A) vs. Figures 18 (A, B) and 19 (A, B) shows presence of
multiple bands of various sizes with batch protocol purification (Fig. 17 (A), 21(A)) that
were not seen with gravity purification (Fig. 18 (A, B), 19 (A, B)). The presence of
multiple contaminating proteins in the batch protocol was felt to be unacceptable when
purifying a protein for potential therapeutic use; therefore, the decision was made to carry

out all further purifications using a gravity protocol.
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Figure 17. Purification of cell-penetrating proteins. Proteins were purified by Ni-NTA
affinity chromatography, using a batch protocol under non-denaturing conditions.
Purified proteins were separated by SDS-PAGE and stained with Coomassie blue or
transferred to PVDF and examined by Western blot using anti-HO-1, anti-GFP and anti-
HIS antibodies. A) Representative SDS-PAGE used for Western blot analysis; Western
blots probed with B) anti-HO1 C) anti-GFP D) anti-His. Lanes 1-7 are the same for all
panels. Lanes 1: CPP-HO1-1; 2: CPP-HO1-2; 3: pTAT-HOI1; 4: CPP-SDM-HOI; 5:
CPP-sHO1; 6: CPP-EGFP; 7: pTAT-EGFP
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Figure 18. Gravity purification of CPP-EGFP using denaturing and non-
denaturing conditions. Proteins were purified by Ni-NTA affinity chromatography,
using denaturing (containing urea) or non-denaturing buffers. Purified proteins were
separated by SDS-PAGE electrophoresis and stained with Coomassie blue or transferred
to PVDF and examined by Western blot with anti-GFP or anti-HIS antibodies. A)
Denatured and B) non-denatured CPP-EGFP. Ul= supernates from whole cell lysates of
uninduced culture, L = supernates from whole cell lysates of induced culture, E = Eluate
from Ni-NTA column, DS = Desalted samples from PD-10 column. C) Anti-GFP and D)
Anti-HIS blots of denatured and non-denatured CPP-EGFP D = proteins purified under
denaturingconditions, N = proteins purified under non-denaturing conditions.
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Figure 19. Gravity purification of CPP-HO1-1 using denaturing and non-
denaturing conditions. Proteins were purified by Ni-NTA affinity chromatography,
using denaturing (containing urea) or non-denaturing buffers. Purified proteins were
separated by SDS-PAGE electrophoresis and stained with Coomassie blue or transferred
to PVDF and examined by Western blot with anti-HO-1 or anti-HIS antibodies. A)
Denatured and B) non-denatured CPP-HO1-1. Ul= supernates from whole cell lysates of
uninduced culture, L = supernates from whole cell lysates of induced culture, E = Eluate
from Ni-NTA column, DS = Desalted samples from PD-10 column. C) Anti-HO-1 and
D) Anti-HIS blots of denatured and non-denatured CPP-HO1-1 D = proteins purified
under denaturingconditions, N = proteins purified under non-denaturing conditions.
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Following purification the proteins needed to be separated from the salts, imidazole and
urea (for denatured preparations) used during the purification process. To do this I opted
to use desalting columns, because of their ease and speed of use compared to dialysis.
Desalting of purified proteins was accomplished using PD-10 size exclusion
chromatography columns pre-equilibrated with HTK medium. Purified protein samples
were eluted in 2mL fractions to determine the fraction with the greatest yield in an
attempt to obtain samples with the highest concentrations and greatest purity. This was
performed for proteins purified using both denaturing and non-denaturing buffers. When
purified under denaturing conditions the majority of HO-1 proteins were eluted from the
columns in the first 2 fractions (Fig. 20 A-E). However, the yields for TAT-HO1 and
CPP-SDMHO1 were poor, and it is difficult to determine exactly which fractions would
have the highest yield (Fig. 20 C, D). CPP-EGFP and TAT-EGFP continued to elute
through all 4 fractions, demonstrating the highest yields in fractions 1, 2 and 4 (Fig. 20 F,
G). CPP-sHOLI also eluted through all fractions, although in its case, the highest yields
were in fractions 1 and 2 (Fig. 20E). It is most likely that the elution patterns of CPP-
EGFP and TAT-EGP in this case are due to artefact, possibly from an inadvertent mixing
of samples. In the case of CPP-sHO1, however, it is possible that this pattern may be due
to exceptionally high protein yield, to the point where a larger volume of HTK was
required to completely elute the protein from the column. This is supported by the fact
that after the first two lanes there is a sequential decrease in the intensity of the protein

bands in lanes 3 and 4 Fig. 20E).
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Figure 20. Denatured purified proteins elute early from desalting columns. Proteins
were purified using denaturing conditions, desalted on a PD-10 column and eluted in
2mL fractions. Ten pL of each fraction, numbered 1-4 along with MW standards, was
loaded onto an SDS-polyacrylamide gel, subjected to electrophoresis and stained with
Coomassie blue. A) CPP-HO1-1 B) CPP-HO1-2 C) TAT-HO1 D) CPP-SDM-HO1 E)
CPP-sHO1 F) CPP-EGFP G) TAT-EGFP.
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Figure 21. Non-denatured purified proteins elute early from desalting columns.
Proteins were purified using denaturing conditions, desalted on a PD-10 column and
eluted in 2mL fractions. Ten pL of each fraction, numbered 1-4 along with MW
standards, was loaded onto an SDS-polyacrylamide gel, subjected to electrophoresis and
stained with Coomassie blue. A) CPP-HO1-1 B) CPP-HO1-2 C) TAT-HO1 D) CPP-
SDM-HO1 E) CPP-sHO1 F) CPP-EGFP G) TAT-EGFP.
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Proteins purified under non-denaturing conditions demonstrated a similar pattern of
elution as was seen with proteins purified under denaturing conditions (Fig. 21).
Although CPP-HOI-1 and TAT-HO1 were present in greatest amount in fractions 1 and 2
there was still some protein identified in fractions 3 and 4, which is likely a result of the
high yield for these two proteins in this purification run (Fig. 21 A, C). Of interest a
strong protein band of ~32kDa in size was observed in lane 3 for TAT-EGFP (Fig. 21 C),
suggestive of a possible truncated form of the protein. The protein bands seen in the
CPP-HO1-2 gel (Fig. 21B) are of smaller size than the predicted full length protein and
likely represent degradation products. CPP-SDMHO1 did not appear to be purified to
any appreciable extent in this experiment, as demonstrated by the lack of any protein
bands of corresponding size. This data suggests that the purification conditions do not

significantly affect the way in which the proteins elute off the PD-10 column.

6.6 Natively Purified CPP-HOI-1 Retains HO-1 Enzymatic Activity

To determine if the presence of the CPP sequence or the purification process inhibited
HOL1 activity, a bilirubin production assay was performed using HEK-293T cell lysates
treated with natively purified CPP-HO1-1. Bilirubin production was observed to be
significantly higher in CPP-HO1-1 treated samples compared to control samples lacking
the electron donor NADPH, or samples with protein isolated from uninduced cells
containing the pCPP-HO1-1 plasmid (Fig. 22). The fact that CPP-HO1-1 is able to
catalyze the degradation conversion of heme to bilirubin indicates that neither the CPP

sequence or the non-denaturing purification process inhibits HO1 enzymatic activity.

6.7 Cellular Penetration Of Hepg2 And HUVEC Cells Is Improved With CPP-EGFP
And CPP-HOI-1 Purified Under Non-Denaturing Conditions

To determine if there was any significant difference in the cell-penetrating ability of
proteins purified under denaturing or non-denaturing conditions HepG?2 cells were treated
with CPP-EGFP. Following treatment with CPP-EGFP cells were washed, fixed and
analyzed by fluorescence microscopy. Cells treated with CPP-EGFP purified under non-
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denaturing conditions demonstrated substantially more fluorescence than cells treated
with denatured CPP-EGFP, indicating a greater association of protein, particularly with
the cellular membrane (Fig. 23). To determine if the same held true for CPP-HO1-1,
HUVEC cells were treated with CPP-HO1-1 purified under denaturing and non-
denaturing conditions, and subjected to immunofluorescence. After treatment with CPP-
HOI1-1 cells were washed, fixed, and probed with rabbit-anti-HO-1 and mouse-anti-HIS
primary antibodies followed by goat anti-rabbit Cy2 (green) (Fig. 24 A and B panel 1)
and goat anti-mouse Cy3 (red) (Fig. 24 A and B panel 2) secondary antibodies. Both
denatured and non-denatured CPP-HO1-1 treated cells demonstrated fluorescence,
indicating cellular penetration, although cellular fluorescence was greater with the non-
denatured protein suggesting enhanced cellular penetration (Fig. 24). These results
suggest that although CPP-EGFP and CPP-HOI proteins purified under denaturing and
non-denaturing conditions have cell-penetrating ability, this ability appears to be greater

for proteins purified in their native configuration.
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Figure 22. Natively purified CPP-HO1-1 retains HO-1 enzymatic activity. HEK-
293T cell lysates were supplemented with G6PD, G6P, NADPH, Hemin, and BVR and
treated with 300ug of purified CPP-HO1-1 for 1hr in the dark. Bilirubin concentration
was quantified by measuring the difference in absorbance between 464 and 530nm and
multiplying by an extinction coefficient of 40mM'cm™. Measurentments for each group
(treatment or control) were performed in triplicate. Mean values and standard error were
calculated for each group and statistical analysis performed using a one way ANOVA
test. Groups included a reaction mixture treated with protein purified from uninduced
CPP-HOI-1 transformed cells (uninduced) and a reaction from which the electron donor
NADPH was omitted — both controls, and a reaction mixture treated with CPP-HO1-1
purified under non-denaturing conditions. ** p of 0.01 to 0.001 (between CPP-HO1-1
and no NADPH) *** p<0.001 (between CPP-HO1-1 and uninduced).
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Figure 23. Non-denatured CPP-EGFP penetrates HepG2 cells more effectively than
denatured CPP-EGFP. Cultured cells were treated with 500ug A) Denatured or B) non-
denatured CPP-EGFP for 4 hours, washed, fixed and examined by fluorescence
microscopy. For both panels 1: EGFP 2: brightfield 3: merge.
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Figure 24. Non-denatured CPP-HQO1-1 penetrates HUVEC cells more effectively
than denatured CPP-HO1-1. Cells were treated with 500png of denatured or non-
denatured CPP-HO1-1 for 4 hours, washed, fixed, probed with primary rabbit anti-HO-1
and mouse anti-HIS, followed by anti-rabbit Cy2 (green) and anti-mouse Cy3 (red),
DAPI stained (blue) and analyzed by fluorescence microscopy. A) HUVEC cells treated
with denatured and B) non-denatured CPP-HO1-1. For both panels 1: Mouse anti-HO1 2:
Mouse anti-his 3: DAPI nuclear staining 4: merge 5: brightfield.
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6.8 Cellular Penetration Of J774, Hepg2 And HUVEC Cells By CPP-EGFP And TAT-
EGFP

Hepatic IRI appears to involve three primary cell types: macrophages, hepatocytes and
endothelial cells. I hypothesized that the potential beneficial effect of HO-1 activity in
reducing IRI might be more pronounced if HO-1 activity could be increased in all three
of these cell types. Therefore, I wanted to test the ability of the CPP- and TAT-sequences
to mediate cellular transduction of a desired protein sequence in three representative
tissue culture models (J774 murine macrophages, HepG2 human hepatoma cells, and
HUVEC (human umbilical vein endothelial cells)). Because use of the CPP-EGFP and
TAT-EGFP proteins allowed evaluation of the function of the CPP and TAT sequences
without the need for immunofluorescence staining, I decided to treat cells with these
proteins first. Cells were incubated with CPP-EGFP and TAT-EGFP, washed, fixed, and
analyzed by fluorescence microscopy. With J774 cells minimal association was seen for
CPP-EGFP (Fig. 25A), but TAT-EGFP demonstrated efficient cellular penetration (Fig.
25B). For HepG?2 cells green fluorescence was observed following treatments with both
CPP-EGFP and TAT-EGFP indicative of cellular penetration (Fig. 26). HUVEC cells
demonstrated significant fluorescence following treatment with CPP-EGFP but only
minimal fluorescence was observed with TAT-EGFP (Fig. 27). These results suggest
that while the TAT sequence confers cell-penetrating ability to EGFP for both j774 and
HepG?2 cells, whereas the CPP sequence allows cellular penetration of HepG2 and
HUVEC cells.
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Figure 25. TAT-EGFP penetrates J774 cells. Cells were treated with 500ug of CPP-
EGFP, TAT-EGFP, or HTK (mock treatment) for 4 hours. Cells were then washed,
fixed, DAPI stained and analyzed by fluorescence microscopy. A) CPP-EGFP B) pTAT-
EGFP C) Mock. For each panel, 1: EGFP 2: DAPI 3: merge 4: brightfield image.
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Figure 26. CPP-EGFP and TAT-EGFP penetrate HepG2 cells. Cells were treated
with 500pg of CPP-EGFP, TAT-EGFP, or HTK (mock treatment) for 4 hours. Cells
were then washed, fixed, DAPI stained and analyzed by fluorescence microscopy. A)
CPP-EGFP B) pTAT-EGFP C) Mock. For each panel, 1: EGFP 2: DAPI 3: merge 4:
brightfield image.
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Figure 27. CPP-EGFP penetrates HUVEC cells. Cells were treated with 500ug of
CPP-EGFP, TAT-EGFP, or HTK (mock treatment) for 4 hours. Cells were then washed,
fixed, DAPI stained and analyzed by fluorescence microscopy. A) CPP-EGFP B) pTAT-
EGFP C) Mock. For each panel, 1: EGFP 2: DAPI 3: merge 4: brightfield image.
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6.9 The CPP- And TAT-Sequences Mediate Cellular Transduction Of Multiple Cell
Types By HO-1

The data from the CPP-EGFP and TAT-EGFP experiments indicated that the CPP and
TAT sequences mediate cellular penetration. The next step was to investigate if they are
able to confer this capacity to HO-1 proteins. As previously mentioned I felt it important
to evaluate the cell-penetrating ability of these proteins in representative models of three
of the major cell types involved in IRI (J774 cells, HepG2 cells and HUVEC cells). To
do this, cells were treated with the protein of interest or a mock treatment of HTK alone
and subsequently examined by immunofluorescence microscopy using anti-HO-1 and

anti-HIS antibodies.

All cell-penetrating HO1 proteins were found to associate with J774 cells in vitro (Fig.
28). This association was strongest for CPP-HO1-1, TAT-HO1 and CPP-sHO1 which
stained strongly positive for both HO1 and his tag (Fig. 28 A,C,E). Only very weak
staining was observed for CPP-HO1-2 and CPP-SDMHOI1 (Fig. 28 B,D). In all cases
his- tag staining correlated with that of HO1, confirming that the fluorescence observed
with HOL1 staining was due to the recombinant protein and not endogenous HO1. In
addition, the membranes of cells treated with CPP-HO1-1, TAT-HO1 and CPP-sHO1
demonstrate a bubbling appearance on brightfield images that may represent endocytic
vesicles through which the protein is taken up into the cell. These findings suggest that

CPP-HOI-1, TAT-HOI and CPP-sHOI are able to transduce J774 cells in vitro.

All cell-penetrating HO1 proteins with the exception of CPP-HO1-2 were found to
associate with HepG2 cells in vitro (Fig. 29). The strongest staining was observed for
CPP-HOI1-1, TAT-HO1 and CPP-sHO1 (Fig. 29 A,C,E). Some FITC and Cy5
fluorescence was observed in the mock treated sample (Fig. 28F). However, this can be
attributed to background staining as it only surrounds the cells and does not highlight the
cell membrane or any internal cellular structures. As was observed with the J774 cells,

his-tag staining correlated with that of HO1. The cellular membranes of CPP-HO1-1,
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TAT-HOI1, CPP-sHOI and, to a lesser degree, CPP-SDMHO 1 -treated cells also
demonstrate a bubbling appearance on brightfield images (Fig. 29 A,C-E), that may
represent endocytic vesicles or possibly adherent clusters of protein. These findings
suggest that CPP-HO1-1, TAT-HO1, CPP-SDMHOI1 and CPP-sHO1 are able to

transduce HepG2 cells in vitro.

Only CPP-HOI-1 and CPP-HO1-2 were tested for their ability to transduce HUVEC
cells, and of these two only CPP-HO1-1 treatment resulted in a strong fluorescent signal

for both HO1 and the his-tag, indicative of cellular transduction (Fig. 30).
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Figure 28. CPP- and TAT-HOI1 proteins penetrate J774 cells. Cells were treated with
500pg of the protein of interest for 4 hours, washed, fixed, probed with primary rabbit
anti-HO-1 and mouse anti-HIS, followed by anti-rabbit Cy2 (green) and anti-mouse Cy3
(red), DAPI stained (blue) and analyzed by fluorescence microscopy. A) J774cells
treated with denatured and B) non-denatured CPP-HO1-1. For both panels 1: Mouse anti-
HOI1 2: Mouse anti-his 3: DAPI nuclear staining 4: merge 5: brightfield.
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Figure 29. CPP- and TAT-HOI1 proteins penetrate HepG2 cells. Cells were treated
with 500ug of the protein of interest for 4 hours, washed, fixed, probed with primary
rabbit anti-HO-1 and mouse anti-HIS, followed by anti-rabbit Cy2 (green) and anti-
mouse Cy3 (red), DAPI stained (blue) and analyzed by fluorescence microscopy. A)
HepG2 cells treated with denatured and B) non-denatured CPP-HO1-1. For both panels
1: Mouse anti-HO1 2: Mouse anti-his 3: DAPI nuclear staining 4: merge 5: brightfield.
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Figure 30. CPP-HO1-1 penetrates HUVEC cells. Cells were treated with 500ug of the
protein of interest for 4 hours, washed, fixed, probed with primary rabbit anti-HO-1 and
mouse anti-HIS, followed by anti-rabbit Cy2 (green) and anti-mouse Cy3 (red), DAPI
stained (blue) and analyzed by fluorescence microscopy. A) CPP-HO1-1 B) CPP-HO1-2
C) Mock. For each panel 1: Mouse anti-HO1 2: Mouse anti-his 3: DAPI nuclei staining
4: merge S: brightfield.

82



6.10 CPP-EGFP Penetrates Live Hepg?2 Cells

Some investigators have observed intracellular translocation o f PTD proteins following
cellular fixation but not in live cell experiments, leading to the claim that the intracellular
accumulation seen in immunofluorescence experiments is due to fixation artefact rather
than an ability of the PTD sequence to mediate cellular transduction [314]. To ensure
that the association between the cells and the CPP- and TAT-proteins seen in the
immunofluorescence experiments performed here was not a product of the fixation
process, HepG2 cells were treated with CPP-EGFP and subsequently examined without
fixation. CPP-EGFP purified under both denaturing and non-denaturing conditions was
found to associate with HepG2 cells (Fig. 31A, B). This indicates that the CPP-sequence
is able to mediate cellular penetration, and that the findings in the immunofluorescence

experiments are unlikely due to fixation artifact.
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Figure 31. CPP-EGFP penetrates live HepG2 cells. CPP-EGFP was incubated with
HepG2 cells at a concentration of 6.7uM. Following treatment cells were washed and
plated on a chamber slide, incubated for 1 hour, then examined by fluorescence
microscopy. A) CPP-EGFP purified under denaturing conditions B) CPP-EGFP purified
under native conditions C) mock treatment control D) negative control. Left panels:
fluorescent images, Right panels: brightfield images.
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Chapter 7: Discussion

The ability to increase the resistance of steatotic livers to IRI has the potential to
significantly increase the number of potential donor organs for liver transplantation,
providing a lifesaving therapy for those with end-stage liver disease. Increasing HO-1
expression has been shown to reduce IRI and improve survival in animal models of
transplantation; however, current methods of upregulating HO-1 all have drawbacks that
may limit their clinical application. The ability to transiently deliver a fully functional
HO-1 protein to the organ during the ex vivo phase, holds significant promise, and the use
of cell-penetrating peptides appear to be an ideal way to do this. To this end the purpose
of this research was the creation and testing of a cell-penetrating HO-1 protein for use in
an animal model of steatotic liver transplantation. The data presented in this thesis show
the cloning, protein expression, and testing of multiple forms of a recombinant human
HO-1 using either the TAT or a separate (CPP) protein transduction sequence. Although
the production of many of these proteins (CPP-HO1-1, TAT-HO1, CPP-SDMHOL1) is not
novel, the intended use for which they have been generated is. The use of a cell-
penetrating HO-1 protein for the treatment steatotic livers ex vivo prior to transplantation
is a novel application that is hypothesized to improve the resistance of these organs to IRI
and may, ultimately, result in expansion of the donor pool by rendering previously
unacceptable organs useable. This work also describes the novel generation and testing
of a soluble form of CPP-HO1 (CPP-sHO1), that lacks the HO1 C-terminal membrane
binding region, while retaining enzyme function. Two separate cell-penetrating EGFP
proteins were produced. These proteins were used to evaluate the cell-penetrating ability
of the TAT and CPP sequences into cells and whole organs. They will also serve as
comparative controls in animal studies, helping to control against any potential effects of

the CPP/TAT sequence or transduction process on hepatic IRI and survival outcomes.
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7.1 Cloning
7.1.1 Choice Of Proteins For Cloning

The objective of this research is to improve the utility of steatotic livers by enhancing
their resistance to I/R injury. HO-1 has been recognized in the literature as a major
cellular protectant against reperfusion injury [186-190]. Upregulation of HO-1 has been
shown to be protective against IRI in animal models of solid organ transplantation [191-
197]. I hypothesized that the protective effect of HO-1 activity would be even more
pronounced in steatotic livers, resulting in reduced graft injury, improved graft function
and improved overall survival. Increasing HO-1 activity can be accomplished by
increasing endogenous expression, or by delivery of the gene or gene products. In the
setting of human transplantation the method of gene therapy delivery is of particular
importance. Significant ethical challenges face the implementation of experimental
therapies that require systemic treatment of human donors. The most logical time for
treatment of donor organs that avoids many of these ethical problems is during the ex vivo
storage period. The use of cell-penetrating peptides is an attractive method for cellular
delivery of active proteins during this period. During the past 20 years a significant
amount of research has been directed towards the utilization of these protein sequences
for the delivery of therapeutic molecules of all kinds [297-311]. These findings led me to
pursue a CPP model for the delivery of HO-1 in attempts to improve the resistance of

steatotic livers to IRI.

Most of the early literature regarding cell-penetrating proteins as carrier molecules was
performed using the TAT sequence; therefore I decided to use this as one of our carrier
molecules. In addition, a modified sequence (CPP) has recently been shown to have 33
times the transduction efficiency of regular TAT [316] and has been used to treat hearts
ex vivo in an animal model of transplantation [313]. The purported efficiency of this CPP
led us to create clones using it as the carrier molecule for HO-1 as well. In order to
determine if any beneficial effects seen were due to HO-1 activity a HO-1 mutant was

created, to act as a negative control in future experiments, containing histidine to alanine
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mutations at amino acids 25 and 132. Histidine 25 serves as a heme binding ligand and is
necessary for HO-1 function [165,166]. In order to easily test the function of the TAT
and CPP sequences, I decided to construct separate clones containing EGFP to allow for
simple assessment of the ability of these sequences to mediate cellular transduction using

fluorescence microscopy.

7.1.2 Expression System Selection

The most common host for protein expression is E. coli because of its low cost, fast
expression, high yields and variety of strong promoters [315, 316]. However, the use of
bacterial systems can pose some challenges when trying to express biologically active
proteins for therapeutic use. Many eukaryotic protein sequences contain codons that are
infrequently used in E. coli [316], and undergo post-translational modifications such as
phosphorylation, signal sequence cleavage, proteolytic processing and glycosylation that
E. coli does not perform [317]. Eukaryotic expression systems such as yeast, insect or
mammalian cells are able to perform many of these functions, although generally with
lower yields of desired protein and at much higher costs. A review of the literature
suggests that HO-1 does not undergo significant post-translational modification. In
addition, multiple groups have successfully produced functional HO-1 using E. coli as an

expression host [160, 308, 313, 318].

The expression system used for these experiments consists of the pET-28b(+) vector and
the bacteriophage Rosetta2(DE3)pLysS E. coli. The pET-28b(+) vector contains a
multiple cloning site downstream from a T7/ac promoter. The multiple cloning site
contains Nhel and HindIII restriction endonuclease sites, neither of which are located
within the CPP-HO1 or CPP-EGFP sequences, making it ideal for easy cloning of these
sequences into the plasmid. The T7/ac promoter initiates transcription by T7 RNA
polymerase, which transcribes DNA 5 times faster than bacterial RNA polymerase, under
control of a /ac operator sequence [319]. Transcription also results in expression of a

downstream kanamycin resistance gene that allows for selection of positive transformants

87



based on growth on kanamycin containing medium. Rosetta2(DE3) E. coli contain a
chromosomal copy of the T7 RNA polymerase gene under the control of the /acUV5
promoter, and a chromosomal copy of the /acl gene. Both the T7/ac promoter and the
lacUV5 promoter contain /ac operator sequences, and that are under the control of the /ac
repressor (product of the /acl gene). Under normal growth conditions lac repressor is
constitutively expressed and binds to the /ac operator sequence on both promoters,
inhibiting the expression of T7RNA polymerase and any gene cloned into the pET-
28b(+) plasmid [320, 321]. When IPTG (a non-hydrolyzable lactose analog) is added to
bacterial culture it binds the /ac operator sequences, displacing the /ac inhibitor and
initiates transcription of T7 RNA polymerase. Expressed T7 RNA polymerase is then
free to bind to the T7/ac promoter on the pET-28b(+) and initiate transcription of the
cloned gene of interest [316]. Despite containing a /ac operator sequence, the lacUV5
promoter is known to incompletely inhibit T7 RNA polymerase expression [316]. This
‘leaky’ promoter can result in undesireable expression of the gene of interest located on
the pET plasmid. In the case of clones containing toxic genes this can inhibit the ability
to store cultures for future use. However, because pET-28b(+) contains a T7/ac
promoter, expression of target genes by basal levels of T7 RNA polymerase is inhibited
by the lac repressor. The high efficiency, easily inducible promoter, and unique multiple
cloning sequence make this and ideal recipient vector for the CPP-EGFP and CPP-HOI1
sequences. In addition, the pTAT vector received from Dr. Steven Dowdy is based on
the pET-28b(+) vector, allowing for expression of genes cloned into this vector using the

same strain of E. coli and similar expression conditions.

I chose to use the E. coli BL21 derivative strain Rosetta2(DE3)pLyS as the host for
protein expression, because of its many features that make it an optimal host for
expression of HO-1 containing proteins. In addition to containing an IPTG-inducible
chromosomal copy of T7 polymerase [319], BL21 and its derivatives also lack the ompT
and /on proteases [316], which are responsible for the degradation of T7RNA polymerase
[322] and misfolded or recombinant proteins [323] respectively. Rosetta2 strains contain

the pPRARE2 plasmid [324] encodes seven rare tRNA that contain sequences
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complementary to ones commonly found in mRNA encoding human proteins but are rare
in bacteria [316]. The pLysS contains a copy of the T7 lysozyme gene oriented in a
fashion that results in the expression of low levels the enzyme [320]. T7 lysozyme is a
bifunctional inhibitor of T7 RNA polymerase [325] and it cuts a bond in the
peptidoglycan layer of the E. coli cell wall [326]. The addition of this plasmid is useful
in cases where one does not want any basal T7 RNA expression, which is common with
BL21 derivative strains, such as when expressing proteins that are toxic to the bacterial
host. In addition, it aids in lysis of the bacterial cell wall reducing the requirements for

the addition of lysozyme or detergents during protein purification.

7.1.3 Generation Of Clones

Generation of recombinant proteins required the creation of expression vectors containing
the DNA sequence of interest. Creation of the vectors for CPP-HO1-1, CPP-SDMHO1
and CPP-EGFP benefited from the publication of a primer used by others that contained
the sequences for a PTD and EGFP, as well as wild-type and mutant primers for human
HO-1 [160]. The primers used to direct amplification of CPP-sHO1 and CPP-HO1-2,
however, were self-designed. The CPP-EGFP primer was engineered to include an
EcoRI cut site between the CPP and EGFP sequences. This produces vector pCPP-
EGFP, which can be used to generate a CPP-tagged version of any desired protein (not
containing an internal EcoRI sequence) through simple excision of the EGFP sequence
and subsequent insertion of a separate gene sequence such as that of HO-1. I used PCR
to amplify the CPP-EGFP sequence, and then cloned it, in frame, into pET-28b(+). 1
subsequently excised the EGFP sequence, and ligated in PCR-amplified HO1, HO1-2,
sHO1 and SDMHOI1. pTAT-HOI and pTAT-EGFP were created by cloning the
respective gene sequences, in frame, into the pTAT2.1 vector already containing the TAT

sequence (generously donated by Dr. Steven Dowdy).
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No significant difficulties were encountered in creating these clones, and correct insertion
of gene sequences was confirmed by restriction digest analysis (Figure 6), as well as

DNA sequence analysis.

7.2 Protein Expression

After successfully generating the desired clones the next step was to determine the
optimal conditions for expression of the CPP- and TAT-proteins in E. coli. Initial
attempts demonstrated the production of proteins that were identified by SDS-PAGE to
be consistent with the expected sizes (Figure 7). In addition the production of the CPP-
proteins resulted in a colour change in the bacterial culture (green- CPP-HO1-1, CPP-
HO1-2, CPP-sHO1, TAT-HOI; yellow — CPP-EGFP, TAT-EGFP; Fig 8, 9), that proved
to be a very useful indicator for rapidly assessing the success of protein expression. The
green colour change can be attributed to the production of biliverdin as a consequence of
HO-1 activity [160, 308]. EGFP expression is known to result in a change in colour of
bacterial culture and pellets to fluorescent green when viewed under a UV light [327].
The yellow colour change is presumed to be a secondary to the production of EGFP as
this colour change was not seen in uninduced cultures or induced cultures that did not
contain the CPP-EGFP or pTAT-EGFP clones. The knowledge that modified forms of
GFP are known to result in a change of bacterial color to yellow-green in white light,
supports this conclusion [328]. Initial efforts led to poor yields upon protein purification

leading to an investigation of potential methods to increase protein expression.

E. coli is the most commonly used host for production of recombinant proteins and as
such many strategies have been developed in attempts to optimize protein yield. These
strategies range from modification of expression vector sequences and host organisms to
differences in culture conditions. Often a certain set of conditions that may result in
efficient production of one protein does not translate to other proteins. As previously
mentioned the T7 RNA polymerase is highly efficient at transcribing DNA to mRNA for

protein production. Once the T7lac promoter is induced most of the cellular machinery is
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dedicated to production of the protein under its control, to the point that it can amount to

up to 50% of the total cellular protein [316].

Although initial efforts at protein expression resulted in the expression of the proteins of
interest, it was found that E. coli cells containing pCPP-HO1 and pTAT-HOI stored as
glycerol stocks appeared to rapidly lose their ability to express protein upon induction,
leading to questions about the stability of these clones. A review of the literature did not
yield any information regarding instability of recombinant HO-1-containing clones. I
questioned whether HO-1 was toxic to E. coli; however, in the setting of a T7/ac
promoter and the pLysS plasmid, basal expression of HO-1 should be negligible.
Therefore it is less likely that the cause of loss of expression is due to the accumulation of
HO-1 to toxic amounts in the cultures used to make the glycerol stocks. This inhibition
of ‘leaky’ gene expression is due to /ac repressor inhibition of T7 RNA polymerase
expression and T7 lysozyme degradation of any T7 RNA polymerase that is produced
[320]. The T7 lysozyme gene on the LysS plasmid is under control of a chloramphenicol
acetyl transferase (CAT) promoter, which is catabolite-sensitive. When cultures reach
stationary phase, glucose is depleted and cAMP levels are elevated resulting in increased
expression of T7 lysozyme [320], which can increase cell lysis and lower expression of
the target gene under control of the T7lac promoter. The addition of glucose to the
medium and use of cultures in the exponential phase of growth for the creation of
glycerol stocks should help reduce T7 lysozyme expression. However, freezing down
glycerol stocks with 0.5% glucose at culture ODggg of 0.6, did not prolong the period of
time for which a culture grown from a particular glycerol stock supported protein
expression (authors’ observation). The only solution identified was obtained from
personal communication with Dr. L Pastori (University of Miami), who had also worked
with a TAT-HO1 protein. Dr. Pastori’s group had encountered similar problems and had
found that once a particular glycerol stock lost expression, it could be regained by using
colonies from a freshly streaked selective agar plate. When this strategy was employed it
worked without fail in my hands as well. It is my theory that the loss of expression is

most likely secondary to cell death from recurrent freeze-thaw cycles caused by reuse of
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glycerol stocks. I do not think that the cloned plasmid, itself, is lost during glycerol stock
storage, or that mutations are accumulated within the CPP-HO1 DNA sequence, because
streaking the glycerol stock onto a fresh plate produced single colonies that, when
cultured and induced with IPTG, resulted in a change of bacterial colour to green,

indicative of HO-1 activity.

The conditions that resulted in greatest expression of CPP- and TAT-HO1 and EGFP
proteins, as assessed by SDS-PAGE analysis, were similar among HO-1 clones, but
differed from the optimal conditions for EGFP clones. CPP-HO1 and TAT-HOI1 proteins
were expressed to the greatest extent in the richer culture medium of TB. This may be
due to the ability of cultures to reach greater density than accomplished when grown in
LB medium. Yield was also greater at the lower temperature of 30°C. This is a common
feature of proteins that fold incorrectly or form inclusion bodies at 37°C. Reducing the
induction temperature results in slowing of the cellular production machinery, changes in
folding kinetics and reduced protein self-association, resulting in a greater percentage of
correctly folded protein [315]. In addition, there is a decrease in the degradation of
proteolytically-sensitive proteins, which HO-1 is known to be [318], at lower
temperatures [316]. All of these factors, combined, may explain why growth in TB
medium and induction at 30°C proved to be the optimal set of conditions for expression

of CPP-HO1-1, CPP-HO1-2, TAT-HO1, CPP-SDMHOI1 and CPP-sHO1 (Fig. 10-14).

IPTG was used to induce protein expression by the host bacteria. It is a non-hydrolyzable
lactose analogue, that binds to the /ac operator sequence, displacing the lac repressor
from T7/ac promoter, resulting in activation of transcription [320]. The observation of
significant protein accumulation with IPTG concentrations as low as 10uM, highlights
the sensitivity of the T7/ac promoter. Increased accumulation of CPP-EGFP and TAT-
EGFP was demonstrated when transformed cells were grown in LB medium at either 30
or 37°C compared to TB medium at 30 or 37°C. This suggests that the EGFP proteins

may be less toxic to host bacteria, more easily expressed, or less prone to degradation.
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The similarity in expression patterns of both proteins between 30 and 37°C, as indicated
by comparable intensity of CPP-EGFP and TAT-EGFP protein bands (Fig. 15A, B; 16A,
B) observed using coomassie blue-stained SDS-PAGE gels, suggests that the CPP- and
TAT-EGFP proteins may have less stringent folding requirements or undergo less

proteolytic degradation than the CPP- and TAT-HOI proteins expressed here.

7.3 Protein Purification

Over the past few decades there have been many innovations that have substantially
simplified the process of protein purification. Traditionally, successful purification
required the knowledge of many physical and biochemical characteristics of the protein
of interest [329, 330]. The development of affinity choromatography has allowed the
purification of many recombinant proteins using fairly standardized procedures [331].
One of the most widely-used affinity purification systems is the 6xHIS/Ni-NTA system,
which takes advantage of the high-affinity interactions between the amino acid, histidine,
and nickel ions. In this system high-surface area beads of agarose or sepharose are
coated with nitrilo-tri-acetic acid, which tightly binds Ni*" ions, immobilizing them to the
beads. These ions bind proteins with adjacent histidine residues, allowing for separation
of these proteins from a crude sample and allowing purification of proteins from <1% to
>95% homogeneity in one step [331]. Recombinant proteins can be designed to contain
a small sequence of six consecutive histidine residues (6xHIS-tag) at either terminus, to
take advantage of this system. This method of protein purification has many benefits,
making it one of the most widely used tools for purification of recombinant proteins. The
interaction between the nickel ions and the histidine residues is independent of tertiary
structure allowing for purification under both native and denaturing conditions. Because
the histidine residues in the 6xHis tag are uncharged at physiologic pH, poorly
immunogenic, have little to no effect on secretion and compartmentalization, and rarely
affect protein structure or function, it is rarely necessary to remove the tag following
purification [331, 332]. All of these characteristics, and the fact that this system had been
previously used to successfully purify recombinant human HO-1 protein [160, 308] made

it an ideal choice for the purposes of this work.

93



Because the goal of this work was to obtain a functional CPP-HO1 protein, purification
of the protein in its native configuration was most desirable, thus avoiding potentially
troublesome protein refolding. However, early reports using TAT-derived PTD’s
suggested that cellular transduction is enhanced when the protein is in a misfolded state,
after it has been denatured and then rapidly desalted or dialyzed [310]. These proteins
elicit biological phenotypes, indicating functionality, presumably because they are
refolded by chaperones once inside the cell [310]. In contrast, other authors have
successfully transduced pancreatic cells using a TAT-HO1 protein purified under non-
denaturing conditions [308]; therefore I felt it prudent to compare the success of protein
purification and cellular penetration under both non-denaturing and denaturing

conditions.

I was able to successfully purify CPP-HO1-1 and CPP-EGFP using denaturing and non-
denaturing conditions (Fig. 18, 19). It appears that denaturing conditions are not as
effective for purifying CPP-HO1-1 (Fig. 19) although, most likely, that difference seen
between these two methods is due to differences in cellular lysis when processing the two
samples. I performed more extensive cellular lysis than that employed in the data
reported in this thesis (either with multiple passes through the French press or extended
sonication time), and found that yields were much higher for full length CPP- and TAT-
HO1 proteins compared to that achieved with the less aggressive cellular lysis required
for purifying CPP- and TAT-EGFP (authors personal observation®). This was not the
case for CPP-sHO1, which did not require extensive cellular lysis to obtain high protein
yield. This suggests that CPP-HO1-1 and TAT-HO1 proteins containing the C-terminal
membrane binding domain associate with the bacterial membrane following production.
This observation is supported by the extended sonication time reported by Ma et al., 2009
in their methods section [160]. The results in Figure 19 suggest that, when purification is
performed under denaturing conditions there is an increased yield of truncated forms of
CPP-HO1-1, as indicated by the presence of protein bands of slightly smaller size than

predicted in the elution and desalted fractions, and visualized by Western blotting using
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anti-HO-1 antibodies (Fig. 19 A). Truncated forms may lack the entirety of C-terminal
binding domain and form inclusion bodies, which are purified better under denaturing
conditions, or the harsher conditions may result in breakdown of HO-1, which is known
to be sensitive to degradation [318]. Although denaturing conditions appeared to increase
the yield of CPP-EGFP (Fig. 18 A, B), I was still able to obtain sufficient protein for cell

penetration experiments using non-denaturing conditions.

The other major consideration for the purification process was whether to purify the
proteins using a batch or gravity method. Batch purification involves incubation of the
bacterial lysate with the Ni-NTA agarose beads prior to loading on an empty column. In
gravity purification the lysate is added to a pre-equilibrated column containing packed
Ni-NTA beads. The benefits of batch purification include enhanced binding of the
protein when the 6xHIS tag may be poorly accessible or when the protein is present in the
lysate at a low concentration [332]. I attempted a batch purification protocol because of
the lack of a formal chromatography setup for protein purification and a desire to enhance
protein yield. Although there was a mild increase total protein yield with the batch
purification over the gravity method, the end product was less pure as indicated by the
presence of multiple proteins of various sizes when analyzed using SDS-PAGE (Fig 17A

vs. Fig. 19B).

Following elution of the CPP- and TAT-tagged proteins they were loaded onto a PD-10
column to remove potential contaminating molecules such as salts and imidazole, and
urea when purified using denaturing conditions. PD-10 columns contain a sephadex G-
25 matrix that allows for desalting based on size exclusion [333]. Molecules <5kDa are
able to penetrate into the pores of the matrix, allowing a larger volume of distribution of
these molecules. Proteins and molecules larger than SkDa cannot enter the matrix and are
thus the first to elute from the column [333]. Because urea, imidazole and the other salts
used in the purification process are <5kDa in size they penetrate the column allowing the

protein of interest to be eluted first in a relatively pure elution buffer. Because
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purification using denaturing conditions results in protein unfolding removing secondary
and tertiary protein structure, it is possible that there may be differences in how proteins
purified under denaturing and non-denaturing conditions elute from the PD-10 column.
In addition I wanted to determine when the CPP-proteins eluted from the column in order
to maximize protein concentration by using the minimum amount of elution volume to
obtain maximal yield of protein. To do this I collected the eluate from the PD-10 column
in 2mL fractions and analyzed them using SDS-PAGE. It was found that the purification
conditions did not affect how the proteins eluted from the PD-10 column, with the
exception of denatured CPP-EGFP and TAT-EGFP which showed consistent protein
elution in all four fractions (Fig. 20 G). The reason for this is unclear, and I believe that
it is an artefact, that could be due to inadvertent mixing of samples, and would not be
reproduced if the experiment were to be repeated. One other possible explanation would
be that the yield was so high that it took a larger volume of HTK to completely elute all
of the protein, however, if this were the case I would expect that the proteins bands
observed in the first two fractions would be significantly more prominent than those in
the latter two, such as was the case with CPP-sHO1 (Fig. 20E). For most proteins the
majority of protein was eluted in the first 2 fractions (Fig. 20, 21). For proteins that
demonstrated greater purification yield as indicated by strength of the protein band and
the final protein concentration (CPP-sHO1, CPP-EGFP and TAT-EGFP (Fig. 20 E-G),
significant amounts were also found in fractions 3 and 4. It is possible that the total
amount of protein from these high yield runs may have overwhelmed the capacity for the
desalting capacity of the PD-10, or it may be that these fractions also contain desalted
protein. This could be tested by subjecting the samples to analysis for the presence of the
unwanted salts. One potential method for this would be the use of mass spectroscopy. A
similar pattern was observed for proteins purified under non-denaturing conditions,
wherein, there was still protein observed in lanes 3 and 4 for CPP-HO1-1 and CPP-HO1-
2 (Fig. 21 A, C). Interestingly, the dominant protein band in lane 3 for TAT-HO1 (Fig.
21 C) is a smaller band of ~32kDa. It is possible that this represents a truncated protein
or a non-membrane bound form of the protein. Ribeiro et al., 2003 [308], described a

membrane-bound form of TAT-HOI1 that was 2kDa in size greater than the non-
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membrane bound form on SDS-PAGE, and this may be the predominant form observed

to elute in fractions 1 and 2 for TAT-HO1.

Although the findings of these experiments suggest that the generated versions of CPP-
HOI1, TAT-HO1, CPP-EGFP and TAT-EGFP can be purified using either denaturing or
non-denaturing conditions, I feel that the potential benefits of obtaining higher purity
samples of these proteins in their native/functional configurations are desirable, and

favour purification using a gravity protocol under non-denaturing conditions.

7.4 Protein Function

To ensure that I had purified enzymatically active CPP-HO1, a bilirubin production assay
was performed. Spectrophotometric quantification of bilirubin production is a commonly
used method for the determination of HO1 activity [155, 160, 313, 318, 334-340]. In this
assay purified heme oxygenase is added to a reaction mixture containing heme, NADPH
and the necessary cofactors. Heme oxygeanse activity results in the production of
biliverdin which, through the actions of biliverdin reductase, is converted to bilirubin.
Because it has a peak absorbance in the range of 460-470nm [155], and a known
extinction coefficient between 530nm and 470nm, bilirubin produced as a result of HO-1
activity can be quantified using a spectrophotometer [155, 334]. Non-denatured CPP-
HOI1-1 effectively catalyzed the conversion of heme to bilirubin (Fig. 22) indicating that
when purified under non-denaturing conditions CPP-HO1 proteins maintained their
enzymatic activity. In this work I did not assay CPP-HO1-1 purified under denaturing
conditions because of a limited supply of biliverdin reductase, as well as the findings of
Ma et al., 2009 [334], who demonstrated significant bilirubin production from
homogenates of HEK293T cells treated with PTD-HO1 (analogous to CPP-HO1-1)
purified under denaturing conditions, but not with PTD-EGFP or HTK treated cells.
Their data suggests that CPP-HO1 purified under denaturing conditions undergoes
refolding following cellular transduction to an enzymatically-active configuration. An

ideal future test to confirm that CPP-HO1-1 treatment results in increased HO-1 activity
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would be to repeat the bilirubin production assay using homogenized tissue from a
transduced liver and an untransduced liver, comparing bilirubin production to determine

if there is any quantitative difference in enzymatic activity following organ treatment.

7.5 Cellular Penetration

Following successful purification of CPP- and TAT- linked EGFP and HO-1 proteins, I
wanted to determine if protein configuration affected cell-penetrating ability. To do this |
examined the ability of the CPP-EGFP and CPP-HOI1-1 proteins to penetrate HepG2 and
HUVEC cells using fluorescence microscopy. CPP-EGFP and CPP-HO!1 purified under
non-denaturing conditions were found to transduce cells in vitro more effectively than
when purified using denaturing conditions (Figures 23, 24). This finding was
unexpected, as many groups have suggested that PTD-mediated cellular transduction is
enhanced when proteins are denatured [310, 341-343]. However, one group has also
demonstrated efficient cellular penetration using natively purified TAT-HO1 [308] (and
personal communication by Dr. L. Pastori, University of Miami). It is possible that the
inability of denatured CPP-EGFP or CPP-HO1 to penetrate HepG2 and HUVEC cells
that I observed (Fig. 23, 24) is due to residual contaminants, such as urea, that were not
fully removed during the desalting process, rather than an inhibition of CPP-function by
purification under denaturing conditions. This is supported by the findings of Ma et al.,
2009, who demonstrated efficient cellular penetration by CPP-EGFP and CPP-HO1

proteins purified using denaturing conditions [160].

The ability of the CPP- and TAT- peptide sequences to mediate cellular penetration of
linked EGFP and HO-1 proteins was investigated using murine macrophages, human
hepatoma cells (hepG2), and endothelial cells (HUVEC). These cell types are
representative of three of the major cell types involved in hepatic IRI:
macrophages/Kupffer cells, hepatocytes and sinusoidal endothelial cells [106, 113, 118].
Macrophages play a major role in IR injury, and there is evidence that HO-1-mediated IR
protection is, in part, due to alterations in Kupffer cell function [206, 344, 345].
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Hepatocytes are the most abundant cell type within the liver, making up 60% of the
cellular mass, and are responsible for the vast majority of its biosynthetic and detoxifying
functions [346]. The alteration in hepatic synthetic function and elevation of
transaminases following liver IRI is secondary to hepatocyte injury and necrosis.
Sinusoidal endothelial cells are the most sensitive cell type to cold IRI, and injury to
these cells results in microcirculatory disturbances potentiating further organ injury [101-
104]. The ability to increase HO-1 activity within these cells, with the subsequent
benefits provided by BV and CO (neutralization of ROS, inhibition of apoptosis,
microcirculatory relaxation), would be beneficial in reducing the degree of injury
suffered by SEC's due to IRI. Therefore I felt that it would be beneficial to know if these
cell types could be transduced with CPP- and TAT-HOI.

Both the CPP and TAT peptides appear to mediate cellular penetration of J774, HepG2
cells. The CPP peptide was also shown to mediate the cellular penetration of HUVEC
cells. The ability of the TAT peptide to mediate transduction of HUVEC’s was not tested
due to time and reagent restraints, however I believe that the TAT sequence will be able
to mediate transduction of HUVEC’s for two reasons: 1) TAT-peptides have been used to
successfully transduce HUVEC cells in other studies [347, 348] and 2) the CPP peptide
sequence is derived from the TAT sequence. Although CPP-EGFP did not appear to
associate with J774 cells (Fig. 24A), it is unlikely that this is due to an inability of the
CPP-peptide to mediate cellular transduction of J774 cells, as J774 cells treated with
CPP-HOI1-1 demonstrated strong fluorescence indicating cellular transduction by the
CPP-HO1-1 protein (Fig. 28A). It is most likely that the poor cellular transduction of
J774 cells by CPP-EGFP is due a low concentration of protein used to treat the cells, as
different protein preparations with different concentrations were used in treating the
different cell types. This effect is also seen in the case of TAT-EGFP treatment of
HUVEC cells (Fig. 27B). It has been suggested that the ability of PTD’s to mediate
efficient cellular penetration requires the peptide to be delivered to the cell at high
concentrations [268], and this assertion is supported by the results of the in vitro cellular

penetration assays. CPP-HO1-2 and CPP-SDMHOI1 treatment did not result in cellular
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fluorescence, suggesting that these proteins do not transduce treated cells. However, the
concentrations of these purified protein samples were much lower than those of any of
the other samples (because they did not undergo extended sonication or repeated French
press lysis), even though the total protein amounts were the same. Because of the large
difference in protein yields (with CPP-HO1-2 and CPP-SDMHOI being particularly
low), large volumes of purified protein samples had to be added to the cells to obtain the
desired treatment amount. This would have resulted in much smaller concentrations of
pericellular protein (for these two proteins), with minimal membrane binding and
internalization. Endosomal escape is known to be a limiting factor in the ability of cell
penetrating peptides to mediate cellular transduction of proteins [349], and inefficiencies
in endosomal escape may require higher treatment concentration to observe cellular
penetration. In addition, it has been shown that at higher concentrations internalization
also occurs via an endosomal independent process [278]. Therefore it is more likely that
the inability of these proteins to penetrate J774, HepG2 and HUVEC cells is due to
inadequate pericellular protein concentration. The other conclusion drawn is that full
length HO-1 strongly associates with cellular membranes of E. coli, making it somewhat
challenging to purify. CPP-sHO1, which did not contain the C-terminal membrane
binding domain was more easily purified as it did not require intensive cellular lysis
using extended sonication or repeated French press lysis that appears to be required for
HO-1 proteins containing the C-terminal membrane binding domain. However, although
this protein is more easily purified, the lack of the C-terminal membrane binding domain
may affect its ability to localize properly within the transduced cell or may potentially
affect its half-life. Therefore, although CPP-sHO1 warrants further investigation for its
ability to confer IRI-resistance to steatotic livers I think that this should be done

alongside the full length protein, CPP-HO1-1, and not in substitution for it.

Although early studies of PTD function used in vitro immunofluorescence, many
investigators have now turned to other methods because of reports of artifactual cellular
penetration secondary to protein sticking to the cell membrane [350] or nuclear relocation

following fixation with methanol [314, 350]. Although these investigators suggested that
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PTD peptides did not mediate cellular transduction, multiple studies since have
confirmed their cellular penetrating capability [278, 287, 351, 352]. Since Leifert et al.
suggested that PTDs stick to, but do not transduce, cellular membranes it has been
discovered that PTDs bind cell surface heparin sulfate proteoglycans [353, 354] prior to
endosomal internalization [287, 355-357], and that this binding is highly influential in the
ability of these proteins to transduce cells [357]. In contrast to treating cells with
purified protein, Leifert et al. transfected HeLa cells with plasmids containing the
sequence for PTD-EGFP or EGFP alone and then compared cellular fluorescence
conferred by internalized EGFP in live and fixed cells. They found enhanced cellular
binding of the PTD-EGFP in the cells fixed with methanol but not the live cells. These
findings could easily be explained by an inability of HeLa cells to export PTD-EGFP (a
function which was not tested), which would result in similar observed EGFP
fluorescence between the live cells transfected with pPTD-EFGP or pEGFP. Methanol
treatment is known to cause cellular perrmeabilization [358], and this would result in a
release of accumulated PTD-EGFP, which could then bind to the membranes of non-
transfected cells prior to completion of the fixation process, accounting for the increase in
cellular fluorescence seen following fixation. It is likely that live cells were never
subjected to extracellular PTD-EGFP, as it would have been produced in the cell but not
released until the methanol permeabilization treatment and, therefore, it is not surprising

that they did not observe cellular transduction.

The other major arguement against the cell-penetrating ability of PTD’s was presented by
Lundberg et al., who found nuclear relocation of the PTD herpes simplex virus VP22
following methanol fixation. However, there are fundamental differences between their
methods and results and my own that lead me to conclude that my results indicate cellular
transduction rather than fixation artifact. First, Lundberg et al., fixed cells using
methanol which, as previously mentioned, also causes cellular permeabilization [358]. If
permeabilization occurs before fixation, then unfixed VP22 could easily have relocated
from the outside the cell to the nucleus. In contrast, I fixed my samples with

paraformaldehyde (which does not permeabilize cells) prior to methanol
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permeabilization. Second, the pattern seen in my immunofluorescence experiments is
consistent with endosomal accumulation rather than nuclear localization. Wadia et al.
2004, demonstrated co-localization of a TAT-fusion protein with the endosomal marker
FM4-64 (Fig. 32) [352], showing a fluorescence pattern that is strikingly similar to that
seen in the cellular penetration assays in this study (especially the J774 and HUVEC
cells) (Fig. 28-30). In addition, other studies have subsequently supported
macropinocytosis and endosomal internalization as the primary method responsible for

CPP-mediated cellular transduction [278, 287, 351].

To ensure that my findings from the immunofluorescence assays were not due to fixation
artifact, I treated live HepG2 cells with CPP-EGFP and analyzed them under the
fluorescence microscope without fixation. Cells treated with CPP-EGFP purified under
denaturing or non-denaturing conditions demonstrated fluorescence that was not seen in
control cells (Fig. 25). This finding of cellular penetration without fixation adds strength
to my conclusion that the CPP-sequence is able to mediate cellular penetration of J774,
HepG2 and HUVEC cells by CPP-EGFP and CPP-HO1 proteins. Further support also
comes from subsequent work on this project, wherein rat livers were perfused via the
portal vein with CPP-EGFP for 1 hour on ice. Treated cells demonstrate strong
fluorescence that is not seen in livers perfused with HTK alone (Fig. 33). Fluorescence is
observed to the greatest extent in the endothelial cells, but is also observed throughout the
hepatic parenchyma indicating that the CPP-sequence is able to mediate cellular
penetration of hepatocytes and endothelial cells in an intact organ as well as in cultured
cells in vitro. The results of all of the cellular transduction experiments provide
convincing evidence that the CPP-sequence effectively mediates cellular association and
transduction of the CPP-HO1 and CPP-EGFP fusion proteins, and shows potential for use

in the treatment of steatotic livers ex vivo prior to transplantation.
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TAT-Cre-488 Merge

%

Figure 32. Endosomal entrapment and internalization of TAT-Cre-488.
Fluorescently labelled TAT-Cre associates shows a similar pattern of staining as the
endosomal marker FM4-64, as demonstrated by the overlapping images, staining yellow
in the panel marked merge. This suggests that TAT-fusion peptides are internalized

through lipid raft macropinocytosis. (Used with permission from Wadia et al, 2004
[352])
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Figure 33. CPP-EGFP transduces rat livers ex vivo. Rat livers were removed then
perfused via the portal vein with 200 micrograms CPP-EGFP in 3mL of HTK for 1 hr on
ice. Livers were then sectioned and analysed by fluorescence microscopy. A) CPP-
EGFP and B) HTK only perfusion. Used with permission from David Woodhall -
unpublished results.
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Chapter 8: Conclusions

The experiments presented in this work describe the production and purification of
multiple cell-penetrating forms of CPP- and TAT- linked HO1 and EGFP. Clones were
generated that encode separate membrane-binding and soluble forms of human HO-1
protein liked to a high efficiency CPP sequence. In addition, a site-directed mutant form,
which appears to lack enzymatic function, has been created that should prove useful as a
negative control for future experiments evaluating the ability of CPP-HOI treatment to
improve the resistance of steatotic livers to IRI. I was able to determine the optimal
conditions for protein expression and subsequently purify the protein using both
denaturing and non-denaturing conditions. It is likely that expressed CPP-HO1
associates strongly with the bacterial cell membrane and therefore requires aggressive
cellular lysis protocols; these are not required for CPP-EGFP and CPP-sHO1 which are
easily purified following simple cell lysis. In contrast to early literature suggesting that
PTD’s can only mediate the cellular penetration of full length proteins in the denatured
state, my findings suggest that purified native CPP-EGFP and CPP-HOI can effectively
transduce cells, and that the use of denaturing agents such as urea during protein
purification can be avoided. This simplifies the purification process and makes desalting
simpler. Using two different assays it was shown that the CPP-sequence is able to
mediate the cellular transduction of multiple cell types by HO1 and EGFP; however, it
appears that this ability is concentration-dependent. Importantly, subsequent work shows
that the CPP-peptide is able to mediate cellular transduction of ex vivo perfused livers,
which is essential to its ability to be used as a therapeutic agent. Although much work
has yet to be done in order to determine if CPP-HO1 can improve the resistance of
steatotic livers to IRI, facilitating the transplantation of previously unuseable organs, the
results of these experiments show promise that the CPP-sequence is able to confer cell-
penetrating ability upon HO-1. This provides credence to the hypothesis that a cell-
penetrating HO1 protein may have therapeutic potential in the field of liver

transplantation.
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directors, officers, agents and employees, from and against any actual or threatened claims,
demands, causes of action or proceedings arising from any breach of this Agreement by you.

8. IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT,
EXEMPLARY OR PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION
WITH THE DOWNLOADING, PROVISIONING, VIEWING OR USE OF THE MATERIALS REGARDLESS
OF THE FORM OF ACTION, WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY,
TORT, NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT LIMITATION,
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DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR
CLAIMS OF THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN.

9. Should any provision of this Agreement be held by a court of competent jurisdiction to be
illegal, invalid, or unenforceable, that provision shall be deemed amended to achieve as nearly as
possible the same economic effect as the original provision, and the legality, validity and
enforceability of the remaining provisions of this Agreement shall not be affected or impaired
thereby.

10. The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition of this
Agreement. No breach under this agreement shall be deemed waived or excused by either party
unless such waiver or consent is in writing signed by the party granting such waiver or consent.
The waiver by or consent of a party to a breach of any provision of this Agreement shall not
operate or be construed as a waiver of or consent to any other or subsequent breach by such
other party.

11. This Agreement may not be assigned (including by operation of law or otherwise) by you
without WILEY's prior written consent.

12. Any fee required for this permission shall be non-refundable after thirty (30) days from
receipt.

13. These terms and conditions together with CCC's Billing and Payment terms and conditions
(which are incorporated herein) form the entire agreement between you and WILEY concerning
this licensing transaction and (in the absence of fraud) supersedes all prior agreements and
representations of the parties, oral or written. This Agreement may not be amended except in
writing signed by both parties. This Agreement shall be binding upon and inure to the benefit of
the parties' successors, legal representatives, and authorized assigns.

14. In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions, these terms
and conditions shall prevail.

15. WILEY expressly reserves all rights not specifically granted in the combination of (i) the
license details provided by you and accepted in the course of this licensing transaction, (ii) these
terms and conditions and (iii) CCC's Billing and Payment terms and conditions.

16. This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type was
misrepresented during the licensing process.

17. This Agreement shall be governed by and construed in accordance with the laws of the State
of New York, USA, without regards to such state’s conflict of law rules. Any legal action, suit or
proceeding arising out of or relating to these Terms and Conditions or the breach thereof shall be
instituted in a court of competent jurisdiction in New York County in the State of New York in the
United States of America and each party hereby consents and submits to the personal jurisdiction
of such court, waives any objection to venue in such court and consents to service of process by
registered or certified mail, return receipt requested, at the last known address of such party.

Wiley Open Access Terms and Conditions

All research articles published in Wiley Open Access journals are fully open access: immediately
freely available to read, download and share. Articles are published under the terms of the
Creative Commons Attribution Non Commercial License. which permits use, distribution and
reproduction in any medium, provided the original work is properly cited and is not used for
commercial purposes. The license is subject to the Wiley Open Access terms and conditions:
Wiley Open Access articles are protected by copyright and are posted to repositories and websites
in accordance with the terms of the Creative Commons Attribution Non Commercial License. At
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the time of deposit, Wiley Open Access articles include all changes made during peer review,
copyediting, and publishing. Repositories and websites that host the article are responsible for
incorporating any publisher-supplied amendments or retractions issued subsequently.

Wiley Open Access articles are also available without charge on Wiley's publishing platform,
Wiley Online Library or any successor sites.

Use by non-commercial users

For non-commercial and non-promotional purposes individual users may access, download, copy,
display and redistribute to colleagues Wiley Open Access articles, as well as adapt, translate, text-
and data-mine the content subject to the following conditions:

o The authors' moral rights are not compromised. These rights include the right of
"paternity” (also known as "attribution” - the right for the author to be identified as such) and
"integrity" (the right for the author not to have the work altered in such a way that the
author's reputation or integrity may be impugned).

o Where content in the article is identified as belonging to a third party, it is the obligation of
the user to ensure that any reuse complies with the copyright policies of the owner of that
content.

e Ifarticle content is copied, downloaded or otherwise reused for non-commercial research
and education purposes, a link to the appropriate bibliographic citation (authors, journal,
article title, volume, issue, page numbers, DO and the link to the definitive published
version on Wiley Online Library) should be maintained. Copyright notices and disclaimers
must not be deleted.

o Any translations, for which a prior translation agreement with Wiley has not been agreed,
must prominently display the statement: "This is an unofficial translation of an article that
appeared in a Wiley publication. The publisher has not endorsed this translation."

Use by commercial "for-profit" organisations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee. Commercial
purposes include:

o Copying or downloading of articles, or linking to such articles for further redistribution,
sale or licensing;

e Copying, downloading or posting by a site or service that incorporates advertising with
such content;

o The inclusion or incorporation of article content in other works or services (other than
normal quotations with an appropriate citation) that is then available for sale or licensing, for
a fee (for example, a compilation produced for marketing purposes, inclusion in a sales
pack)

o Use of article content (other than normal quotations with appropriate citation) by for-profit
organisations for promotional purposes

o Linking to article content in e-mails redistributed for promotional, marketing or
educational purposes;

s Use for the purposes of monetary reward by means of sale, resale, licence, loan, transfer or
other form of commercial exploitation such as marketing products
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o Print reprints of Wiley Open Access articles can be purchased from:
corporatesales@wiley.com

Other Terms and Conditions:

BY CLICKING ON THE "I AGREE..." BOX, YOU ACKNOWLEDGE THAT YOU HAVE
READ AND FULLY UNDERSTAND EACH OF THE SECTIONS OF AND
PROVISIONS SET FORTH IN THIS AGREEMENT AND THAT YOU ARE IN
AGREEMENT WITH AND ARE WILLING TO ACCEPT ALL OF YOUR
OBLIGATIONS AS SET FORTH IN THIS AGREEMENT.

v1.7

If you would like to pay for this license now, please remit this license along with your
payment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you will be
invoiced within 48 hours of the license date. Payment should be in the form of a check
or money order referencing your account number and this invoice number
RLNK500747269.

Once you receive your invoice for this order, you may pay your invoice by credit card.
Please follow instructions provided at that time.

Make Payment To:
Copyright Clearance Center
Dept 001

P.0. Box 843006

Boston, MA 02284-3006

For suggestions or comments regarding this order, contact RightsLink Customer
Support: customercare@copyright.com or +1-877-622-5543 (toll free in the US) or
+1-978-646-2777.

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable
license for your reference. No payment is required.
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NATURE PUBLISHING GROUP LICENSE

TERMS AND CONDITIONS
Mar 26, 2012

This is a License Agreement between Scott M Livingstone (" You") and Nature Publishing
Group ("Nature Publishing Group") provided by Copyright Clearance Center ("CCC"). The
license consists of your order details, the terms and conditions provided by Nature
Publishing Group, and the payment terms and conditions.

All payments must be made in full to CCC. For payment instructions, please see
information listed at the bottom of this form.

License Number
License date
Licensed content publisher

Licensed content publication

Licensed content title

Licensed content author
Licensed content date
Type of Use

Requestor type

2806111127650

Dec 11, 2011

Nature Publishing Group
Nature Medicine

Transducible TAT-HA fusogenic peptide enhances escape of
TAT-fusion proteins after lipid raft macropinocytosis

Jehangir S Wadia, Radu V Stan, Steven F Dowdy
Feb 8, 2004
reuse in a thesis/dissertation

academic/educational

Format electronic

Portion figures/tables/illustrations
Number of figures/tables 1

Jillustrations

High-res required no

Figures figure 2

Author of this NPG article  no

Your reference number

Title of your thesis / A cell penetrating heme oxygenase to improve the resistance of
dissertation steatotic livers to reperfusion injury following transplantation
Expected completion date  Jan 2012

Estimated size (number of 115

pages)

Total 0.00 USD

Terms and Conditions

Terms and Conditions for Permissions

Nature Publishing Group hereby grants you a non-exclusive license to reproduce this
material for this purpose, and for no other use, subject to the conditions below:
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1. NPG warrants that it has, to the best of its knowledge, the rights to license reuse of
this material. However, you should ensure that the material you are requesting is
original to Nature Publishing Group and does not carry the copyright of another entity
(as credited in the published version). If the credit line on any part of the material you
have requested indicates that it was reprinted or adapted by NPG with permission
from another source, then you should also seek permission from that source to reuse
the material.

2. Permission granted free of charge for material in print is also usually granted for any
electronic version of that work, provided that the material is incidental to the work as
awhole and that the electronic version is essentially equivalent to, or substitutes for,
the print version. Where print permission has been granted for a fee, separate
permission must be obtained for any additional, electronic re-use (unless, as in the
case of a full paper, this has already been accounted for during your initial request in
the calculation of a print run). NB: In all cases, web-based use of full-text articles
must be authorized separately through the 'Use on a Web Site' option when requesting
permission.

3. Permission granted for a first edition does not apply to second and subsequent editions
and for editions in other languages (except for signatories to the STM Permissions
Guidelines, or where the first edition permission was granted for free).

4. Nature Publishing Group's permission must be acknowledged next to the figure, table
or abstract in print. In electronic form, this acknowledgement must be visible at the
same time as the figure/table/abstract, and must be hyperlinked to the journal's
homepage.

5. The credit line should read:
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME]
(reference citation), copyright (vear of publication)
For AOP papers, the credit line should read:
Reprinted by permission from Macmillan Publishers Ltd: [JOURNAL NAME],
advance online publication, day month year (doi: 10.1038/sj.[JOURNAL
ACRONYM].XXXXX)

Note: For republication from the British Journal of Cancer, the following credit
lines apply.

Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer Research
UK: [JOURNAL NAME] (reference citation), copyright (year of publication) For
AQP papers, the credit line should read:

Reprinted by permission from Macmillan Publishers Ltd on behalf of Cancer Research
UK: [JOURNAL NAME], advance online publication, day month year (doi:
10.1038/sj.[JOURNAL ACRONYM].XXXXX)
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6. Adaptations of single figures do not require NPG approval. However, the adaptation
should be credited as follows:

Adapted by permission from Macmillan Publishers Ltd: [JOURNAL NAME]
(reference citation), copyright (vear of publication)

Note: For adaptation from the British Journal of Cancer, the following credit line
applies.

Adapted by permission from Macmillan Publishers Ltd on behalf of Cancer Research
UK: [JOURNAL NAME] (reference citation), copyright (vear of publication)

7. Translations of 401 words up to a whole article require NPG approval. Please visit
hitp://www.macmillanmedicalcommunications.com for more information.
Translations of up to a 400 words do not require NPG approval. The translation should
be credited as follows:

Translated by permission from Macmillan Publishers Ltd: [JOURNAL NAME]
(reference citation), copyright (year of publication).

Note: For translation from the British Journal of Cancer, the following credit line
applies.

Translated by permission from Macmillan Publishers Ltd on behalf of Cancer
Research UK: [JOURNAL NAME] (reference citation), copyright (vear of
publication)

We are certain that all parties will benefit from this agreement and wish you the best in the
use of this material. Thank you.

Special Terms:

vl.l

If you would like to pay for this license now, please remit this license along with your
payment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you will be
invoiced within 48 hours of the license date. Payment should be in the form of a check
or money order referencing your account number and this invoice number
RLNK500681697.

Once you receive your invoice for this order, you may pay your invoice by credit card.
Please follow instructions provided at that time.

Make Payment To:
Copyright Clearance Center
Dept 001

P.0. Box 843006

Boston, MA 02284-3006

For suggestions or comments regarding this order, contact RightsLink Customer

Support: customercare@copyright.com or +1-877-622-5543 (toll free in the US) or
+1-978-646-2777.
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