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University of Washington
Abstract

Engineering Yeast Cytosine Deaminase for Improved Efficacy in Cancer Gene
Directed Enzyme Prodrug Therapy

Aaron Korkegian
Chair of the Supervisory Committee:

Professor Barry Stoddard
Basic Sciences

Conventional treatment of cancer typically involves some combination of
surgery coupled with radio- or chemotherapy. Prognosis in cases of tumor metastasis
or inoperable solid-tumors remains grim as cancer cells are often refractory to the
DNA damage caused by these treatments due to the loss of cell cycle regulatory
proteins during oncogenesis. Higher dosages of either radiation or chemotherapeutic
agents can compensate, however, lack of cancer cell specificity and low therapeutic
index put strict limitations on dosages that can be administered safely.

Growing understanding of oncogenesis and molecular biology has lead to the
development of vectors capable of targeting and transducing tumors with high
specificity. One of the most successful applications of this technology has been a form
of targeted chemotherapy called gene-directed enzyme/prodrug therapy (GDEPT), in
which tumor cells are transduced with a suicide gene encoding a non-endogenous
enzyme that later metabolically converts a systemically administered prodrug into a

potent cytotoxin locally within the tumor. These enzymes are often non-ideal due to



both lack of stability and low catalytic efficiency. Protein engineering methods could
be used in order to tailor the pharmacokinetic profiles of these enzymes for improved
therapeutic use.

Our work focused on the re-engineering the enzyme yeast cytosine deaminase
for improved efficacy in GDEPT. Two distinct enzyme engineering strategies were
employed: regiospecific random mutagenesis was used in order to select for mutants
with increased sensitization to the prodrug 5-fluorocytosine while computational
design was used to select thermostabilizing mutations. Both approaches lead to
independent mutations that conferred improved pharmacokinetics in in vivo mouse
tumor xenograph models. Additional study revealed that in both cases the
biochemical cause of improvement appeared to be thermostabilization of the enzyme

and not an improvement in catalytic efficiency.
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Chapter One: Introduction

Cancer is not a single disease but rather a variety of somatic genetic diseases
brought on by mutations or epigenetic changes, often within oncogenes or tumor
suppressor genes. These genetic changes can be caused by almost any form of DNA
damage or mutation and it is their effect rather than their cause that defines them as
cancer. Gain or loss of function, or disregulation of these genes cause the breakdown
of cell cycle control as well as the failure of DNA repair machinery that lead to the
cancer hallmarks of uncontrolled cell growth and accumulation of genetic mutations.
The inherent variation and heterogeneity within cancer cell populations spawned
during carcinogenesis makes it very difficult to develop treatments or drugs with high
enough specificity to the highly variable cancer cell population to be therapeutically
viable.

Conventional treatments for cancer involve some combination of surgery,
radiotherapy and chemotherapy. Surgery provides a way of physically removing all of
the cancerous cells in a single step, however this option is only viable in the cases of
accessible localized tumors that have not metastasized. There is also an inherent risk
to the patient with any form of invasive procedure. Since the physical resection of a
tumor is unlikely to remove every last cancer cell, in cases that surgery is an option the
patient is typically treated with some form of radio- or chemotherapy in order to

reduce the chance of recurrence.



Radiotherapy provides a non-invasive way of eradicating a tumor regardless of
its accessibility by causing cell death due to DNA damage. As radiation is potentially
harmful to all tissues within the body, radiotherapy can only be given in a localized
manner and therefore cannot be used to effectively treat metastases. Since the toxicity
is due to DNA damage, cells that are actively replicating are much more susceptible to
radiation induced death than quiescent cells giving radiotherapy a small amount of
specificity. Although solid tumors often contain replicating cell populations they also
contain quiescent cells as well as hypoxic cells within pockets of necrosis, both of
which are highly resistant to radiation. Although higher dosages of radiation may
surmount this resistance, the lack of specificity introduces the danger of causing
secondary malignancy or massive cell death to otherwise healthy tissue.

Chemotherapy provides a way of treating metastases with the systemic
delivery of a drug that is cytotoxic to actively replicating cells. This ability to treat
both solid tumors and metastases has made chemotherapy a staple in cancer therapy.
Unfortunately the non-specificity of chemotherapy drugs coupled with systemic
delivery leads to a high degree of adverse effects that limits the dosage that can be
safely administered to a patient. In the case of solid tumors poor or unequal
vascularization and regions of necrosis can lead to poor uptake of the drug and
intratumoral concentrations too low to deliver a therapeutic effect’. In addition, the
heterogeneity of cancer cells may lead to variance in susceptibility to a given

chemotherapeutic drug, leading to resistance.



One of the major downfalls of these conventional cancer treatments is their
lack of specificity and as a result their low therapeutic index. Therefore, methods that
increase anticancer specificity of chemotherapy agents are highly desirable. At least
two strategies for achieving this goal are under active investigation: the development
of drugs that specifically target unique cancer genotypes, and the development of
targeting strategies that specifically sensitize cancer cells to the effects of
chemotherapy agents that otherwise display undesirable toxicities to normal tissues.

Strategies that target specific cancer geneotypes for drug development rely on
an understanding of the causal relationship between mutations in that cancer line and
the onset of oncogenesis. In the case of chronic myelogenous leukemia (CML) it was
discovered that a reciprocal translocation event between the long arms of
chromosomes 9 and 22 leads to the fusion of the c-ab/ oncogene on chromosome 9
with sequence from the breakpoint cluster region (bcr) on chromosome 22 resulting in
a chimeric ber-abl gene®. ber-abl encodes for an expressed 210-kDa protein that acts
as a constitutive tyrosine kinase leading to the activation of numerous signaling
pathways and the onset of oncogenesis. Screens of drug libraries looking for tyrosine
kinase inhibition led to the discovery of the drug STI571, also known as Gleevec,
which demonstrated potent inhibition of the Abl tyrosine kinase. Phase I and I1
clinical trials using Gleevec as a therapy against CML began in 1998 have shown the
drug to be very effective®™. The success of Gleevec has made it a model for the

treatment of cancer by targeting cancer line specific hyperactive oncogenes’. The



drawback to this protein targeted drug development approach is that successful
treatment is often limited to one specific type of cancer.

A second promising approach for improving tumor selectivity of drugs is the
use of gene therapy vectors as a way of sensitizing cancer cells to their cytotoxic
effects. In a variation of gene therapy known as gene-directed enzyme prodrug
therapy (GDEPT), or colloquially, suicide gene therapy, a vector is used to transduce a
target tissue with a transgene that encodes an exogenous enzyme, which performs a
catalytic reaction non-endogenous to the host. Subsequent treatment involves the
systemic administering a non-toxic prodrug that is converted by the enzyme locally
into an extremely potent cytotoxin within the target tissue. Since transduction
efficiency is unlikely to be 100% due to the accessibility and heterogeneity of the
cancer cells, to produce a therapeutic effect the cytotoxin must also cause cell death in
neighboring cells, in what is known as a bystander effect. By metabolically coupling
the production of the cytotoxic drug to the cancer cells targeted for death a feedback
mechanism is created that limits the production of drug to only what is necessary to
kill the target cells. This mechanism increases the intratumoral concentration of drug
while limiting the dosage to only what is required to kill the target cells thereby
minimizing harm to nearby healthy tissue and maximizing the therapeutic index.

The promise of GDEPT for cancer therapy has made it the most studied and
well-funded form of gene therapy against cancer. Its efficacy as a form of treatment

was first tested in 1986 by Moolten ef. al. who demonstrated that transfection of a



cancer cell line with herpes simplex virus-thymidine kinase and subsequent treatment
with the prodrug ganciclovir led to targeted cell death with a high therapeutic index®.
Since 1986 considerable study and funding has gone into developing GDEPT for use
in cancer therapy with around 25 different enzyme/prodrug combinations currently
under investigation as of 20077 and over 75 registered clinical trials utilizing GDEPT
for treatment of cancer as of 2005%. Examples of vectors and enzyme/prodrug
systems currently being investigated for use in cancer GDEPT are reviewed
extensively in chapter two.

With the development of improved targeted vectors against cancer cells, the
efficacy of cancer GDEPT increasingly depends on the effectiveness of
enzyme/prodrug system used. Enzymes used for GDEPT catalyze non-native
reactions in non-native conditions often in the presence of high concentrations of
competitive substrate which all act to severely limiting their effectiveness for therapy
in vivo. This is seen in even the most successful enzyme/prodrug systems such as
herpes simplex virus-thymidine kinase (HSV-TK) coupled with ganciclovir (GCV)
and yeast cytosine deaminase (yCD) coupled with 5-fluorocytosine (5-FC)*'2.

Both HSV-TK and yCD convert a non-toxic nucleoside analogue into a potent
cytotoxic nucleoside analogue whose cytotoxic effect is elicited both by
misincorporation into DNA leading to chain termination and by inhibition of enzymes
involved in DNA replication and repair. For therapeutic effect both enzymes are

required to catalytically convert their non-native prodrug substrate in the presence of



their native substrate (cytosine for yCD and thymidine for HSV-TK). Competition by
these endogenous substrates therefore reduces the conversion rate of the prodrug to the
cytotoxic form considerably. In addition yCD has been shown to be unstable in
human physiological conditions'®, degrading rapidly leading to a reduction in
therapeutic effect. Altering these enzymes in a way that they would be more
kinetically selective for the prodrug substrate or more stable in human physiological
conditions could improve the therapeutic effect of these treatments.

Protein engineering methods offer us tools to custom tailor these enzymes to
perform better within their therapeutic niche. For example, investigators at
Washington State University (the Margaret Black lab) improved the properties of
HSV-TK by screening enzymes produced from library of sequences where the active
site region of the gene had been subjected to random mutagenesis. The enzymes were
screened for enhanced conversion of GCV compared to thymidine, the enzyme's
native substrate. From the screen they identified mutants whose catalytic activities
were 500-fold higher for GCV relative to thymidine when compared to wild-type
enzyme'®. Subsequent tests and clinical trials have shown substantial improvement in

the efficacy of the engineered enzyme'""

. An in depth review of protein engineering
and its potential use for improving therapeutic enzymes is provided in chapter three.
My graduate work has centered on using protein-engineering techniques to

enhance the efficacy of yeast cytosine deaminase for use in cancer gene directed

enzyme prodrug therapy. Two approaches to design were taken. The first approach,



described in detail in chapter four, was carried out in collaboration with the Baker lab
where I used the RosettaDesign program developed in their lab along with my own
methodology in order to pick out potentially thermostabilizing mutations within the
enzyme without disrupting the enzyme's activity. The second approach, described in
detail in chapter five, was carried out in collaboration with the Black lab where we
used the same regiospecific random mutagenesis screening technique used with HSV-
TK in order to identify mutations in yCD that conferred higher sensitivity to the
prodrug 5-fluorocytosine. The results and implications of these two studies are

discussed in detail within chapters four, five and six.



Chapter Two: Gene Directed Enzyme Prodrug Therapy

INTRODUCTION

Gene-directed enzyme prodrug therapy (GDEPT), also known as suicide gene
therapy, is a two-step treatment (Figure 2.1). The first step involves the tissue-specific
delivery of a "suicide gene" that encodes an enzyme with catalytic function exogenous
to the patient. Gene delivery is achieved by either systemic or local administration of
a vector that can transduce the target tissue with high specificity. In the second step of
treatment a nontoxic prodrug is administered systemically. The prodrug is then
converted metabolically into a potent cytotoxin locally in the target tissue by the non-
endogenous enzyme. This localization of the cytotoxin allows for much higher
concentrations of active drug that could be achieved by systemic delivery and
therefore a higher therapeutic effect.

Since transduction of the target tissue is unlikely to be one-hundred percent,
cytotoxins are chosen that can kill not only the cell in which they are metabolically
produced but also induce death of neighboring cells in a manner known as a bystander
effect. Subsequent immune response to the cell death adds to the therapeutic effect.
The success of a GDEPT treatment is dependent on a number of variables: the choice
of vector used to deliver the suicide gene encoding the enzyme; the enzyme/prodrug

system chosen; and the subsequent bystander effect.



VECTORS USED IN GDEPT

The success of any cancer GDEPT relies on the ability to target the expression
of the therapeutic suicide gene selectively within tumor cells. As our knowledge of
viral pathogenesis and oncogenesis expands, so does our ability to manipulate viral
vectors for tumoral-targeted transgene expression. A wide variety of viral vectors have
been developed for use in gene therapy and choosing the appropriate one for use in
cancer GDEPT is dependent on features inherent both in the treatment and in the
target. In the end vectors are chosen based on three traits: their ability to transduce or
transfect tumor cells with high efficiency; their specificity for tumor cells over normal
cells or their therapeutic index; and their inherent toxicity and the safety of their
administration to human patients.

Efficient gene transfer is vital for the efficacy of any GDEPT treatment and as
a result, vectors are chosen that are capable of transducing or transfecting the largest
population of tumor cells possible. As human cancers tend to be a heterogeneous mix
of dividing and non-dividing cells, vectors used for cancer therapy should preferably
be capable of transducing either replicating or quiescent cells. As GDEPT only
requires the transient expression of the suicide gene, stable integration of viral DNA
into the cellular genome is not required. As a result, vectors whose genetic material
remains episomal are viable and often preferred as they reduce the chance of

insertional mutagenesis.
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Specific cell targeting can vastly raise the efficacy of any treatment by
increasing its therapeutic index. Targeting of cancer cells can be achieved by a variety
of methods, including the addition or modification of vector coat proteins to recognize
tumor-specific cell surface receptors (cell targeting), addition of tumor-specific
promoters to the transgene that allow for high levels of expression within cancer cells
but not in normal cells (transcriptional targeting)'®, or, in the case of biological
vectors, modification to inhibit replication in normal tissue but allow it in cancer cells
(replication-selective targeting).

As with any human therapy, issues of safety are paramount in choosing an
appropriate vector for gene delivery. Immunogenecity of the vector should be as low
as possible to avoid both reduced therapeutic efficacy due to clearing of the vector as
well as toxic shock induced by a systemic humoral immune response. Once target
cells have been transduced the expression of the transgene should be strong but short
in duration. Although transient gene expression is a problem for gene replacement
therapies, in the case of GDEPT short-term expression is sufficient for cell killing and
preferable for reasons of safety. Replicating vectors can increase transduction
efficiencies but often at the cost of specificity and at the risk of systemic toxicity.

Vectors currently used for cancer gene therapy often share some but not all of
these traits and choice of vector will often come down to the specific type of cancer
and whether the vector can be introduced intratumorally or systemically. The types of

vectors used for GDEPT can be broken down into two classes: viral-vectors
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(adenoviral, retroviral, herpes simplex viral, and adeno-associated viral vectors) and
non-viral vectors (bacterial and liposomal based vectors). These vectors and their use

in GDEPT are discussed in detail in the following sections.

Viral Vectors

Viral vectors have been the vectors of choice in the majority of clinical applications of
cancer GDEPT due to both their natural evolved ability to efficiently transduce cells
with actively expressed transgenes in a selective manner and the relative ease in which
they can be mass produced'’. When using viral vectors for gene delivery, GDEPT
systems are sometimes referred to as Viral-Directed Enzyme Prodrug Therapy or
VDEPT. Viral vectors under investigation for use in cancer GDEPT have included
adenoviruses, retroviruses, herpes simplex virus, adeno-associated virus (AAV)18'2°,

polio virus and Epstein-Barr Virus (EBV)?!. By far the most studied have been the

adenoviral and retroviral vectors.

Adenoviral Vectors

Adenoviral vectors are widely used for gene therapies and are the most
commonly used in GDEPT as they can be produced in high titers and can infect a
large variety of cell types. Adenoviral vectors have a long history of therapeutic use
and were used in the treatment of cancer as early as 1956 by Huebner et. al. who used

unmodified replication-competent adenovirus to treat patients with cervical
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carcinoma®’. Wild-type adenoviruses consist of a linear double-stranded DNA
genome contained within a capsid consisting of the proteins hexon, fiber and penton.
Hexon is purely structural, fiber is involved in cell targeting by binding to the common
cell surface receptor called the coxsacki and adenovirus receptor (CAR) and penton
binds the a,f; and o, fs integrins leading to cellular internalization.

Upon wild-type adenoviral infection the adenoviral genome is transferred to
the nucleus where it remains episomal. Proteins expressed from the E1A region of the
adenoviral genome bind and inhibit the function of the cell regulatory protein pRB
leading to cell entry into S phase®’. Cellular apoptotic response is prevented by
expression of a p53 inhibitor from the E1B region and FasL and TNF inhibitors from
the E3 region. Several additional proteins expressed from the E3 region are involved
in evasion of the immune response via inhibition of MHC-class I expression. During
infection host cell protein synthesis is then terminated and cellular enzymes are co-
opted for viral DNA replication and viral protein synthesis. Virons are assembled in
the nucleus until cell death is triggered by expression of the adenoviral death protein
(ADP) leading to virus release®.

Engineering adenoviruses for use as cancer therapy vectors has involved both
the creation of non-replicating and replication-selective adenoviruses. Non-replicating
adenoviral vectors have been created by knocking out the E1 and/or E3 region of the
native virus with the expression cassette. By eliminating viral replication the chance

of non-tissue specific spread of the virus is minimized. Since these vectors are
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incapable of replication, large viral loads and accurate targeting are essential.
Targeting of these adenoviral vectors to cancer cells has been achieved utilizing both
cell specific targeting as well as transcriptional targeting as is extensively
reviewed'**%,

Replication-selective adenoviruses have been engineered to replicate
preferentially within cancer cells. Selective amplification of the vector within the
tumor leads to much higher transduction efficiencies and the oncolytic action of the
vector itself can add to the therapeutic effect’’. One approach used to create oncolytic
viral vectors has been to tie expression of gene regions critical for viral replication to a
tumor-specific promoter. In adenoviral vectors, for example, the E1A region has been
modified with tumor-specific promoters to generate vectors only capable of replication
within cancer cells.

Another approach has been to complement the loss-of-function of cell
regulatory proteins seen in cancers with loss-of-function mutants within adenoviruses.
The deletion or mutation of viral genes that act to inhibit cellular regulatory proteins
prevent the adenovirus from replicating within healthy cells that normally contain
those proteins but allow them to replicate within cells that don’t. One example is a
mutation in the E1A conserved region 2 (E1A-CR2) which encodes a protein that
binds and inhibits the tumor suppressor cell regulatory protein pRB leading to S phase
induction®®?. In the E1A-CR2 mutant d/922/947 viral replication is impeded in

quiescent cells but not within tumor cells where the G1-S checkpoint has been lost*°.
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Another example is the deletion of a conserved region found within the E1B polygene
encoding a 55-kD protein involved in binding the p53 tumor suppressor for the
prevention of p53 mediated apoptosis’’>!. Loss of function of this protein in the E1B-
55kD deletion mutant d/1520 (Onyx-015) creates adenoviral vectors that trigger early
p53 mediated apoptosis in normal cells thus preventing the replication and spread of
the virus®’. The majority of human cancers have genetic defects that lead to the loss of
p53°? and therefore the Onyx-015 vector is capable of replicating within cancer cells

to the point of lysis and viral spread.

To date Onyx-015 has been the only replication-selective oncolytic virus to be
used in phase I and II clinical trials both alone and with therapeutic genes such as
those used in GDEPT. Onyx-015 used in virotherapy, without the addition of
therapeutic transgenes, has been injected at high titers (2x10"? particles) either
intratumorally, intraparotenially, intraarterially and intravenously demonstrating low
toxicity with some patients exhibiting flu-like symptoms®**°. To date GDEPT
modified Onyx-015 has only been tested in clinical trials with intratumoral injections
where toxicity was also low'®'"*,

Several problems and safety issues with regard to adenoviral vectors need to be
considered. Although in the vast majority of infections the adenoviral genome remains
episomal, in some cases the viral genetic material can be incorporated into the host
genome. Therefore side-effects resulting from insertional mutagenesis in non-target

tissues should still be considered potential risk. For use in GDEPT this risk is
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minimized by the fact that cells transduced with the suicide gene should be killed by
the subsequent administration of the prodrug.

Eliminating or modifying the ability of the adenovirus to constitutively
replicate is an important safety feature. However, changes to adenoviruses to remove
their ability to replicate are often deletions of relatively small regions of the viral
genome that could potentially be reconstituted if the vector transduces a cell with a
wild-type adenoviral infection. This is especially true of replication-selective oncolytic
adenoviruses such as ONYX-015 where only relatively small regions of the wild-type
adenoviral genome have been removed. Such an event could have the potential to
create infectious virus particles containing the therapeutic gene, which could
potentially spread.

Another issue with adenoviral vectors is due to their inherent immunogenecity.
Administration of large titers of viral particles systemically has been shown to
occasionally lead to toxic shock. In one non-GDEPT clinical trial, administration of
an adenoviral vector led to a fatality when the virus triggered activation of the patient's
innate immunity, leading to systemic inflammation and multi-organ failure®’.
Although death due to immune response to adenoviral vectors is rare, the immune
response to the vectors is known to reduce transduction rates and therapeutic efficacy,
especially in the case of repeated treatment.

Adenoviral particles delivered systemically tend to accumulate in the liver

often leading to nonspecific infection and transduction of liver cells. In the case of
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GDEPT subsequent treatment with prodrug can then lead to liver damage. Therefore
the amount of adenoviral vector administered must be controlled to minimize damage

to the liver or potential toxic shock.

Retroviral Vectors

Retroviral vectors are the most widely used viral vectors in current gene
therapy trials. They are characterized by their reverse-transcribing of their RNA
genome into double stranded DNA which is then incorporated into the host genome
via insertion. This stable insertion of therapeutic genes into the host genome allows
for long-term expression that is favored in some types of gene therapy. They are
capable of carrying foreign genes of ~8kB and can be generated in large enough titres
for efficient gene transfer’® and are immunologically "silent".

The most commonly used retroviral vectors are the murine leukemia virus
(MuLv) and lentiviruses (of which HIV is a member). Of these two MuLv has been in
more common usage with a large amount of clinical trials and data. To date
lentiviruses for GDEPT have not yet been clinically tested. MuLv vectors can only
transduce actively replicating cells whereas lentiviruses naturally do not require cell
replication for infection. The inability of MuLv based vectors to transduce non-
replicating cells has been seen as both a serious drawback for its general application to
cancer GDEPT as well as beneficial for application to brain tumors where the inability

to transduce quiescent cells confers additional specificity. Examples of VDEPT using
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retroviral vectors include the delivery of the nitroreductase/CB1954 system into

colorectal and pancreatic cancer cell lines utilizing a retroviral vector’>**.

Non-Viral Vectors

Safety issues with the use of viral vectors have inspired research in non-viral
based gene delivery systems. Although these systems currently lack the transduction
efficiencies of their viral counterparts many of them hold the promise of increased

specificity and safety.

Bacterial Vectors

Salmonella's natural tropism for cancer has made it a target for therapeutic
development*'*>. Observations have shown that Salmonella accumulates in tumors at
thousand-fold higher numbers than in normal tissue across a broad range of tumor
types. Much like replication-selective adenoviruses Salmonella alone has
demonstrated tumor suppression. Investigation into arming attenuated strains of these
tumor-targeting forms of Salmonella with suicide genes for GDEPT therapy has

recently been tested using the HSV-TK/GCV system.

Livosomal Vectors

Liposomal vectors are non-biological gene delivery systems constructed in

vitro by the combination of mixtures of cationic lipids and nucleic acids, which self-
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assemble to form a protective lipid membrane envelope bound to therapeutic nucleic
acids in a lipoplex. These lipoplex's have been shown to be competent, transfecting
cells by a form of nonspecific endocytosis. The benefit of such systems is that they
are non-immunogenic however, to date, low transfection efficiency and lack of cell

specificity have limited their use in GDEPT to preclinical tests.

BYSTANDER EFFECT

Even with the most successful vectors under the best of circumstances,
transduction efficiencies will never reach 100%. Experimental observation has shown
that with current vectors transduction rates are closer to around 10-15% in vivo®.
Therefore, for GDEPT to be effective in cancer treatment the active form of the
prodrug needs to cause cell death not only in transduced cells but in nearby cells as
well in what is known as a bystander effect (BE)®*. Via the bystander effect
treatment can be effective with much lower transduction efficiency. Using the
prodrug 5-fluorocytosine, whose cytotoxic form 5-FU is freely diffusible and has a
demonstrated strong BE, tumor regression has been observed after treatment when as
little as 4% of the tumor cells were expressing the GDEPT enzyme cytosine
deaminase®. As a result prodrugs for use in GDEPT are chosen for the ability of their

drug form to mount an active BE after conversion to their active form in transduced

cells.
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The bystander effect is caused by three major factors: the transfer of the
cytotoxic drug to neighboring cells; the triggering of apoptosis in neighboring cells
due to transfer of apoptotic factors; and the body's natural immune response to the
cytotoxin induced cell death. Many drugs, such as ganciclovir-triphosphate (the
highly-charged activated form of the prodrug ganciclovir), require cell to cell contact
to illicit a BE and their transfer has been shown to be dependent on the formation of
gap junctions*®®. Some drugs require active transport out of the cell or the formation of
apoptotic vesicles while others can transfer to neighboring cells by passive diffusion.

Studies comparing the efficacy of GDEPT systems in vivo in immunodeficient
and immunocompetent animals have shown that the bystander effect is augmented by
the immune system®*”!. Cell death within the tumor brought on by the course of the
treatment can elicit an immune response that can lead to the rejection of cancer cells
even in areas distant from the tumor itself®>*. Studies have also shown that in
immunocompetent animals GDEPT treatment in animal cancer models can lead to

immunity; causing the rejection of subsequently implanted tumors of the same cancer

typ654’55

ENZYME/PRODRUG SYSTEMS USED IN GDEPT
Once an appropriate vector for gene transfer is found the success of the therapy

depends on the enzyme/prodrug system chosen. To be considered for clinical use for
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cancer therapy, both the GDEPT enzyme and prodrug have to meet certain
requirements. A cancer GDEPT enzyme should either be exogenous to humans or be
a human protein that is not expressed or expressed at very low concentration within
normal tissues. The enzyme should carry out a catalytic reaction that is not present
within normal tissue and that efficiently converts a prodrug into an active cytotoxic
drug. For therapeutic effect the enzyme should be effectively expressed within the
target cancer cells and exhibit a high kcat and low K, for the prodrug under human
physiological conditions. Ideally the enzyme should be non-immunogenic in order to
prevent clearing from the body before conversion of the prodrug can lead to a
bystander effect (BE).

A GDEPT prodrug should be a chemically inert, stable, non-immunogenic
non-toxic molecule that is efficiently turned over into a potent cytotoxin by and only
by the suicide gene enzyme introduced selectively into the target tissue. Since delivery
of a therapeutic prodrug is usually systemic, the prodrug needs to be nontoxic enough
to be given at high dose and stable enough in physiological conditions to travel
throughout the body without degrading or being activated before reaching the target
tissue. The differential in cytotoxicity between the inert prodrug and active drug
forms should be as high as possible while still being safe to administer as therapy with
a 100-fold differential considered necessary to see a therapeutic effect.

Both the prodrug and the cytotoxic drug should be able to travel into and

through cells either by diffusion or active transport in order to reach the target tissue
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and mount a BE. The chemical and biological half-lives of the released cytotoxin
should also be taken into consideration. If the half-life of the cytotoxin is too long it
can spread systemically via diffusion and cause cellular damage away from the target
site. If the half-life is too short the cytotoxin might not elicit a suitable BE for therapy.
Based on standard diffusion rates the optimum half-life of the drug is usually
considered to be about one minute™.

A wide variety of enzyme/prodrug combinations are currently being studied
for use in cancer GDEPT’. The majority of GDEPT prodrugs have been derived from
compounds that have already been used clinically in the treatment of cancer or other
illness since the pharmacological, pharmacokinetic, dosage and safety parameters of
these drugs are well established. In most cases the prodrug's cytotoxic form causes
damage to DNA or DNA replication enzymes via misincorporation during replication
or cross-linking. Described below are some of the most prominent GDEPT

enzyme/prodrug combinations that have reached the stage of clinical.

Herpes Simplex Virus Thymidine Kinase (HSV-TK) and Ganciclovir (GCV)
To date the most extensively studied GDEPT system is herpes simplex virus
thymidine kinase coupled with the prodrug ganciclovir. The first experimental

evidence for the usefulness of GDEPT for cancer therapy was provided by Moolten et.
al. in 1986 utilizing the HSV-TK/GCV system®. The first clinical trial using GDEPT

utilized HSV-TK and was approved in 1991 and carried out by Freeman et. al.’’. As
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of 2005 82 of 95 cancer GDEPT clinical trials utilized the HSV-TK/GCV system to
treat a wide variety of cancers including prostate®®, mesothelioma®, glioblastoma

60,61

multiforme®*®! and many more®. Of the 25 or more cancer GDEPT systems currently

being investigated only HSV-TK/GCYV has advanced to the level of phase III clinical
trials®2,

Herpes simplex virus thymidine kinase (HSV-TK) is a 90kDa homodimeric
nucleoside kinase that acts as part of a thymine salvage pathway, catalyzing the
transfer of the y-phosphate of ATP to the 5’-hydroxyl of deoxythymidine (dT) to form
deoxythymidine-5’-monophosphate (d{TMP) and ADP. HSV-TK’s activity is not
specific to dT, however and unlike its human homologue it is capable of
phosphorylating a wide-variety of nucleosides including other pyrimidine and
guanosine analogs.

One non-natural substrate of HSV-TK is the guanosine analogue ganciclovir
(GCV), which is converted to its nucleoside monophosphate by HSV-TK and
subsequently to a diphosphate by guanylate kinase and then to a triphosphate by
nucleoside diphosphokinase (Figure 2.2). While GCV is relatively non-toxic, GCV-
TP is a potent cytotoxin, competing with dGTP for incorporation into elongating DNA
during cell division causing inhibition of the DNA polymerase and single strand
breaks. Cells transfected with HSV-TK and treated with GCV were shown to die by
p53-independent apoptosis likely triggered by DNA damage®. Since GCV is a poor

substrate for the mammalian nucleoside monophosphate kinases, it can be used safely



23

as a drug and is currently marketed as an anti-viral. HSV-TK’s ability to
phosphorylate GCV at considerably higher rates than the mammalian homologue plus
GCV’s established use as a drug have made the HSV-TK/GCV combination one of the
most promising candidates for enzyme/prodrug therapy.

Despite success the HSV-TK/GCV GDEPT system does have some notable
flaws. The activated drug form of GCV, GCV-TP, is highly charged and therefore
incapable of diffusing through membranes. As a result the bystander effect of GCV-
TP is dependent on both cell to cell contact and the presence of gap junctions®. Due
to the high rate of mutation and heterogeneous population of most tumors, cancer cells
can often lack gap junctional proteins thus limiting the therapeutic effect. Despite this
drawback, preclinical trials have shown that the HSV-TK/GCV system can elicit a
therapeutic effect when only around 10% of the tumor cell population was expressing
HSV-TK**,

In addition, the catalytic efficiency of HSV-TK to the prodrug GCV is quite
low relative to its native substrate deoxythymidine (dT). Measurement of K, and kcat
shows a substantial loss in catalytic efficiency for the non-native substrates, mostly
due to increased K, of GCV (48uM)® compared to dT (0.2uM)®*®®, The presence of
dT in the cell and other nucleoside substrates of the enzyme such as deoxycytidine
will therefore compete with GCV, lessening the effects of any treatment. This effect
can be seen in current trials where very high doses of GCV are needed to see any

ablation of the tumors transfected with HSV-TK. Although relatively non-toxic
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compared to its triphosphate, high doses of GCV can lead to toxic effects, especially
in the bone marrow and immunosuppression. In humans the dosage of GCV

considered safe is around 10 mg/kg/day®*.

Cytosine Deaminase (CD) and S-Fluorocytosine (5-FC)

Following HSV-TK/GCV the cytosine deaminase(CD)/5-fluorocytosine(5-FC)
system is the most studied and prevalent GDEPT system. Like ganciclovir, the
prodrug 5-FC has had a prior history in therapy where it has been used as an
antifungal drug. In addition the cytotoxic product of the CD/5-FC reaction, 5-
fluorouracil (5-FU), is a commonly used cancer chemotherapy drug. The fact that the
pharmacokinetic and pharmacological properties of both the prodrug 5-FC and the
active cytotoxic drug 5-FU had already been extensively studied led to the rapid
development of the CD/5-FC system for use in clinical cancer GDEPT. The first
study utilizing the CD/5-FC system for use in GDEPT was carried out in 1992 by
Mullen et. al. who transferred the bacterial cytosine deaminase gene to mammalian
cells and tested their sensitivity to 5-FC®. As of 2005 there were ten registered
clinical trials utilizing the CD/5-FC GDEPT system for cancer therapy®.

Cytosine deaminase is naturally present in both bacteria (bCD) and yeast
(yCD) where it acts as part of a nucleotide salvage pathway converting cytosine to
uracil and ammonia. Both enzymes can also convert the non-toxic nucleoside

analogue 5-fluorocytosine (5-FC) into 5-fluorouracil (5-FU) which is then converted
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by endogenous enzymes into the cytotoxic drugs S-fluorodeoxyuradine-5'-
monophosphate (5-FAUMP) and 5-fluorouradine-5'-triphosphate (5-FUTP) (Figure
2.2). 5-FAUMRP is as an irreversible inhibitor of thymidylate synthase and its presence
leads to the inhibition of DNA synthesis by preventing the formation of thymidylate, a
precursor for thymidine triphosphate’. 5-FUTP is misincorporated into RNA leading
to chain termination and inhibition of protein synthesis’".

One of the benefits of the CD/5-FC system is that the active form of the drug,
5-FU, is diffusible through membranes and thus generates a strong bystander effect
without the requirement of cell contact or gap junctions’. Studies of CD/5-FC for use
in cancer therapy have shown tumor regression with transduction efficiencies as low
as 4%%.

Comparisons between bacterial and yeast cytosine deaminase have revealed
that although both are capable of converting the prodrug to the active drug, yCD,
catalytic efficiency against the prodrug relative to its natural substrate cytosine is
much higher than bCD". This catalytic advantage has been shown to translate to a
therapeutic advantage when yCD is substituted for bCD in GDEPT applications'!>".
Despite its kinetic advantages, yCD is unstable in physiological conditions, which has
a negative effect on its therapeutic efficacy®.

Although humans have no homologue to either yeast or bacterial cytosine

deaminase, the presence of naturally occurring CD in the intestinal flora can lead to
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side-effects upon administration of the prodrug 5-FC. A safe maximum dosage of 5-

FC is considered to be around 500 mg/kg/day.

Nitroreductase (NTR) and CB1954

The development of the nitroreductase/CB1954 system started with the
discovery of the prodrug CB1954 by screening a drug compound library for activity
against rat Walker 256 carcinoma cancer cell line”*. Although CB1954 demonstrated
effective cell kill with high therapeutic index in rats direct translation of the drug to
human trials was ineffective with dose-limited toxicity reached before any tumor
regression was seen. Later it was determined that the cytotoxicity of this compound
was generated by conversion into a DNA alkylating agent by the enzyme DT-
diaphorase””. Interestingly the homologous enzyme in humans is a poor catalyst of the
conversion of the CB1954 prodrug to the active species despite 85% identity to the rat
protein. It was then discovered that the E. coli enzyme nitroreductase (NTR) was
capable of converting the prodrug CB1954 to its active form efficiently (Figure 2.4)
which led to the formulation of the NTR/CB1954 enzyme/prodrug system’°.

The first in vitro test of the NTR/CB1954 system was published in 1995 by
Bridgewater et. al. who demonstrated the successful selective cell killing of mouse
fibroblast cells transduced with a retrovirus containing a E. coli NTR transgene upon
exposure to CB1954”". After proof of principle was established the NTR/CB1954

system was tested again in vitro against human colorectal, ovarian and pancreatic



27

cancer cell lines where a large increase in sensitization to CB1954 was
demonstrated®>*®7®. The first clinical trial of NTR/CB1954 GDEPT was carried out by
Chung-Faye et. al. in 2001 in order to look at the pharmacokinetic properties of the
therapy in humans’. Many examples of in vitro and in vivo preclinical and clinical

investigations of the NTR/CB1954 cancer GDEPT system have been reviewed®$%8!,

Cytochrome P450 (CYP) and Cyclophosphamide (CP)

The cytochrome P450s (CYPs) are a family of hemeprotein monoxygenases
involved in the metabolism of drugs, pollutants and other xenobiotics. The rat liver
cytochrome P450 enzyme CYP2B1 was shown to catalyze the hydroxylation of the
oxazophorine prodrug cyclophosphamide (CP) as well as its isomer iphosphamide
(IP). The 4-hydroxy metabolites then spontaneously decompose through a -
elimination reaction to yield both acrolein and the phosphoramide mustard in equal
molar amounts®* (Figure 2.5). Phosphoramide mustard acts as a cell-cycle
independent alkylating agent capable of forming cross-links in DNA.

Preclinical animal trials using the CYP2B1/CP enzyme/prodrug model for
cancer GDEPT demonstrated tumor regression with low global toxicity®**. Success
in these investigations led to the conduction of early phase I/II clinical trials using
CYP2B1/CP for the treatment of 14 patients with inoperable pancreatic cancer. The
trials showed several fold increases in survival relative to records of the progression of

similar cancer®. One issue with the use of cytochrome P450s for GDEPT cancer
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therapy is the presence of CYPs in humans. Although the human homolgue to rat
CYP2B1 (CYP2B6) is also capable of converting CP to its active form it does so at a
much lower catalytic rate®. Trials have registered minimal liver toxicity likely due to
the low catalytic activity of CYP2B6 coupled with its low level of expression and the

short half-life of the activated form of CP.

Additional Enzyme/Prodrug Systems

Many more enzyme/prodrug systems are under investigation for potential
cancer therapy in preclinical trials. Portsmouth ez. al. reviewed the state of
development of cancer suicide gene therapies in 2007 citing 25 examples of
enzyme/prodrug systems currently under investigation’. As with the HSV-TK/GCV,
CD/5-FC, NTR/CB1954 and CYP450/CP systems, in most cases enzyme/prodrug
systems designed or chosen for use in cancer GDEPT act by causing some form of

DNA damage either by misincorporation or cross-linking.

IMPROVING THE EFFICACY OF CANCER GDEPT
Limitations in current vector based gene delivery and enzyme/prodrug systems
have reduced the potential therapeutic effect as seen in clinical trials. Techniques
currently under investigation to improve the efficacy of cancer GDEPT include using
multiple suicide genes, combining radiosensitizing GDEPT prodrugs with

radiotherapy, co-transduction of suicide genes with downstream metabolic enzymes,
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co-transduction of suicide genes with cytokines to bolster the immune response, and

improving the biophysical properties of GDEPT enzymes.

Double-Suicide Gene Therapy

The effectiveness of GDEPT therapy can be increased tremendously by the
combination of multiple enzyme/prodrug systems into a single treatment The most
successful clinical trial to date using a GDEPT system utilized a mix of HSV-
TK/GCV and CD/5-FC in what is known as double suicide gene therapy® %",
Studies testing the efficacy of HSV-TK/GCV and CD/5-FC therapies alone and in
combination have shown considerable improvement and synergy between the two
therapies when they are used together. This synergy is thought to arise from the
inhibition of thymidylate synthase by 5-FdUTP leads to an allosteric effect on the
nucleoside pool regulation enzyme ribonucleotide reductase (RNR), which is
regulated by the production of thymidine nucleotides. This leads to a reduction in the
amount of guanosine-triphosphate, which acts as a competitive inhibitor of the
cytotoxic effect of the HSV-TK/GCV cytotoxic drug form GCV-TP. Tumors resistant
to either HSV-TK/GCV or CD/5-FC alone were shown to completely regress when

treated by the combination therapy.
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Radiosensitization by GDEPT

DNA damage caused by radiation acts synergistically with DNA damaging
cytotoxic drugs to lead to considerably more damage and cell death. The combination
of radiotherapy with GDEPT has been shown to act synergistically demonstrating that
treatment with GDEPT can radiosensitize tumors so that concurrent radiotherapy has a

11 The HSV-TK systems potential to radiosensitize cells was

much larger effect
demonstrated first by Kim ez. al., 1994 using the prodrug BvdUrd not GCV®. The
chemotherapy drug 5-FU is known to be radiosensitizing in cancer cells as shown by

Bruso et. al., 1990*° and treatment with CD/5-FC has a similar radiosensitizing effect.

Co-transduction with Downstream Effectors

Another method to increase the efficacy of enzyme/prodrug therapy has been
to include additional genes encoding for proteins that aid in either the conversion of
the prodrug to the active drug, the dissemination of the active drug to nearby cells or
the potency of the bystander effect.

The CD/5-FC system relies on downstream endogenous enzymes to convert
the 5-FU product of the cytosine deaminase reaction to the active drugs 5-FdUMP and
5-FUTP. The first step in this pathway requires the enzyme uracil phosphoribosy!-
transferase (UPRT) to add a ribosyl sugar to the uracil nucleobase. Although this

enzyme is naturally found in humans, levels of this enzyme naturally occurring may
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be a limiting step in the conversion of 5-FC to active drug®. Co-transduction of CD
with UPRT has shown to increase the efficacy of therapy®*°.

Other investigators have used contransduction with effectors as a means of
bolstering the bystander effect of GDEPT systems. The HSV-TK/GCV system relies
on the presence of gap junctions for its bystander effect since the highly charged
triphosphorylated drug form GCV-TP is incapable of diffusion across membranes. In
an attempt to increase the strength of the bystander effect, the HSV-TK suicide gene
was co-transduced with the gap junctional protein connexin®. Another approach was
to enhance the immune response by co-transduction suicide genes with cytokines and
thereby increasing both the local and distal bystander effect®. Studies of co-

transduction of cytosine deaminase’® or herpes simplex virus thymidine kinase®” with

interleukin-2 showed some enhancement of tumor growth inhibition.

Improving GDEPT Enzymes

Another way to improve the efficacy of GDEPT would be to increase the
efficiency of prodrug-drug conversion by finding or engineering improved enzymes.
One way to do this is to simply find enzymes in nature that show improved catalytic
properties to the conversion of prodrug relative to natural substrate. This was the case
in the discovery of yeast cytosine deaminase (yCD) which showed considerably higher
specificity for the prodrug compared to the previously used enzyme bacterial cytosine

deaminase (bCD)'**®, Another approach would be to use protein design methodology
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in order to tailor some of the currently used enzymes for GDEPT in order to improve
their pharmacokinetic and pharmacological properties.

The use of protein engineering techniques to improve GDEPT enzymes has
been discussed within recent review articles”'®. Examples include the use of
directed evolution to alter the substrate specificity of HSV-TK®*'%1% and the use of
rational structure based design to identify mutants to increase catalytic efficiency of E.
coli nitroreductase'®. With the exception of work contained within this dissertation
(chapters four and five), there are no examples of computational protein design being

used to improve the efficacy of enzymes for use in human therapy.
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Figure 2.1 Gene-Directed Enzyme/Prodrug Therapy (from Greco and Dachs,
2001). GDEPT involves the delivery of a gene encoding an enzyme with non-
endogenous catalytic function into a target tissue. Administration of a nontoxic
prodrug that can be converted into a potent cytotoxin by the non-endogenous
enzyme leads to cell death in the transduced cells as well as neighboring cells in
what is known as the bystander effect.
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Figure 2.2 HSV-TK/Ganciclovir Prodrug Activation Pathway (from Greco
and Dachs, 2001). Herpes simplex virus thymidine kinase phosphorylates the
nucleoside analogue prodrug ganciclovir (GCV) to form GCV-monophosphate
which is subsequently converted to the diphosphate by guanylate kinase and to
the active cytotoxic drug GCV-triphosphate by additional cellular kinases.
GCV-triphosphates acts as an inhibitor of DNA polymerase and
misincorporation into DNA leads to chain termination and strand breaks.
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Figure 2.3 Cytosine Deaminase/S-Fluorocytosine Prodrug
Activation Pathway (from Greco and Dachs, 2001). After conversion
of the prodrug 5-fluorocytosine (5-FC) to 5-fluorouracil (5-FC) by
cytosine deaminase the endogenous cellular enzyme converts 5-FU to
5-fluorodeoxyuradine monophosphate (5-FdUMP), which acts as a
potent inhibitor of thymidylate synthase, and into 5-fluorodeoxyuradine
triphosphate (5-FdUTP) and 5-fluorouradine triphosphate (5-FUTP)
whose incorporation into DNA or RNA respectively leads to chain

termination.
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Figure 2.4 Nitroreductase/CB1954 Prodrug Activation pathway (from
Greco and Dachs, 2001). Nitroreductase catalyzes the aerobic reduction of the
prodrug CB1954 to 5-(aziridin-1-yl)-4-hydroxylamino-2-nitrobenzamide. This
derivitive is activated in the presence of thioesters, such as coenzyme A, into
the cytotoxic drug 5-(aziridin-1-yl)-4-acetoxyamino-2-nitrobenzamide, which
reacts with DNA to form crosslinks.
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Figure 2.5 Cytochrome P450/Cyclophosphamide Prodrug Activation Pathway
(from Greco and Dachs, 2001). Cytochrome P450 (CPY 450) catalyzes the
conversion of the prodrugs cyclophospamide (CP) and its isomer iphosphamide
(IP) into 4-hydroxy-cyclophosphamide or 4-hydroxy-iphosphamide respectively
via a hydroxylation reaction. These 4-hydroxy compounds form an equilibrium
with the open ring aldol form which spontaneously and irreversibly decomposes
into acrolein and a phosphoramide mustard. The phosphoramide mustard acts as
the active form of the cytotoxic drug causing DNA damage via alkalation and
crosslinking. Acrolein is a biproduct of the reaction and can cause side-effects at
high dosages.
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Chapter Three: Protein Engineering

INTRODUCTION

The biophysical properties of proteins used for industry, molecular biology or
therapeutics are often non-ideal for the task that they are asked to perform. The
protein engineering field is devoted to developing methodologies for the optimization
of proteins for any given process, increasing the effectiveness of currently used
proteins as well as potentially providing new tools by improving proteins that are
currently too unstable or lack the functionality necessary to be useful. The two most
prominent design methodologies used for protein design are directed evolution and
rational design. Directed evolution methods, at their core, do not require any
structural knowledge of the protein being designed. Rather they employ evolutionary
processes such as random mutagenesis, recombination and selection in order to select
and amplify desired traits. Rational design methods, on the other hand, rely on
structural knowledge of the target protein and knowledge of protein structure/function
in order to predict potentially beneficial mutations. The field of computational protein
design combines our growing knowledge of protein structure/function with the
exponential growth of computational power in order to automate ration design and
apply it to vast numbers of potential sequences and conformations for a given protein
structure. In this chapter we look at both methodologies, how they work, their benefits

and drawbacks and what they have accomplished.
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DIRECTED EVOLUTION

The majority of protein engineering efforts to date have utilized the process of
directed evolution, which mimics Darwinian evolution's process of non-random
selection from random mutation in order to identify beneficial mutations. In directed
evolution protocols, the random variation seen in nature is artificially created in the
form of vast libraries of randomly or semi-randomly mutated protein gene sequences.
These sequence libraries can be used to generate large combinatorial libraries by DNA
shuffling, a method analogous to homologous recombination, whereby sequences are
fragmented and reassembled based on homology. Mutant libraries are then surveyed
for variants with improved function, either by high-throughput screening or a selection
scheme. The best variant may then be used as a parent sequence for a new round of
mutation, recombination and screening or selection.

Screening methods work by testing each individual mutant for improved
function, while selection methods work by the creation of an artificial environment in
which only beneficial mutations expressing the desired trait will survive. The gene
encoding for the best protein variant from this screen or selection then becomes the
parent sequence for a new round of mutation and surveying. This process is repeated
until a desired goal is achieved or until no more improvement is seen.

The cost of directed evolution is a function of the size of the library generated,
the expense of materials used in screening and how many rounds of design are run.

Larger libraries and more rounds don’t guarantee success since even a huge mutant
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library of 10° sequences represents a miniscule fraction of 20" (1.3 x 10"°) potential
sequences for even a small 100 amino acid protein. Still, this cost and risk is often
outweighed by the fact that directed evolution protocols allow for the successful
design of proteins without the need for any biophysical or structural knowledge of the
design target.

Directed evolution protocols have been used successfully to improve the

104,105

biophysical properties of both enzymes and binding proteins. For the

improvement of enzymes, directed evolution techniques have been used to shift

106,107 108,109

enantioselectivity , alter substrate specificity , improve catalytic

112-114 115

1o, , increase stability in organic solvents ,

efficiency , increase thermostability

16 and improve heterologous expression''’.

increase solubility
Generating a Library

The first step in any directed evolution protocol is the generation of a library of
mutants to screen. Large combinatorial libraries of mutated genes were made possible
by the development of PCR based random mutagenesis''® and gene-shuffling

techniques''*1%°

analogous to the evolutionary processes of natural mutation and
sexual recombination respectively. Although larger sequence libraries have a greater

chance of identifying beneficial mutations library size is limited by technology, cost,

and feasibility with the desired screen. Even the largest libraries to date, consisting of
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some 10° mutants, represent only a tiny sliver of the 20" or 1.3 x 10" possible
sequences in a modest 100 amino acid protein.

Knowledge of the proteins sequence structure/function relationships can be
used to narrow the search and increase the likelihood of success by focusing mutations
regiospecifically at the site of protein function. This specific sequence-to-
structure/function information about the target protein could come from any number of
sources including multiple sequence alignments with proteins of known function,
structural homology modeling or direct structure information from a crystal or NMR
structure. By limiting random mutation to the relatively few amino acids directly
involved in an enzyme's catalytic function or a binding protein's surface, libraries can
be generated that represent a much larger slice of potential sequence space. For
example, random mutagenesis of a 10 amino acid sequence representing a catalytic
cleft would require a library size of 20'° or about 10** possible sequences to fully

saturate available sequence space.

Error-Prone PCR

Error-prone PCR is a commonly used technique for introducing random
mutations throughout a gene. These random mutations are introduced by running the
polymerase chain reaction under conditions that reduce the fidelity of replication''3!%!,

The natural error rate of Tag polymerase is about 0.001-0.02% per nucleotide which is

too low to introduce the number of genetic mutations desired for rounds of directed
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evolution. To increase this error rate error-prone PCR methods must change either the
PCR reaction conditions or the polymerase itself in order to further reduce fidelity. In
1989 Leung ef al demonstrated that an error rate of around 2% could be achieved by
increasing the concentration of MgCl,, addition of MnCl,, increasing the
concentration of dNTPs, increasing the concentration of polymerase and increasing the
DNA extension used in PCR'?!. Unfortunately this method results in an excess of A
to G and T to C conversions. Cadwell ef al demonstrated that this GC bias can be
overcome by simply unbalancing the dNTP pool, raising the concentration of dCTP
and dTTP 5 fold relative to dGTP and dATP. Their modified protocol demonstrated a

mutation rate of about 0.7% with no GC or AT bias''%.

DNA Shufflin

DNA shuffling involves the random fragmentation of large libraries of mutant
genes followed by their reassembly in a way that mimics homologous
recombination''>*?°, This results in a "shuffling" of all the nucleotide polymorphisms
within the mutant library to form recombinant gene sequences. This combinatorial
process significantly broadens the potential sequence space sampled by the mutant
library when compared to the gradual accumulation of point mutants in methods such
as error-prone PCR.

Random fragmentation of the mutant sequence library is carried out by

digestion with DNase I. These gene fragments are then reassembled by PCR where
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the fragments act as both the primers and the template leading to recombination of
genes within the pool by the incorporation of fragments from one sequence into
another based on their homology (Figure 3.1). The process of recombination
introduces new mutations through copying errors at a rate of about 0.7%, similar to
that seen in error-prone PCR'"®. Additional variation can be introduced by spiking the
mixture with synthetic oligos containing both regions of gene homology and varying
sequence'®®. Any extraneous neutral mutations that have no effect on the selection
process can then be removed by backcrossing pools of mutants with excess of wild-

type DNA fragments'"®. Using multiple related DNA sequences for DNA shuffling

has been shown to vastly accelerated the directed evolution of a target protein'.

Regiospecific Random Mutagenesis

Regiospecific random mutagenesis is the process by which random mutations
are generated in a specific area of a protein sequence. To be effective, structural
knowledge of the protein being designed is needed in order to identify functionally
important residues. To target specific residues for mutation the protein gene sequence
of interest is first cloned into an expression vector. Two unique restriction sites
flanking the region to be randomly mutagenized (R1 and R2) are identified or
engineered into the sequence. A loss of function mutation is then introduced within
the design region to reduce background during the screening process. A library of

randomly mutagenized oligonucleotides, which span the target region and contain the
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restriction site R1, is then generated. A DNA primer containing a second restriction
site (R2) is then used along with DNA polymerase to generate a double stranded DNA
oligos with flanking restriction sites on either end of the random mutagenized section.
These oligos are then cleaved with restriction enzymes R1 and R2 and then ligated
into a similarly restricted expression vector containing the protein gene sequence
(Figure 3.2). This produces a library of expression vectors containing the protein gene

sequence of interest with a specific region being randomly mutagenized.

Selection Methods

After generating a library of mutants for a given gene a selection or screening
method is needed to find any improved variants from the vast pool of sequences.
Selections methodologies use artificially created environmental conditions in order to
confer a survival advantage to genes that express the desired trait. Competition
between these genes within a restrictive environment results in the enrichment of
genes coding for proteins that express the desired trait. Selection methods can be split
into two categories: in vivo and in vitro

in vivo selection methods create environments that link the survival of a
microorganism transformed with the mutant library to the desired function being
selected for from that library. Under such conditions any mutant genes that lead to a
loss of function of the designed protein immediately perish. The surviving

microorganisms, which contain the transgenes encoding for a functional protein, are
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then allowed to compete under restrictive conditions in order to select for the best
variant, Very large mutant libraries can be screened by in vivo selection since their
size is limited only by transformation efficiencies of the microorganism.

This basic in vivo selection protocol can be used to select for any biophysical
property crucial for the function of any protein whose function can be made essential
for the survival of a microorganism. Examples include improving the catalytic activity
of enzymes, increasing binding affinity, and improve the thermostability of a
protein'?’. Of course not all proteins express a phenotypic difference that can be
exploited for selection in vivo. In those cases an in vitro selection method may be
used.

In vitro selection methods link genotype to phenotype via a non-biological
process. The most common in vitro selection methods are surface display techniques,
such as phage'?, cell-surface'®’ and ribosome display'?’, in which the mutant
sequence library is expressed in such a way that the individual protein variants created
are tethered, either indirectly or directly, to their own gene. These tethered proteins
can then be screened as a population for the desired trait. In phage display, the
sequences from the mutant library are inserted into a viral phage genome at a site
encoding a coat protein. Upon viral assembly the resulting fusion between the viral
coat protein and one of the protein variants forms the viral capsid with the protein
variant displayed on the outside of the phage. Each phage displays one protein variant

from the library and inside each phage is the genetic code for that particular protein
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variant. Phage display methods are commonly used to select for improved binding
affinity by simply flowing phage over the surface coated in immobilized ligand or
substrate. Any phage that bind can then be harvested and sequenced.

A variation on phage display technique, known as Proside (proteins stabilized
by directed evolution), has been used to find stabilized protein variants from large
mutant libraries. Rather than relying on protein function as a method of screening,
Proside relies on the assumption that conformational stability and proteolytic
resistance are correlated'?’. Protein variants are expressed on the surface of viruses
containing their genetic code as a linker between the capsid envelope and a filament
crucial for virulence'®. This virus library is then subjected to proteolysis and then
allowed to infect cells. Protein variants that are unstable will be proteolytically
cleaved cutting the filament from the virus preventing subsequent infection. Asa
result only viruses encoding stable versions of the design protein will be capable of
infection. The genes for these stable variants can then be excised from infected cells

and sequenced to determine what mutations are present.

Screening Methods
In the case where genotype cannot be translated to a selectable phenotype the
mutant library will need to be screened. Where selection looks at whole populations

of mutants screening protocols involve testing each mutant variant individually for
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improvement. Even with a relatively small mutational library screening is labor
intensive and requires the use of high-throughput techniques.

The majority of screening methodologies involve tying the design protein
function (genotype) to a change in optical absorption or fluorescence (phenotype).
This phenotype can then be screened by a high-throughput microplate
spectrophotometer or by fluorescence-activated cell sorting (FACS). For example an
enzyme's catalytic function can be screened in this manner by coupling the conversion
of substrate to product to a spectrophotometric or fluorescent change. This can be
used to screen for either increased catalytic efficiency, by rate of substrate turnover, or
for increased thermostability, by measuring residual catalytic function of enzymes

exposed to elevated temperaturesm.

COMPUTATIONAL PROTEIN DESIGN
Although directed evolution has been successful in optimizing a wide variety
of protein biophysical properties, the requirement of an effective screening process
and the cost associated with high-throughput screening techniques often makes such
approaches unfeasible. Computational structure-based design methods provide an
alternate approach to protein engineering and in the past several years methods for
computational protein design have improved significantly'*%-1**.

Computational protein design programs operate by attempting to predict the

optimal sequence of amino acids for a given protein fold. All computational protein
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design programs are comprised of two essential elements: an energy function'*>"

derived from mathematical models, empirical data or both that is used to evaluate the
fitness of a given structure; and a search algorithm, a method of rapidly sampling the
vastness of sequence space to identify the sequence with the highest fitness based on
the energy function. All design programs use structural data, usually derived from a
crystal structure, as a starting point or template for design. The variety seen in
different computational design programs comes from what goes into the energy
function and what search algorithm is employed.

Programs can often be run on a standard desktop computer in a period of
minutes to a few hours and the only cost is the cost associated with materials used to
generate and test the relatively small list of suggested mutations. The promise of
computational design therefore is to provide a cheap, fast, viable alternative to
directed-evolution that may open up new engineering opportunities that were closed
before due to lack of a reasonable selection method or prohibitively expensive
screening methods.

To date computational design has been used successfully to thermostabilize

137-141 142-147

proteins , redesign binding pockets , create a novel protein fold'*, turn a

150,151

receptor into an enzyme'*’, increase the catalytic efficiency of an enzyme and

151

alter the specificity of an enzyme™". Our work, described in chapter four, was the first

example of computational design being used to thermostabilize an enzyme'>,
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Energy Functions

Computational protein design programs use scoring or energy functions in
order to evaluate the fitness of a given sequence for a given structure. These energy
functions are comprised of a collection of mathematical and/or statistically derived
terms that when combined form a computational representation of the interactions
between all the atoms in the protein and surrounding solvent. The energy function
must also balance accuracy with low computational cost in order to produce successful
predictions in a reasonable amount of time. Much of the computational expense is
saved by keeping the protein backbone fixed, modeling solvent as a continuous
dielectric rather than explicit molecules, and representing amino-acid side-chains as a
statistically-based collection of discrete conformations known as rotamers'>> rather
than simulating motion. In addition the terms used in energy functions must be simple
enough to run quickly on a standard desktop computer while still being valid
representations of interactions occurring within a protein.

The terms used in energy functions can be split into three distinct groups:
bonded, non-bonded and solvation terms. Bonded energy terms describe the
interactions between atoms that are covalently bonded to one another. These terms
serve to constrain bond lengths and bond angles as well as represent the potential
energy associated with the torsional rotation of bonded atoms. Non-bonded terms
describe the interactions between atoms that are not directly bonded to each other.

They include the modeling of the hydrophobic van der Waals attraction and repulsion,
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electrostatic interactions and hydrogen bonds. Solvent energy terms model the
proteins interaction with its environment, typically that of water. Although water can
be modeled explicitly, as in molecular dynamic simulations, in computational protein
design addition of thousands of explicit solvent molecules is too computationally
expensive and therefore implicit solvent models are used instead. These models treat
the solvent as a single continuum with a set dielectric constant.

The terms used in the energy function can be modeled either using
mathematical functions derived from quantum calculations (molecular mechanics) or
using statistical inferences from the collection of known protein structures within the
protein structure database (knowledge-based).

Molecular mechanic potential energy functions are mathematical descriptions
of molecular interactions. Examples include: the Lennard-Jones potential, used to
model the attractive and repulsive components of the van der Waals force; Coulomb's
law, used to model electrostatic interactions; and dipole-dipole potentials used to
model hydrogen bonding.

Knowledge-based potential energy functions use statistical data parsed from
solved protein structures in order to determine the probability of seeing a particular
structural element. These probabilities are converted into potential energies by use of
the Boltzmann equation, AG =-RTIn(p,ps/Pexp), Where poss/Pesp is the ratio of the
probability of observing a particular structural element in the structural database

versus the probability of observing that structural element by chance'**'*°. These
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empirical potential energy functions are used to model structural behavior where an
accurate mathematical model of the behavior does not exist or is too computationally
complex to be used feasibly for protein design. As an example Kortemme and
Morozov developed a statistically derived potential energy function to model
hydrogen bonding which was used in the Baker lab's RosettaDesign program'*”',
The completed energy function is comprised of a combination of these terms.
Each term within the energy function is assigned a weight, which is then either
calibrated by training the energy function or manually adjusted. Training typically
involves testing the program's ability to recover wild-type amino acid sequence
information based solely on backbone coordinates'>’. Weights may also be adjusted
manually in order to change the impact each term has on sequence prediction. A
common example of adjusting the weights is to "soften" the repulsive component of
the Lennard-Jones potential. This allows the acceptance of small steric clashes by the
energy function which often occur when rotameric representation of side-chains are

used. These clashes can latter be alleviated by minimization steps which essentially

model the ability of the protein core to accommodate a different side-chain.

Search Algorithms
If you were to graph the energy function values for every possible solution in
sequence and torsional space for a given protein structure you would form an N-

dimensional energy landscape of hills and valleys much like the three dimensional
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representations shown in Figure 3.3. On this landscape, valleys represent a decrease
in energy and thus an increase in sequence/structure fitness while hills represent an
increase in energy and thus a decrease in fitness. The deepest valley is known as the
global energy minimum, which corresponds to the sequence representing the best
possible solution for a given structure based on the energy function. Since evaluating
the energy function for every single possible sequence or backbone orientation would
be impossible computational protein design programs instead employ a search
algorithms as a means of exploring this energy landscape. Search algorithms can either
be run to select for a given trait by finding the global energy minimum in what is
known as positive design, or they can be run to select against a given trait by finding
hilltops in the energy landscape in what is known as negative design. These search
algorithms can be split into two basic types: sampling algorithms and pruning
algorithms.

Sampling algorithms sample sequence space semi-randomly making random
changes that are then evaluated by the energy function and selected based on their
apparent fitness. In the case of protein design these changes can be changes in amino-
acid type, change in side-chain torsions (rotamers) or changes in backbone torsions.
These algorithms are capable of rapid searching; however, there is no guarantee that
their sampling will find the global energy minimum based on the energy function
since their search is not exhaustive. Confirmation of a global energy minimum can be

obtained, however, by testing to see if multiple independent runs converge to the same
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solution. Search algorithms that fall into this category include Monte Carlo and
genetic algorithms.

Monte Carlo search algorithms iterate to a random position within the protein
structure and make a random change, which could be the change of a side-chain or the
rotation of a torsion angle. The change is then evaluated by the energy function and
either kept or discarded based on a simple rule. The most commonly used rule is the
Metropolis criterion'®® by which the change is accepted if the energy is lower and
either rejected or accepted if the energy is higher based on a Boltzmann function.
Accepting lower energy confirmations is akin to sliding down into the bottom of a
valley in the energy landscape while accepting higher energy confirmations is akin to
jumping up the hill of a valley. These jumps allow for the escape from local energy
minima in order to continue searching for the global minimum.

Genetic algorithms use an evolutionary approach to select favorable mutations
in a population of sequences using the energy function as a measure of fitness'®’. The
algorithm starts with a population consisting of N random sequences each with a score
based on the energy function. In its first iteration these sequences are then randomly
mutated, re-scored and ranked based on their score. The top M are then chosen for
mating where M is a variable optimized by the user. Mated sequences produce
offspring that inherent sequence information from the multiple parent sequences with
equal probability. These offspring then compete by selecting C sequences from the

offspring population, scoring them based on the energy function and allowing the top
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scoring sequence to pass to the next generation. This process is repeated N times to
produce a new population which begins the next round of mating. This entire cycle of
mutation, mating, and competition is repeated with each round improving the fitness
of the sequence based on the energy function until an equilibrium is reached.

The second types of search engines are pruning algorithms, which emulate an
exhaustive search by simplifying sequence and structural space. This is achieved by
the systematic removal of bad side-chain conformations and combinations until a
single solution remains. Assuming the pruning algorithm converges to a single
solution this solution is guaranteed to be the global energy minimum solution for that
structure based on the energy function. The drawbacks to their use is that they require
that the amino acid side chains are represented as discrete rotamers and that the energy
function used is written as a sum of individual and pairwise energy terms. The most
commonly used pruning criteria for computational protein design has been the Dead
End Elimination (DEE) theorum'$2"1%,

DEE algorithms operate by pruning sequence space based on the pairwise
comparison of the energies of discrete side-chain rotamers'®. If rotamer 4 at positon i
(i4) is higher in energy than rotamer B at the same position i (i) then i, is removed
from the set of possible solutions. This elimination procedure also includes pairs of
rotamers where if is+jg when combined are higher energy than the combined rotamers

ictip then the pair ip+jp are removed from the solution set although the singe rotamers
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i4 and jpmay still appear individually. This elimination process continues until the

solution set converges to the global minimum energy sequence.

Example of a Computational Design Program: the RosettaDesign Program

One particularly successful computational design program has been the
RosettaDesign program developed in the Baker lab at the University of Washington.
RosettaDesign uses a stochastic Metropolis Monte Carlo search algorithm'®"'¢* to
rapidly sample sequence space. The program starts with a fixed-backbone template
derived from a crystal structure where all the side-chains within the design region have
been stripped and replaced by random amino acids in one of many potential
orientations, known as rotamers, from the Dunbrack rotamer library15 3. The
replacement of the native sequence with a random one ensures that the only structural
bias in the input is from the backbone and from the side-chains outside of the designed
area. The fitness of this sequence based on the structure is then evaluated by the
energy function, which returns a numeric energy value.

The energy function for the RosettaDesign program'™ is a linear combination
of nine terms. Two terms represent the attraction (Eay) and repulsion (E,,) between
atoms modeled using a standard Lennard-Jones 12-6 potential. Van der waals radii
are extrapolated by fitting the Lennard-Jones potential to the distribution of distances
observed between atom types in the PDB with well depths provided by the

CHARMMI19 parameter set'*®. Another term represents the internal strain of a
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particular rotamer or clashes between that rotamer and its backbone (Einra). A
Lazaridis-Karplus implicit solvation model'®’ is used to compute solvation energies
(Esov), excluding the intrinsic amino acid solvation term which is incorporated into the
amino acid reference energy. Two terms representing the backbone-dependent free
energies are determined empirically from probabilities based on how often a particular
amino acid (E,,) or a particular rotamer from the Dunbrack rotamer library (Equn)
appears in the PDB given the particular phi-psi angles of the backbone at that position.
Another term approximates electrostatic interactions (Egair) in proteins derived
empirically from PDB statistics based on the probability of seeing two amino-acids
close to each other in space given their local environment'®®. An orientation dependent
hydrogen bonding potential (Enpna) derived empirically by examining hydrogen bond
geometries in the PDB based on their local environment'”’. Finally reference values
(Erer) for each amino acid are included that approximate the free energies of each
amino acid in the denatured state. Each term is coupled with a weight that has been
optimized along with the reference energies based on an original training set of 30
proteins'>® and on experimental feedback. Summing the individual terms modified by
their weights and subtracting the reference energy of the amino acid chosen at that

position yields a final calculated energy for that residue position.
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CONCLUSIONS

Both directed evolution and computational protein design have been used
successfully in the engineering of a wide variety of protein biophysical properties.
Each method has its own strengths and weaknesses. Directed evolution may be used
without any structural knowledge of the protein design target but is restricted by the
cost and difficulty of running accurate and efficient screening or selection methods.
Computational protein design methods, however, can screen vast numbers of variants
via an in silico energy function and search algorithm in a very short period of time
with no associated cost though their reliance on both structural knowledge of the
design target and our imperfect understanding of protein structure/function
relationships has limited their application.

Many of the strengths and weaknesses of these two protein engineering
strategies balance one another. Directed evolution methods may find beneficial
mutations that would be difficult to predict based on structural data and our current
understanding of protein biochemistry, while computational design techniques can
search a much larger and more diverse section sequence space for a given structure.
Using both methodologies on a single design problem could vastly increase the chance

of success while increasing our understanding of protein design'®’.
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RI
. v ' One or multiple
5 NNNNNNN 3 oligonucleotides contain
3 —__—_?— §  random sequence
l R2
R1
v .
5 NNNNNNN mﬁi—— Anneal overlapping
3 3 oligonucleotides
! s
R1 R2
§ ——NNNNNNN —@@@™ 3% Extend hybrid DNA with
3 ————NNNNNNN——————§ DNA polymerase
l R2
PCR Ampilification (Optional)
R !
5' ———NNNN —— 3  Cutproduct with restriction
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R2
Rz\_ Ligate digested random
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create overhangs

/

SN

Figure 3.2 Regiospecific Random Mutagenesis (adapted from Kurtz and Black,
2004)'”!. Regiospecific random mutagenesis is a method used for randomly
mutagenizing a specific region of a gene. First oligos are created with some sequence
homology to the gene region of interest as well as regions of randomly sequence.
These oligos are then primed with primer containing a restriction site R2 to form
double stranded DNA with 5' R1 and R2 restriction sites. These double stranded DNA
fragments are then digested using the R1 and R2 restricition enzymes and ligated into
an expression vector with the homologous sequence removed by the same digestion.
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Chapter Four: Computational Thermostabilization of an
Enzyme

SUMMARY

Thermostabilizing an enzyme while maintaining its activity for industrial or
biomedical applications can be difficult with traditional selection methods. We
describe a rapid computational approach that identified three mutations within a model
enzyme that produced a 10°C increase in apparent melting temperature 7, and a 30-
fold increase in half-life at 50°C, with no reduction in catalytic efficiency. The effects
of the mutations were synergistic, giving an increase in excess of the sum of their
individual effects. The redesigned enzyme induced an increased, temperature-
dependent bacterial growth rate under conditions that required its activity, thereby

coupling molecular and metabolic engineering.

INTRODUCTION
Enzymes are the most efficient catalysts of chemical reactions known,
enhancing reaction rates by as much as 23 orders of magnitude'”'”. However, there
has been little evolutionary pressure for them to become more thermostable than is
required by their native environment. Many studies indicate that enzymes (like most
proteins) exhibit closely balanced free energy profiles for folding and unfolding,

thereby allowing functionally important dynamic motions and appropriate degradation
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in vivo'™. However, in a laboratory or industrial setting, this lack of thermostability
can lead to undesirable loss of activity'”.

The physical principles of protein folding that result in a balance of stability
and flexibility, while maintaining function, are not perfectly understood and have been
difficult to exploit for the development of thermostabilized enzymes'”*. For
hyperthermophiles, selective pressures have generated proteins with denaturation
temperatures upwards of 110°C'™. Their proteins exhibit topologies and stabilizing

interactions similar to those from mesophilic and thermophilic organisms'’"'7¢,

leading to diverse hypotheses regarding their relative behaviors'”

. However, a key
mechanism for thermostabilization appears to be the optimization of interactions
between amino acids within a protein's core'"®, complementing computational design
methods that optimize a sequence for a given fold'*%!31:133:136.180

The thermostabilization of an enzyme presents additional challenges for
computational protein design methods, because the active-site substrate geometry and
the molecular dynamic behavior during an enzymatic reaction often appear fine-tuned
for maximum catalytic efficiency' """, Therefore, the design method must be capable
of predicting thermostabilizing mutations within a given fold while minimizing any
shift in the backbone that might structurally disrupt the active-site structure or quench
its flexibility.

In the past several years, methods for computational protein structure

prediction and design have improved substantially>*'*. Recently, computational
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design has been used successfully in thermostabilizing noncatalytic proteins'*”'*,

142146 creating a protein fold'*®, and designing catalytic

redesigning binding pockets
activity into a bacterial receptor'*’. We use the program RosettaDesign'*’, which uses
an energy function for evaluating the fitness of a particular sequence for a given fold
and a Metropolis Monte Carlo search algorithm for sampling sequence space. The
program requires a backbone structure as input and generates sequences that have the
lowest energy for that fold.

We picked the homodimeric hydrolase enzyme yeast cytosine deaminase

(yCD), which converts cytosine to uracil, as a target for computational

thermostabilization. yCD was chosen because its high-resolution crystal structure is

181 13,182

available'®!, its catalytic mechanism is well characterized'®, it is thermolabile ,
and it has potential use in antitumor suicide gene applications'>!%*"#183 Ag do many
commercially useful enzymes, yCD displays irreversible unfolding behavior at high
temperatures (presumably because of aggregation) rather than the more simple, fully
reversible behavior common among model systems for the study of protein folding.
The problems inherent in engineering such catalysts have been recently reviewed'”.
We used computational redesign to predict a series of point mutations in the enzyme
core that might lead to thermostabilization of the enzyme without losing catalytic
efficiency. We then prepared a series of designed enzyme variants and determined

their folded thermostability, catalytic behavior, ability to complement rﬁetabolic

cytosine deaminase activity, and three-dimensional crystal structures.
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RESULTS

Our general computational strategy was largely unchanged from that described
by Kuhlman and Baker" ®_ An energy function evaluated target sequences threaded
onto a template backbone>>*1*197 Sequence space was searched with an iterative
Metropolis Monte Carlo procedure, starting with a random sequence, replacing a
single amino acid rotamer with a rotamer from the Dunbrack backbone-dependent
rotamer library'>, and reevaluating the energy. Sequences with lower energy were
automatically adopted, whereas sequences with higher energy were accepted with a
probability based on the Metropolis criterion in order to prevent trapping in a local
energy minimum.

All residues directly involved in catalysis, those located within4 A of the
active site, and those involved in the dimer interface were held fixed (Figure 4.1A).
The remaining 65 residues of the 153-residue monomer were included in the redesign,
allowing them to be changed to any amino acid except cysteine. Thirty-three of the 65
residues subjected to redesign (49%) remained wild-type, a result similar to those of
prior applicationsl‘w’15 ?_ Sixteen of the point mutations suggested by the program were
located on the surface of the protein and were not pursued, whereas the remainder were
in the core. The core mutations could be further subdivided into two localized clusters
of interacting residues, as well as four additional isolated point mutations (Figure
4.1B).

Site-directed mutagenesis was used to generate each of the two complete
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clusters of point mutations and the four individual mutations described above. Cluster
1, consisting of nine simultaneous mutations packed between an helix and several -
strands (including replacement of a buried salt-bridge), aggregated at concentrations
above 0.4 mg/mL and was not characterized further. Cluster 2, consisting of four
mutations packed between two helices, remained soluble when concentrated to 20
mg/mL. Individual mutations from this cluster revealed that A23L andI140L were key
to the thermostabilization of the enzyme and were included in the final construct
described below. Of the remaining four individual mutations, one (V108I) was also
incorporated in the thermostabilized triple-mutant enzyme, whereas the remaining
three (W10T, T67E, and E69L) were not as well behaved and were not characterized
further. Both the double mutant (A23L/1140L) and the final triple mutant
(A23L/1140L/V108I) were well behaved during expression and purification, more
thermostable than the wild-type enzyme, and fully active (Figure 4.1B).

We performed thermal denaturation experiments on all constructs using
circular dichroism (CD) spectroscopy (Figure 4.2A). Wild-type yCD and the
redesigned mutants displayed largely reversible unfolding behavior over the range of
temperatures examined; however, at higher temperatures, they unfolded irreversibly
(data not shown). We quantified the thermal stability of yCD and the mutant constructs
by deriving an apparent melting temperature (Tr,) from the CD-unfolding curves. This
value for the wild-type enzyme was determined to be 52°C. The isolated single

mutations A23L, 1140L, and V1081 each slightly thermostabilized the enzyme,
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increasing the apparent T by 2°C. However, simultaneous incorporation of all three
mutations increased apparent Ty, to 62°C, 10°C higher than that of the wild type.
Therefore, combination of individual point mutations in a single construct produced a
synergistic effect beyond their individual contributions. This result is not simply due to
the formation of contacts between redesigned residues, because residue 108 was
physically separated from residues 23 and 140.

The kinetic behavior of the wild-type enzyme and the double and triple mutants
was measured at 22°C to determine the effects of the mutations (Table 4.1 and Figure
4.3), as were theirrelative activities as a function of temperature (Figure 4.4). At 22°C,
the wild-type enzyme displays a turnover (kear) of 160 mol (mol enzyme)' s and a
Michaelis constant Kn of 1.98 mM, and the double and triple mutants displayed a
slightly reduced maximum rate Vmax coupled with a reduction in the Ki,. The catalytic
efficiency of the enzyme mutants (expressed as the ratio kc./Km) was unchanged
relative to the wild-type enzyme. The overall temperature activity profile was
broadened, for the redesigned enzyme, with near—wild-type activity retained at lower
temperatures and higher activity above 50°C.

The preservation of overall catalytic efficiency (achieved by reducing both A,
and Kp, rather than by maximizing overall velocity) and the unusual change in shape
and breadth of the enzyme's thermal profile might suggest that the computational
redesign generated mutations that natural or directed evolution pathways might not

select, except perhaps as intermediate species. Therefore, computational strategies for
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thermostabilization might offer a bonus of selecting mutations that differ in these
properties, as compared to selection or redesign experiments based on natural
selection.

In order to visualize the time-dependent decay of activity at elevated
temperatures, wild-type yCD and the double and triple mutants were incubated at
50°C, and the decrease in their relative activity was monitored over time (Figure
4.2B). The wild-type enzyme showed a rapid loss of activity at 50°C, with a half-life
of 4 hours. The double mutant displayed a half-life of 21 hours, whereas the triple
mutant had a half-life at 50°C of 117 hours (a 30-fold increase over that of the wild
type).

In order to determine the effects of the mutations in vivo, a strain of
Escherichia coli dependent on cytosine deaminase function for uracil synthesis was
engineered and transformed with both wild-type and mutant yCD reading frames.
Doubling times were then measured at 30°C and 37°C on minimal media lacking
uracil (Figure 4.5). The thermostabilized mutant construct induced slightly accelerated
growth relative to the wild-type enzyme at 30°C and a clear acceleration at 37°C. This
suggests that the properties of the engineered variants (a reduced Ky and
thermostabilization) measured in vitro correlate with improved enzyme flux in vivo
under growth conditions limited by the activity of the enzyme.

The crystal structures of both the double and triple mutants were solved to 1.9

A and 1.7 A, respectively. The interpretation of density around the redesigned regions
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of the protein core (in unbiased omit maps) was unambiguous (Figure 4.6A). The root
mean square deviation values comparing the wild-type enzyme and both constructs
were under 0.5 A on all common carbons and under 0.8 A on all common atoms.
Thus, the redesign and subsequent incorporation of point mutations in the enzyme core
had a negligible effect on overall structure of the enzyme, including the active site
(Figure 4.6B). The redesigned, mutated residues all appear to pack more tightly in the
enzyme core, with more surface area in contact with neighboring residues without
altering the nearby side chain rotamers or backbone conformation. Approximately 70
A? of additional buried surface area is incorporated as a result of the three mutations
[based on an analysis of residue-by-residue packing, using the program NACCESS'*).
The A23L/1140L double mutation increased the amount of hydrophobic packing
against a neighboring tyrosine ring (Figure 4.6C), and the addition of V108I in the

triple mutant added an additional methyl group to fill a cavity (Figure 4.6D).

DISCUSSION
The stabilized triple mutant was pieced together from part of a cluster of
mutations predicted by the program and another single mutation predicted in a separate
part of the core. Although the degree of thermostabilization produced by these
mutations was relatively modest (an increase for Tp, of 2°C for the first change and 4°C
for each subsequent mutation), there is no obvious reason why additional mutations

predicted by the program could not be iteratively incorporated into the enzyme core,
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resulting in a panel of catalysts that display sequential increases in thermal stability.

Not all mutations predicted by the program were equally thermostabilizing.
Redesigns involving incorporation or alteration of polar or charged residues in the core
(such as replacement of a buried salt-bridge in cluster 1 and individual mutations
T67E, E69L, and W10T) were less successful than mutations involving substitution of
one hydrophobic side chain for another. These latter mutations were predicted and
observed to fill cavities within the core with additional van der Waals packing
interactions. In future design efforts, selecting mutations of this type in silico may be
most successful. Furthermore, modeling of interactions involving buried polar and
charged side chains in the enzyme core is an area for future development in

computational redesign algorithms.

MATERIALS AND METHODS

Computational Design Method

RosettaDesign was used as described in Kuhlman and Baker, 2000. The
program uses an energy function to evaluate target sequences threaded onto a template
backbone!*>1?¢1%%167 " Sequence space is searched with an iterative Metropolis Monte
Carlo procedure starting with a random sequence, replacing a single amino acid
rotamer with a rotamer from the Dunbrack backbone dependent rotamer library'*® and
reevaluating the energy using the energy function. Sequences with lower energy are

automatically kept while sequences with higher energy are accepted with a probability
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based on the Metropolis criterion in order to prevent trapping in a local energy
minimum. Multiple independent runs are done to confirm convergence onto a global
minimum energy sequence.

Design was carried out in three rounds. The first two rounds were similar to
that described in Dantas et. al., 2003 with the exception that residues subject to
redesign were limited to those not located in or nearby the active site or dimer
interface; incorporation of cysteine was avoided. The 1.14 A crystal structure of yCD
bound to the mechanism-based inhibitor dihydropyridine (pdb code 1p60) was used as
a structural template with residues 3-5 and 198-205, bound inhibitor, waters and
metals removed. Round 1 of the design allowed residues 10-28, 37-49, 67-70, 81-87,
105, 107-109, 128-136 and 138-146 to change (Figure 4.1A) and residues on both
monomers of the dimer were allowed to change independently during the design. The
search used a limited side chain conformational database that contained rotameric
models varied around the first chi angle only in order to save computational expense.
50 independent runs were done generating 100 sequences (50 for each monomer).
Round 2 limited the search to amino acids that were picked during the 50 runs in
round one at the individual residue positions. This limitation allowed a larger rotamer
library including chi-2 angle rotations to be used. Again both monomers were allowed
to change independently and 100 sequences were generated. A third round of design
was necessary because RosettaDesign produced two different sequences for the

monomers in the dimeric structure, possibly due to some asymmetry in the template
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structure itself (all atom rmsd between monomers of 0.74 A). To determine which
sequence was better overall the sequences of the monomers were evaluated in the
dimeric form with the same sequence used for both monomers. The sequence that
produced the lowest energy was then chosen (Figure 4.1C). The mutations that
successfully result in thermostabilization appeared to generally correspond to those
positions that increase the size of a hydrophobic residue without changing its chemical

characteristics.

Protein Expression, Purification and Mutagenesis

Protein expression and purification of yCD was carried out as previously
described'®! with the exception that buffer exchange was carried out with Biorad pre-
packed Econo-Pac 10DG buffer exchange columns rather than overnight dialysis. The
protein was expressed from a pET15b vector with a thrombin cleavable 6-His tag
within BL21-RIL cells. All kinetics and thermostability experiments were carried out
with fresh, unfrozen protein stored at 4 degrees C for no longer than 2 weeks due to
observed adverse effects of freezing on protein stability (data not shown). Mutations
were made with the Stratagen QuickChange ® Site-Directed Mutagenesis Kit.
Mutated DNA was transformed into XL-10 Ultracompetant cells and a Qiagen
miniprep kit was used to purify the plasmid from a culture of the cells. All sequences

were confirmed using the dye-termination method (data not shown).
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Circular Dichroism Measurement and Thermal Denaturation Experiments

CD data were collected on an Aviv 62A DS spectrometer as described in
Dantas et. al., 2003'*°. Wavelength scans were run from 200-260 nm to determine the
folded state of the protein, the ratio of concentration to signal strength and the
wavelength where signal strength was at its highest (Figure 4.2A). Temperature melts
were run with 8-12uM protein in a 2 mm pathlength cuvette from 10° to 98° C in 2°
increments with temperature regulated by a Peltier device. Sample temperature was
allowed to equilibrate for 30 seconds before measurement. Chemical melts were run
with 1.2uM protein in a 1 cm pathlength cuvette from 0 to 4M guanidine
hydrochloride stepping in 0.2M increments with 0.1M increments in the transition
range. In both temperature and chemical melts samples were allowed 30 seconds to
equilibrate and signal was collected and averaged over 30 seconds. Denaturation was
recorded as a change in elipticity over temperature. Apparent Ty,’s were determined
by curve-fitting (Figure 4.2A).

Chemical denaturation experiments measuring CD signal at 220 nm over a
range of guanidine hydrochloride concentrations were performed, however the
irreversible unfolding of wild-type yCD and the mutant constructs in these
experiments prevented an accurate determination of the change in free energy of

folding (data not shown).
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Activity Assays

The conversion of cytosine to uracil by yCD was measured by UV
spectroscopy by monitoring change in absorbance at 286 nM. The protein was diluted
to 2 uM in 50 mM Tris pH 7.5 and mixed 1:1 with a range of 9 cytosine
concentrations from 0.2 - 1mM in the same buffer. Absorbance at 286 nm was
measured every 5 seconds until baseline was reached with the first reading taken 5
seconds after mixing. Measurements were taken in quadruplicate and averaged to
reduce error. Initial velocity was calculated as a function of the initial slope by curve-
fitting the resulting plot, taking the derivative and extrapolating back to time zero.
Km, Vimax and keqt of wild-type yCD and mutant constructs were determined from a
double reciprocal (Lineweaver-Burke) plot of the resulting data and the catalytic
efficiency ke./Km was calculated from these values (Table 4.1, Figure 4.3).

The thermal activity profiles for the wild-type and the triple mutant were
created by measuring enzyme activity from 5 to 60 degrees at a fixed substrate
concentration of 0.70 mM (Figure 4.4). Data was collected and analyzed as above
with temperature controlled by a Peltier device.

Decay of enzyme activity over time at 50° C for wild-type and the double and
triple mutants was monitored by incubating 30uM protein stock in a thermocycler at
50° C and measuring activity at a series of time-points (Figure 4.2B). Activity was
measured in the same manner as above with the exception that runs were done in

triplicate.
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Complementation and Bacterial Growth Assays

Strain GIA38 of Escherichia coli, deficient both in CD activity and in de novo
uracil biosynthesis (thr” dadB3 leuB6 fhuA21 codAl lacY1 tsx-95 ginV44(AS) I’
pyrF101 his-108 argG6 ilvA634 thi-1 deoC1 git-15) was obtained from the E. coli
Genetic Stock Center (CGSC #5594). This strain was lysogenized with DE3
according to the instructions from Novagen (Madison, WI). The derived strain
GIA39(DE3) was used in the genetic complementation bacterial growth curve assays
(Figure 4.5). The strain was transformed with an inducible pET-15b expression vector
containing either wild-type or triple-mutant yCD and grown in media that is selective
for CD activity: 1.96g yeast synthetic dropout without uracil, 0.1mM CaCl,, 0.24mM
(or 0.267mg/ml) cytosine, 111ml M9 cocktail (100ml 10 x M9 salts (30g KH,POs,
67.8g Na,HPO,, 5g NaCl, 10g NH4Cl per liter), Iml 1M MgSOy, 5ml 20% glucose
per liter) and 50pug/ml carbenicillin per liter. As a control, growth of the same strain
transformed with a null pET-15b vector was also measured and found to be negligible.
Growth curves were measured in several independent experiments for each

transformed strain at both 30° and 37° C.

Crystal Growth and Structure Determination

5

Crystals were grown using methodology from Ireton'®. After two days

crystals appeared in the drops, but were often twinned. These crystals were then used
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to streak seed into the clear lower concentration drops where higher quality crystals
eventually grew. Crystals were looped out and transferred briefly to a cryobuffer
containing the motherliquor plus 25% DMSO and then flash-frozen in liquid nitrogen.
Crystals diffracted to 1.9 A for the double mutant and 1.7 A for the triple mutant
(Table 4.2).

All data were collected on an RAXIS-IV area detector using a rotating anode
generator. Both crystals diffracted strongly but exhibited a faint minor twinned lattice,
which did not appear to affect data quality or subsequent structure refinement
behavior. Data was indexed and scaled using the DENZO/SCALEPACK program
suite'®. The initial structures were generated by molecular replacement using the
program EPMR"®" using the wild-type yCD crystal structure'®! with the mutated
residues and any residues within a 4 A shell of those residues truncated to alanine.

Q188189 with a random

Refinement was carried out in rounds using the program CN
10% of data withheld for cross-validation. The double mutant crystal structure was
refined to a Ryork/Reee 0f 17.7/21.4 and the triple mutant structure was refined to a
Ruwork/Reee 0f 16.7/19.4 (Table 4.2). Electron density maps and models were visualized

in XtalView'"?

(Figure 4.6A) while cartoon representations of the structure were
generated using Pymol™" (Figure 4.6B-D). Coordinates and diffraction data for the
double and triple redesign mutants have been deposited in the PDB database (ID codes

1YSD and 1YSB, respectively).
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Table 4.2 Crystallographic Statistics for Double and Triple Mutant Yeast

Cytosine Deaminase Structures

Data Collection

Space Group

Unit Cell Dimensions

Resolution

Completeness (%)
(outer shell 0.1 A)

Rmerge (%)

Average /o

Number of Observations
Number of Reflections (hki)

Redundancy

Refinement

Resolution

Reflections

Test set (10%)

Reryst (%)

Rfree (%)

Rms deviations Bonds
Angles

Protein atoms

Water molecules

Bound metals

Average B factors Protein

Double Mutant
A23L/ 1140L

P2(1)

2=394A b=54824
c=68424 g =1057°

1.9
99.3 (96.3)

4.3
38.8 (12.5)
75,950
22,096

3.4

50-1.9
21965
2182
17.7
21.4

0.00564
1,16343

2448
318

5
19.5

Tripie Mutant
A23L / V108I /1140L

P2(1)

a=39.5A b=546R
c=68.1A B =1053°

1.7
93.9 (86.1)

4.7
19 (9.5)
62,386
29,093

2.2

50-1.7
28869
2874
16.7
19.4

0.003914
1.10045

2450
398
5
17.1
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Figure 4.1 Scope of Computational Design (A) a cartoon representation of
yCD with active site residues highlighted in purple and residues involved in
the initial design highlighted in blue. (B) A table of all the constructs and
mutations dealt with in this paper along with their solubility and Ty, if
measured. (C) A sequence alignment between yCD WT and the final 3™ round
design with 33 mutations highlighted red for surface mutations, green for
single mutations within the core, yellow for residues involved in Clusterl, cyan
for residues involved in Cluster2 and pink for residues involved in the active
site. (D) A cartoon representation of yCD, the color-coding matches that in the
sequence alignment.
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Figure 4.2 Thermal Denaturation and Activity Half-Life Measurements.
(A) Temperature melt measuring the change in signal at 220 nm over a range
of temperatures. All constructs show a folded baseline followed by a sigmodial
two-state transition to an unfolded baseline. Only data from 40° to 70° are
shown; at lower temperatures, the baseline plateaus corresponded to an
assignment of 100% folded protein. (B) Activity decay at 50°C. Wild-type
yCD and the double and triple mutant constructs were incubated at 50°C, and
their activity was measured over time. The resulting curves gave half-lives for
the enzymes at 50°C of 4 hours for the wild type (WT), 21 hours for the double
mutant, and 117 hours for the triple mutant.
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Figure 4.6 Structural Analyses (A) 2F,-F; simularted annealing omit map
of the final protein ‘triple mutant’ construct centered on the A23L /[140L
mutations. (B) Overlay of the yCD active site residues with wild-type
green and the triple mutant yellow. (C) Van der Waals representation of
residues Y19, A23, Y26, and 1140 in the wild-type yCD crystal structure
(left) and the same representation and orientation for the mutant construct
with A23L and I140L mutations (right). (D) Van der Waals radii
representation of the area around V108 in the wild-type structure (left) and
a similar representation of the area around the V108I mutation in the triple
mutant crystal structure.
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Chapter Five: Thermostabilized Yeast Cytosine Deaminase

Variants Derived by Random Mutagenesis or Computational

Design Increase Sensitivity to 5-Fluorocytosine For Prodrug
Gene Therapy

SUMMARY

Prodrug gene therapy (PGT) is a treatment strategy in which tumor cells are
transfected with a 'suicide' gene that encodes a metabolic enzyme capable of
converting a nontoxic prodrug into a potent cytotoxin. One of the most promising
PGT enzymes is cytosine deaminase (CD), a microbial salvage enzyme that converts
cytosine to uracil. CD also converts S-fluorocytosine (5-FC) to 5-fluorouracil (5-FU),
an inhibitor of DNA synthesis and RNA function. Over 150 studies of cytosine
deaminase-mediated PGT applications have been reported since 2000, all using wild-
type enzymes. However, various forms of cytosine deaminase are limited by
inefficient turnover of 5-FC and/or limited thermostability.

In a previous study we stabilized yeast cytosine deaminase (yCD) by repacking
of its hydrophobic core at several positions distant from the active site’®>. Here we
report that random mutagenesis of residues in and near the active site, followed by
selection for enhanced sensitization to 5-FC, also yields a thermostabilized enzyme
variant (yCD-D92E). The new mutation is located at the enzyme's dimer interface,
indicating that independent mutational pathways can lead to stabilization. This result

implies that protein stability is the main limiting property for yCD's performance in
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prodrug gene therapy. Combinations of redesigned and selected substitutions further
increase the enzyme's resistance to thermal denaturation. However, while each
independently derived set of mutations significantly improves the enzyme's
performance in PGT assays both in cell culture and in animal models, their
combination is deleterious. Characterization of these constructs demonstrates that this
might be due to a 'threshold' effect, a limiting thermostability beyond which enzymatic

activity is reduced, restricting prodrug activation.

INTRODUCTION

The pyrimidine salvage pathway enzyme cytosine deaminase (CD; EC 3.5.4.1)
is responsible for converting the nucleobase cytosine to uracil and ammonia. This
activity is found primarily in microbes'®, including Saccharomyces cerevisiae and
Esherichia coli, and has arisen at least twice, using completely separate protein
folds'®'%. In addition to cytosine, cytosine deaminase catalyzes the conversion of 5-
fluorocytosine (5-FC) to the potent chemotherapeutic drug, 5-fluorouracil (5-FU).
Thus, the combination of CD enzyme activity and 5-FC as its substrate forms the basis
of a potential anti-tumor gene therapy, where CD plays the role of a 'suicide gene''®.

In suicide gene therapy applications, the gene for cytosine deaminase is
introduced into cancer cells, followed by systemic administrations of the prodrug 5-

FC. Following deamination by CD, 5-FU is converted by cellular enzymes to

SFJUMP, an irreversible inhibitor of thymidylate synthase (TS). Inhibition of TS
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blocks dTTP production and prevents DNA synthesis'**'*®, The CD/5-FC system has
been used in numerous animal models and is currently being evaluated in clinical trials
for solid tumors. One limitation to this approach is the poor transfection efficiency of
current vector delivery systems. Consequently, high 5-FC doses must be administered
to achieve therapeutic value and are associated with unwanted side effects suggested
to be a result of the generation of 5-FU by intestinal bacteria'®’.

Key to suicide gene therapy is the phenomenon known as the bystander effect
in which non-transfected neighboring cells are killed through the transfer of
antimetabolites from CD expressing cells in close proximity. A strong bystander
effect has been associated with CD and 5-FC because 5-FU is a small, uncharged
molecule capable of non-facilitated diffusion through cellular membranes’>'*42",
Unlike other suicide gene therapy systems such as herpes simplex virus thymidine
kinase (HSV-TK) and ganciclovir (GCV) that rely on transfer of metabolites through
gap junctions, the CD/5-FC bystander effect is not dependent upon cell-to-cell
contact'®®,

Another advantage of the CD/5-FC combination is that 5-FU has
radiosensitizing properties’>". Since it is unlikely that treatment with gene therapy
would be the only course of action in patients, radiosensitizing effects can augment
treatment regimens. Several groups have reported in vivo results with CD to have a

73,203

significant bystander effect at clinically relevant 5-FC doses and radiation

regimens’>204205,
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Two completely separate forms of CD have evolved in nature, and both are
being studied in anti-tumor gene therapy investigations. Yeast CD (yCD) belongs to
the amidohydrolase protein fold family and shares homology with bacterial and
eukaryotic cytidine deaminases'®'. The enzyme is assembled into a homodimer
comprised of 17.5 kDa subunits that contain a catalytic zinc ion. In contrast, bacterial
CD (bCD) belongs to the alpha-beta ‘TIM’ barrel fold family and most closely
resembles human adenosine deaminase'®’. In E. coli, the enzyme is assembled into a
hexamer of 60 kDa subunits that contain a catalytic iron.

Although product release from the yeast cytosine deaminase is rate-limiting®,
yCD has been observed to display superior kinetic properties towards 5-FC
(corresponding to a 22-fold lower K, for the prodrug) and slightly improved efficacy
for treating tumors in mice than bCD'®. However, wild-type yCD is relatively
thermolabile as compared to bCD, a property that may limit its performance in
therapeutic applications'*'%2.

Using computational protein engineering, we previously created a series of
mutant yCD variants with increased thermal stability'**. A mutant with two
substitutions (A23L/I1140L or 'yCD-double') and a subsequent, final redesigned
mutant (A23L/V108I/1140L or 'yCD-triple') display 5- and 30-fold increases in their
half-lives at 50°C, respectively, with preservation of wild-type catalytic efficiencies.
The latter construct displays improved complementation of cytosine deaminase

activity at elevated temperatures in bacteria.
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In the present study, we have randomly mutagenized residues in and near the
wild-type yCD active site, and have used positive and negative genetic
complementation strategies to identity mutations that confer increased 5-FC sensitivity
(i.e., that lead to toxicity at the lowest possible concentrations of 5-FC). The resulting
mutations were analyzed alone and in combination with those previously engineered
in the protein core for their effect on (1) prodrug sensitivity in mammalian cells and in
a mouse xenograft tumor model, (2) substrate specificity, (3) kinetic efficiency, and
(4) enzyme stability. The crystal structure of the mutant from the screen with the
strongest effect on 5-FC sensitivity was determined. The effects of various individual
and combined mutations in this study demonstrate that improved efficacy by yCD is
largely a function of increased thermostability, which can be derived through multiple
pathways of protein mutations. Furthermore, combinations of mutations that are
individually effective in both enzyme stabilization and in increasing 5-FC sensitivity
appears to indicate a 'threshold' beyond which improved performance in PGT assays is
lost--possibly due to kinetic inhibition as a result of quenching the dynamic flexibility
of the enzyme and its active site. Separately, however, the computationally
engineered yCD-triple and the genetically selected yCD-D92E variant each provide
enhanced 5-FC sensitivity to cells and therefore may serve as improved candidates for

future suicide gene therapy studies.



90

MATERIALS AND METHODS

Materials

Oligonucleotides used to mutate and sequence yCD were obtained from either
Sigma-Proligo (St. Louis, MO) or Integrated DNA Technologies (Coralville, [A).
Restriction enzymes were obtained from New England Biolabs (Beverly, MA). The
plasmid pETHT:yCD expressing His-tagged yCD was constructed as described in
Ireton et al. (2003)'*!. DNA purification was done using several kits (Wizard PCR
prep kits Promega (Madison, WT), HiSpeed Plasmid Mini Kit from Qiagen (Valencia,
CA) and StrataPrep EF Plasmid Midikit from Stratagene (La Jolla, CA)). Alamar
Blue was purchased from Serotec Limited (Oxford, UK). All cell culture reagents
were purchased from Gibco (Carlsbad, CA). All other reagents were purchased from

Sigma (St. Louis, MO) unless otherwise noted.

Bacterial strains

Escherichia coli GIA39, a strain deficient in cytosine deaminase and orotidine
5’-phosphate decarboxylase, was obtained from the E. coli Genetic Stock Center
(CGSC #5594: thr dadB3 fhuA21 codAl lacY1 tsk-95 ginV44(AS) A pyrF101 his-
108 argG6 ilvA634 thi-1 deoCl1 git-15). E. coli GIA39 was lysogenized with DE3
according to the manufacturer’s instructions (Novagen, Madison, WI). The derived
strain, GIA39(DE3), was used in the genetic complementation assays for cytosine

deaminase activity. E. coli strain CJ236 (F'LAM, ung-1, relAl, dut-1, spoT1, thi-1)



91

was used to produce single-stranded DNA for site-directed mutagenesis procedures.
The E. coli strain NM522 (F* lacI® A(lacZ)-M15 proA B*/supE thiA(lac-proAB)
A(hsdMS-merB)5(r my MerBC)) and E. coli strain XL1-Blue (F'::Tnl0 pro4™B" lacl®
D(lacZ) M15/recAl endAl gyr496 (Nal') thi hsdR17 (rx'mg") supE44 reld1 lac) were
used as recipients for certain cloning procedures. E. coli BL21-RIL (Novagen,

Madison, WI) was used for large scale protein purification.

Construction of the yCD Regiospecific Random Library

Preparation of the Randomized Insert

The basic protocol for regio-specific random mutagenesis was performed as
outlined in Kurtz and Black (2004)'”!. The following oligonucleotides were designed
to synthesize a 139bp dsDNA fragment, that spans 12 codons (T83, L84, Y85, T86,
188, S89, D92, M93, T95, G96 and 198) that were randomized at 21% at the positions
indicated in bold in the MB224 template, below.

MB223 (56mer),

5> GTGAGATCTCCACTTTGGAAAACTGTGGGAGATTAGAGGGCAAA

GTGTACAAAGAT 3’

MB224 (95mer),

5' CCGACAA(CACAGCGTG)GAATACCATACATGATGATGGCACCTG

TACACATGTCGCATGGAGACAGCGTCGTATACAAAGTGGTATCTTT

GTACAC 3’
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MB225 (18mer), 5° GTG(AGATCT)CCACTTTGG 3°

MB226 (17mer), 5’ CCGACAACACAGCGTGG 3’

Dralll and BglII restriction sites noted in the parenthesis in MB224 and
MB225, respectively, were used for cloning purposes. Briefly, thel39bp dsDNA
fragment was synthesized by annealing 50pmol each of MB223 and MB224 with 10 x
annealing buffer (70mM Tris-HCI at pH 7.5, 60mM MgCl,, 200mM NaCl) in a final
volume of 50uL at 95°C for Smin, 65°C for 20min, and room temperature for 10min.
Next, the annealed product was extended with the Klenow fragment of E. coli DNA
polymerase in an 80uL reaction mixture consisting of the 40uL annealed product, 4ul
10 x annealing buffer, 5.6uL 10mM dNTPs, 1.6uL 0.1M DTT and 4.8uL Klenow

(5U/uL) at 37°C for 30min, 65°C for 10min and room temperature for 10min.

Amplification of the Random Insert

A master mix was prepared consisting of 110uL 10 x PCR buffer (200 mM
Tris-HCl at pH 8.3, 250mM KCI, 15mM MgCl,, 0.5% Tween-20), 200pmol MB225
and MB226 each, 4.4uL 10mg/mL BSA, 5.5uL 10mM dNTPs and 4.4uL Taq
polymerase (5U/uL). The extended product (16pmol or SuL) and 27.8uL of the
master mix were mixed to a final volume of 200uL and split into four tubes containing
50uL each. The 50uL mixtures were subjected to amplification using an Eppendorf

Thermocycler by 30 cycles with 1 cycle at 94°C for 1min, 34°C for 2min, and
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followed with a 7min extension at 72°C. Amplification of the 139bp insert was

confirmed by gel electrophoresis.

Construction of Recombinant vCD Variants

To construct the vector carrying the inactive or dummy gene, the Dralll and
Bglll sites in the vector backbone were removed by site-directed mutagenesis using
the following oligonucleotides: MB277 (21mer), 5° CGATGG
CCCAATACGTGAACC 3’ to remove the Dralll site and MB307 (22mer), 5’
CGGGATCGC GATCGCGGGCAGC 3’ to remove the Bg/Il site. To reduce the
presence of wild-type yCD in the selection, the yCD gene was inactivated by
restriction with Accl followed by extension with the Klenow fragment and religation.
The resulting inactivated yCD was designated as “pETHT:yCD-dummy.” Following
digestion with Bg/II and Dralll, the gel purified insert was cloned into the vector

digested with the same restriction enzymes.

Transformation of E. coli GIA39(DE3) and Positive Selection

Approximately 3.5uL of the ligated product was electroporated into 40uL of
electrocompetent E. coli GIA39(DE3) and then shaken at 37°C for 1hr in 1 mL of
SOC medium (3g Bactopeptone, 2.5g yeast extract, 1M NaCl, 1M KCl, 5SmM
MgSO4, 5SmM MgCl, and 1.8% glucose per liter). The transformation mixture was

concentrated by pelleting, resuspended in 100uL of 0.9% NaCl and plated at various
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volumes onto 2 x YT rich medium, uracil and cytosine minimal media plates
supplemented with 50 ug/mL carbenicillin. Growth on cytosine minimal medium
requires the presence of a functional yCD, while 2 x YT and uracil minimal media
were used as positive controls. Uracil minimal medium (500mL) was prepared from
0.36g yeast synthetic dropout without leucine, 50mL 10 x M9 salts (15g KH,POs,,
33.9g anhydrous NaHPOs, 2.5g NaCl, 5.0g NH4Cl), ImM MgSO;, 2.5mL, 20%
glucose, 0.1mM CaCl,, ImL 2% leucine, and 7.5g Bactoagar. Cytosine minimal
medium (500mL) was prepared from 1mM cytosine, 0.96g yeast synthetic dropout
without uracil, 8.5g Bactoagar, SOmL 10 x M9 salts, ImM MgSOy, 2.5mL 20%
glucose, and 0.1mM CaCl,. The 2 x YT plates were incubated at 37°C overnight, and
the uracil and cytosine plates were incubated at 37°C for approximately 36hr. The
number of transformants on the 2 x YT plate allows estimation of the library size.
Transformants from the cytosine plates were picked and restreaked onto fresh cytosine

plates to confirm the phenotype.

Selection of 5-FC Sensitive Mutants

Genetic complementation of yCD was done as previously established for
bacterial CD*’. To determine the ability of the mutants to confer 5-FC sensitivity, the
functional variants determined by the positive selection described above were streaked

onto cytosine plates supplemented with 5-FC at 10ug/mL, a sublethal dose for wild-
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type yCD, and incubated for approximately 36hr at 37°C. Colonies unable to grow on
the 5-FC plates were selected from the control plates and subjected to additional
rounds of negative selection at decreasing 5-FC concentrations (5, 2, 1 and 0.5ug/mL).
Plasmid DNA of the yCD variants was isolated and the randomized region sequenced
using the T7 terminator primer (5’TATGCTAGTTATTGCTCAG 3’) at the core

sequencing laboratory at Washington State University.

Construction of Mammalian Expression Vectors

Computationally designed thermostabilized yCD genes described in Korkegian
et al. (2005)'3 (pET15b:yCD-A23L/V108L (yCD-double) and pET15b:yCD-
A23L/V108L/1140L (yCD-triple)) were sub-cloned into the mammalian expression
vector, pPCDNA6/myc-His B (Invitrogen, Carlsbad, CA). The yCD-double and yCD-
triple genes were subcloned into pPCDNA6/myc-His B digested with EcoRV and Xhol
as Ncol (blunt-ended)/Xhol fragments. After restriction enzyme verification, DNA
sequencing analysis confirmed the presence of the yCD-double and yCD-triple genes.

Site-directed mutagenesis was performed to introduce the mutations derived
from the regio-specific random mutagenesis to the yCD-triple mutant using the
QuikChange Site-directed Mutagenesis Kit from Stratagene (La Jolla, CA) according
to the manufacturer’s protocol. Three pairs of oligonucleotides containing the D92E,
MB93L or I98L substitutions and a silent mutation to remove a restriction site for

screening purposes were synthesized by Integrated DNA Technologies (Coralville,



96

IA). In the mutagenic oligonucleotides the bolded nucleotide indicates the regio-
specific random substitution and the underlined nucleotide indicates the removal of the
restriction site.
DI2E, loss of Al site
MB374 (31mer), 5’ CGCTGTCTCCATGCGAAATGTGTACAGGTGC 3’
MB375 (31mer), 5> CGACCTGTACACATITCGCATGGAGACAGCG 3’
MY3L, loss of AII] site
MB376 (31mer), 5’ CGCTGTCTCCATGCGACCTGTGTACAGGTGC 3’
MB377 (31mer), 5> GCACCTGTACACAGGTCGCATGGAGACAGCG 3’
198L, loss of Banl site
MB378 (34mer), 5> GCGACATGTGTACAGGAGCCCTCATCATGTATGG
3
MB379 (34mer), 5> CCATACATGATGAGGGCTICCTGTACACATGTCGC
3’
After restriction enzyme verification, DNA sequencing analysis was performed

to confirm the presence of the correct mutation.

5-FC Sensitivity Assays
One pg of each DNA (pCDNA (vector alone), pPCDNA:yCD, pCDNA.:yCD-
D92E, pCDNA:yCD-M93L, pCDNA:yCD-I98L, pCDNA:yCD-double,

pCDNA:yCD-triple;, pPCDNA:yCD-triple/D92E; pCDNA:yCD-triple/M93L;
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pCDNA :yCD-triple/198L) was used to transfect 1 x 10° rat C6 glioma cells by
lipofection using FuGENE 6 transfection reagent (Roche Diagnostics, Penzberg,
Germany) at a 3:1 ratio according to the manufacturer’s directions. Immunoblots were
performed to assess protein expression. Briefly, pools of transfectants were harvested
and resuspended at 100,000 cells/uL in lysis buffer (for 2mL: 2uL 1M DTT, 20uL 1M
HEPES, 40uL Nonidet P40 (Roche Diagnostics, Pernzberg, Germany) 2ul. MgAc,,
H,O0 to final volume). The resuspended pellets were incubated on ice for 20min and
subjected to centrifugation at 4°C for 20min to pellet debris. Heat denatured samples
(10uL per well) were subjected electrophoresis on a 15% SDS containing
polyacrylamide gel, transferred to a nitrocellulose membrane and blocked with 3%
gelatin in Tris-buffered saline. The membrane was probed with rabbit polyclonal yCD
antiserum (gift from Dr. Alnawaz Rehemtulla, U. Michigan, Ann Arbor, MI) followed
by goat anti-rabbit AP-conjugated antiserum. The blot was developed using the AP
Conjugate Substrate Kit (Bio-Rad, Hercules, CA). To determine the cytotoxicity of 5-
FC, pools of transfectants were transferred to 96 well microtiter plates at an initial
density of 250 cells per well in DMEM plus supplements®®. After cell adherence
overnight, 5-FC (0-10mM) was added in sets of eight wells for each concentration
tested. The plates were incubated for 6 days at 37°C in 5% CO; at which time the
redox-indicator dye Alamar Blue was added. Cell survival was determined several
hours later as according to the manufacturer’s instructions and the data were plotted

with a standard error of the mean bar. At least three replicates were performed.
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Xenograft Tumor Model

Pools of C6 glioma cells stably transfected with pPCDNA, pCDNA:yCD,
pCDNA:yCD-D92E, or pCDNA:yCD-triple (0.5 x 10° cells in 200uL of phosphate
buffer saline (PBS) at pH 7.2) were injected subcutaneously into 5- to 6- week-old
female nude mice (n = 5 for each group) (BALB/cAnNCr-nwnu; National Cancer
Institute, Fredrick, MD, USA). When the tumors reached 3-4mm (day 0), PBS or 5-
FC (500mg/kg) was administered by intraperitoneal injection once a day for 18
consecutive days. Starting at day 0, the tumor volume was monitored using caliper
measurement (length, width, and height) every other day. Tumor volume was
calculated using the formula: 4/3n((widthxlengthxheight)/2). Tumor volume was

plotted and analyzed for statistical significance using Student’s T-test.

Protein Expression and Purification

Protein expression and purification of yCD was carried out as previously
described (Ireton et al., 2003)'*!, with the exception that buffer exchange was carried
out with Biorad pre-packed Econo-Pac 10DG buffer exchange columns rather than
overnight dialysis. Protein expression from pET15b:yCD (BL21-RIL) yields yCD
with a thrombin cleavable 6-His tag fused to the N-terminus. All kinetics and
thermostability experiments were carried out with fresh, unfrozen protein stored at 4°C

for 2 weeks or less.
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Activity Assays

The conversion of cytosine to uracil by yCD was measured
spectrophotometrically by monitoring change in absorbance at 286nM while the
conversion of 5-FC to 5-FU was monitored at 238nm. The protein was diluted to 2uM
in 50mM Tris-Cl (pH 7.5) and mixed 1:1 with a range of nine cytosine concentrations
from 0.2 — ImM in the same buffer. Absorbance at 238nm was measured every Ssec
until baseline was reached with the first reading taken Ssec after mixing.
Measurements were taken in quadruplicate and averaged to reduce error. Initial
velocity was calculated as a function of the initial slope by curve-fitting the resulting
plot, taking the derivative and extrapolating back to time zero. K, and kg, values of
wild-type yCD and mutant constructs were determined from a double reciprocal
(Lineweaver-Burk) plot of the resulting data and the catalytic efficiency kea/Kn was

calculated from these values.

Circular Dichroism Measurement and Thermal Denaturation Experiments

Circular dichroism data were collected on an Aviv 62A DS spectrometer as
described in Dantas ef al. (2003)*°. Wavelength scans were run from 200-260nm to
determine the folded state of the protein, the ratio of concentration to signal strength
and the wavelength where signal strength was at its highest. Temperature melts were
run with 8-12uM protein in a 2mm pathlength cuvette from 10° to 98°C in 2°

increments with temperature regulated by a Peltier device. Sample temperature was
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allowed to equilibrate for 30sec before measurement and signal was collected and
averaged over 30sec. Denaturation was recorded as a change in elipticity over

temperature. Apparent Tms were determined by curve-fitting.

Crystallization and Structure Determination

Crystals were grown using methodology described in Ireton e al. (2003)'81,
After two days crystals appeared in the drops, but were often twinned. These crystals
were then used to streak seed into the clear lower concentration drops where higher
quality crystals eventually grew. Crystals were looped out and soaked for 20min in a
mother liquor solution containing 2-hydroxypyrimidine concentrated 1.2:1 relative to
protein. After soaking the crystals were immediately transferred briefly to a
cryobuffer containing the 2-hydroxypyrimidine mother liquor plus 25% DMSO and
then flash-frozen in liquid nitrogen. All data were collected from a single crystal on
the 5.0.1 beamline at the ALS syncrotron to 1.7A. Data were indexed and scaled
using the DENZO/SCALEPACK program suite'®. Rperee values for the higher
resolution scales were poor so the data was re-indexed and scaled at 2.3A. The initial
structures were generated by molecular replacement using the program EPMR'®’ using
the wild-type yCD crystal structure with the mutated residues and any residues within
a 4A shell of those residues truncated to alanine. Refinement was carried out in

8188,189

rounds using the program CN with a random 10% of data withheld for cross-

validation. The yCD-triple/D92E mutant crystal structure was refined at 2.3A to a
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Ruwork/Rfree 0f 20.4/25.7. Electron density maps and models were visualized in
XtalView'®® while cartoon representations of the structure were generated using
PyMOL"'. Coordinates and diffraction data for yCD-triple/D92E structure have been

deposited in the PDB database (PDB 203k).

RESULTS

Identification of Mutants in and Near the Active Site that Confer Enhanced 5-FC
Sensitivity

To create yCD variants with increased activity to 5-FC, we subjected 11
codons within the most conserved region of yCD (T83, L84, Y85, T86, L88, S89,
D92, M93, T95, G96 and 198) to regio-specific, partially randomizing mutagenesis as
described in Materials and Methods. Completely conserved residues within this same
region, assumed to be critical for activity, were omitted from randomization (T87,
P90, C91 and C94) (Figure 5.1).

Identification of functional yCD variants with enhanced 5-FC activity involved
a two-step selection procedure. First, functional yCD variants were selected for
preservation of catalytic activity, based upon their ability to confer growth on
cytosine-containing plates, under conditions that require CD activity for viability.
Second, the functional variants were then screened on cytosine plates containing 5-FC.
It was determined that the 5-FC dose at which wild-type yCD survives, or the sub-

lethal dose, is 10png/mL. Although wild-type pETHT:yCD will allow growth on plates
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containing the sub-lethal dose of 5-FC, any mutant with increased 5-FC activity will
not be viable. To identify the best variants within the library pool colonies were
sequentially streaked onto plates containing 5-FC from 10ug/mL to 0.5ug/mL. From
an estimated total of 34,000 transformants, 50 colonies (~0.15%) were identified as
yCD positive based on their ability to grow on cytosine containing plates. Of the 50
yCD positive clones, only six conferred sensitivity at 0.5ug/mL 5-FC, the lowest
effective 5-FC concentration in the negative selection.

In order to evaluate the library diversity, along with identifying which
substitutions are tolerated, plasmid DNA from colonies on the non-selective and
selective plates was isolated and sequenced. Sequence analysis of DNA isolated from
colonies that grew on the non-selected plates revealed a broad spectrum of mutations
in the regio-specific library (data not shown) and indicates that the oligonucleotides
used to generate the library contained random sequences. Sequence analysis of the 6
variants that conferred the greatest sensitivity to E. coli revealed that two had a
substitution at D92 to glutamic acid (D92E), two had a substitution at M93 to leucine
(M93L) and two had a substitution of I98 to leucine (I98L). Additionally, the two
I98L mutants have different nucleotide-level changes, suggesting these mutants were
derived independently. Therefore, from a library of 34,000 transformants, three amino
acid substitutions were identified that confer 5-FC sensitivity (D92E, M93L, and

I98L) at the lowest 5-FC concentration in the selection scheme.
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Construction of Combinations of yCD Mutants

Recently, we performed a computational design study aimed at improving the
stability of the thermolabile yCD'%, in which mutations were generated in the
enzyme's hydrophobic core, distant from the active site. From this study, two
thermostable mutants ('yCD-double'; A23L/1140L and 'yCD-triple';
A23L/V1081/1140L) were generated that have apparent melting temperatures 6°C and
10°C greater than that of wild-type yCD, respectively. To investigate the combined
effect of these mutations with those selected in and near the enzyme active site as
described above, several new mutants were constructed by site-directed mutagenesis.
These 'superimposed' mutants (yCD-triple/D92E, yCD-triple/M93L and yCD-
triple/I98L), and their individual parental mutations, were then tested in a mammalian

tumor cell line assay for increased 5-FC sensitivity.

In Vitro 5-FC Sensitivity Assays

To determine the activity of these mutants towards 5-FC (and their ability to
induce sensitivity to 5-FC) in vitro, mammalian expression vectors encoding the yCD
variants were constructed and used to transfect rat C6 glioma cells (see Materials and
Methods). Immunoblot analyses of lysates from the pools of transfectants show
similar yCD expression levels for all of the mutants and wild-type yCD, with no
detectable expression in vector control pools (data not shown). Pools of stable

transfectants were assayed for 5-FC sensitivity over a drug range of 1 to 10mM.
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Representative results of the 5-FC sensitivities displayed by the yCD mutants, wild-
type yCD and a vector control are shown in Figure 5.2. Little to no toxicity was
observed with vector alone at the lower 5-FC doses; however, above 6mM 5-FC an
inherent cytotoxicity is observable in the glioma cell line. YCD-DO92E displays the
greatest reduction in ICsg (~30%) for 5-FC of the three regio-specific random mutants
(Figure 5.2A). No difference in sensitivity was observed with the yCD-I98L
substitution as compared to wild-type yCD. The yCD-M93L mutant displays an
intermediate ICs of 9.5mM, an estimated decrease of ~15% from wild-type yCD.

The computationally designed thermostablizing yCD-double and yCD-triple
mutants also display increased sensitivity towards 5-FC in glioma cells (Figure 5.2B).
The yCD-double mutant displays a similar ICsy (8mM) to yCD-D92E, an approximate
30% reduction in ICsp compared to wild-type yCD-transfected cells. The greatest
enhancement in activity was observed with the yCD-triple mutant with an 1Csq of
approximately 6mM, an estimated 50% reduction relative to wild-type yCD.
Unexpectedly, none of the superimposed mutants exhibit enhanced activities towards
5-FC (Figure 5.3). The yCD-triple/I98L and yCD-triple/M93L have an ICsg of 9mM
while the yCD-triple/D92E has a similar ICs to that of wild-type yCD transfected
cells. These results indicate that the addition of the randomly generated substitutions
to the designed mutant negates the effect of thermostability introduced by the triple

substitutions.
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5-FC Sensitivity Assayed using a Tumor Xenograft Model

The behavior of the two most active yCD constructs from the assays above
(yCD-triple and yCD-D92E) were then further compared to wild-type enzyme and a
negative control in a mouse xenograft model of prodrug gene therapy. As described in
Materials and Methods, pools of rat C6 cells stably transfected with pCDNA
containing yCD, yCD-triple, yCD-D92E or vector alone (0.5 x 10° cells) were
subcutaneously injected into the flanks of nude mice (n=5). When the tumor size
reached 3-4mm, phosphate buffered saline (PBS) or 5-FC at 500mg/kg was injected
intraperitoneally once a day for 18 days. Tumor size was monitored every other day.
Tumor cells transfected with vector only (pCDNA) showed no statistical difference in
tumor size between mice treated with PBS or prodrug (Figure 5.4A). Similarly, no
statistical difference was observed in tumor volume in mice seeded with cells
transfected with pCDNA:yCD that were injected with PBS or 5-FC (Figure 5.4B).
The lack of difference in wild-type yCD tumor size between PBS and 5-FC treated
mice at day 18 is likely a reflection of the low 5-FC dose administered and/or the
duration of the prodrug treatment.

In contrast to tumors expressing wild-type yCD, the prodrug treated mice
bearing yCD-triple or yCD-D92E expressing tumors elicited a strong response
(Figures 5.4C and 5.4D). The mice bearing yCD-triple expressing tumors treated with
5-FC displayed the greatest restriction in tumor growth (mean tumor volume of

1076mm? versus PBS tumor mean of 2833mm?*; P = 0.05). The yCD-D92E tumor
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bearing mice also showed restricted growth in the presence of 5-FC (733mm° versus
1942mm’ for saline treated mice; P = 0.035). To compare the effects of 5-FC on
tumors expressing the redesigned thermostabilized yCD-triple with that of the selected
yCD- D92E, the mean tumor size of the prodrug treated group was divided by the
mean tumor size of the prodrug treated group for each group on day 18. Both yCD-
triple and yCD-D92E tumor bearing mice responded equally well (2.65 versus 2.64,

respectively).

Enzyme Kinetics and Thermostability

The unexpected loss of sensitivity towards 5-FC when yCD-triple and yCD-
D92E were combined, as compared to their individual behaviors, led us to investigate
the catalytic and biophysical properties of these yCD variants in more detail. Using
purified proteins, enzyme assays with cytosine and 5-FC as substrates were performed
as described in Materials and Methods.

Overall, the relative catalytic efficiency (ke./Km) towards cytosine of the
individual yCD-triple or yCD-D92E mutants is not appreciably different from wild-
type enzyme, whereas the yCD-triple/D92E is approximately 3-fold less efficient
(Figure 5.5). This result is primarily caused by a reduction in the enzyme's turnover
rate: keat (Cytosine) for yCD-triple/D92E is approximately 1/8" that of wild-type
enzyme. In contrast, the Ky, values for cytosine observed with all mutant enzymes are

all within approximately 2 to 2.5-fold of wild-type yCD values (Table 5.1).
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When the prodrug 5-FC is instead used as the substrate in kinetic assays, the
individual yCD-triple and yCD-D92E mutant enzymes again display overall catalytic
efficiencies (kca/Kn) that are roughly equivalent to wild-type yCD (Table 5.1 and
Figure 5.5). This corresponds to slightly higher K, values (1.7- and 1.8-fold,
respectively) and corresponding increases in ke, In contrast, although the combined
yCD-triple/D92E enzyme has a slightly lower Ky, it displays a kca; value half that of
wild-type yCD. This gives the combined yCD-triple/D92E mutant enzyme a
marginally impaired 5-FC catalytic efficiency (1.6-fold) compared to wild-type yCD,
yCD-triple and yCD-D92E.

Inside a cell, cytosine and 5-FC compete for the active site of yCD. To take
this into account, the relative specificities or substrate preference for 5-FC of all three
mutant enzymes was compared (calculated as [Kea/Km (srcy/(Keat'Km (src) T Keat'Km
eyn)]). With wild-type yCD set a relative specificity of 1.0, there is no considerable
difference in substrate preference between yCD-wild-type (1), yCD-triple (0.947) or
yCD-D92E (1.12) and only a modest 1.23-fold increase in preference for 5-FC
displayed by the yCD-triple/D92E mutant. This modest shift in specificity towards 5-
FC for the combined mutant is not correlated with what was observed in cell
sensitivity assays, where yCD-triple/D92E performed no better than the wild-type
enzyme.

In previous experiments we showed that the redesigned yCD-double and yCD-

triple mutants display denaturation temperatures (7) that are 6°C and 10°C higher,
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respectively, than that of the wild-type enzyme (wild-type yCD, Ty, = 52°C; yCD-
double and yCD-triple mutants, 7,,s= 58°C and 62° C, respectively). The stabilization
of yCD in the yCD-triple mutant corresponds to improved complementation of CD
activity in E. coli at elevated temperatures'>, and presumably is also responsible for
its improved performance in PGT assays in this study.

We therefore examined the effects of the individual yCD-D92E substitution
and of the superimposed yCD-triple/D92E mutation on protein stability. Thermal
denaturation experiments were performed on the wild-type, yCD-triple, yCD-D92E
and yCD-triple/D92E proteins using circular dichroism spectroscopy as outlined in
Materials and Methods. Although the yCD-D92E mutant was selected based on its
ability to confer increased sensitivity to 5-FC in E. coli, this enzyme unexpectedly also
displays an increase in its apparent denaturation temperature, corresponding to a T,
4°C higher than the T, for wild-type yCD. Combination of yCD-D92E with the
previous yCD-triple mutations in the enzyme core results in a dramatic 16°C increase
in apparent T, as compared to wild-type yCD (6°C higher than that of the yCD-triple

mutant) (Figure 5.6).

Structure Determination
A 2.3A crystal structure was solved of yCD-triple/D92E bound to a transition
state analogue (Table 5.2) and compared to both previously solved wild-type (PDB

1p60) and triple mutant (PDB 1ysb) structures in order to identify any potential
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structural changes that may explain the observed ICsg values as well as the
thermodynamic and kinetic data. The yCD-D92E and the yCD-triple mutations
appear far from the active site (Figure 5.7 and Figure 5.8A) and indeed the active site
residues show no perturbations in either the yCD-triple or yCD-D92E/triple structures
when compared to wild-type (Figure 5.8B). The yCD-D92E mutation, although close
in sequence to active site residues C91 and C94, is actually involved in the nearby
dimer interface of the homodimeric enzyme. In the wild-type enzyme both carboxyl
oxygens in aspartate 92 make salt-bridge contact to a nearby arginine residue in the
adjacent monomer (Figure 5.9A). In yCD-D92E the extra carbon in the glutamate is
packed against a nearby lysine and isoleucine, resulting in a redistribution of contacts
made by the carboxylate oxygens of the mutated side chain (Figure 5.9B). The
resulting structural changes in the vicinity of the mutation are very subtle and the

reasons that it results in such a significant stabilization are difficult to ascertain.

DISCUSSION
The initial premise of this study was that independent mutations in the active
site and the hydrophobic core of yCD, that respectively influence substrate specificity
and enzyme thermostability, could each be identified in separate experiments and then
combined in a single construct for maximum benefit. Furthermore, whereas
stabilizing interactions in a protein core can be improved through computational

protein design'>, an enzyme's substrate specificity is still more effectively addressed
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through incorporation of random mutations and subsequent genetic screens or directed
evolution protocols. Thus, a two-pronged experimental approach to optimize the
physical and catalytic properties of yCD was expected to yield a combination of
enzyme mutations with optimal properties.

Instead, the experiments described above yielded unexpected results in three
ways. First, the protocol of random mutagenesis and genetic screening generated a
construct (yCD-D92E) whose primary characteristic relative to wild-type enzyme
appears to be stabilization of the folded enzyme: the mutant displayed a significant
increase in its 7,,, but only a small (1.12-fold) specificity shift towards 5-FC relative to
cytosine. This result appears to have been made possible through the choice of
residues that were subjected to mutation, which extended beyond the substrate binding
pocket, to nearby positions involved in dimerization. Residues were chosen for
mutation prior to determination of the enzyme's structure, based on sequence
conservation across the closest known homologues with deaminase function. In
retrospect, strongly conserved residues in yCD (and most other enzymes) include not
only those positions most critically involved in substrate recognition and catalysis, but
also amino acids those that closely couple the architecture of the active site to the fold
and stability of the enzyme tertiary structure (such as D92).

Second, the stabilized mutant yCD constructs produced by repacking of the
hydrophobic core (yCD-double and yCD-triple) were both significantly improved in

their performance in PGT assays, with the latter construct actually outperforming the
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best mutant construct selected solely on the basis of 5-FC sensitivity. This result,
considered in concert with the properties of yCD-D92E described above (improved
stability and nominal changes in catalytic behavior), clearly indicate that the primary
limiting behavior of wild-type yCD for prodrug gene therapy is its stability, which
presumably is coupled to steady-state enzyme levels in transfected cells and enhanced
conversion of 5-FC to 5-FU.

Finally, the combination of two sets of physically separate mutations (yCD-
triple and yCD-D92E) that were independently generated failed to act in a synergistic
or additive manner in PGT assays when combined into a single construct. On the
surface, an explanation for this behavior seems straightforward: the combined
construct (yCD-triple/D92E) is significantly more thermostable than are any of the
individual yCD constructs (with an apparent increase in 7, of 16°C), which might lead
to a corresponding reduction in catalytic efficiency at physiological temperatures due
to reduced conformational dynamic flexibility of the protein backbone. However, the
difference in kinetic rate and catalytic efficiency towards 5-FC exhibited by yCD-
triple or yCD-D92E compared to yCD-triple/D92E (which performs similarly to wild-
type enzyme) is not dramatic: the combined mutant is perhaps 1.5-fold less active
towards the prodrug than are the individual mutants. This result implies that there
exists a quite sharp 'threshold' of activity towards 5-FC deamination in the cell that
leads to considerably more sensitivity towards low concentrations of the prodrug.

Furthermore, the specific activity of the wild-type enzyme under standard protocols of
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transfection and expression must be somewhat close to that critical point of metabolic

sensitivity.

Variable Routes to Protein Thermostabilization

Two entirely separate forms of thermostabilized yCD enzyme have been
generated in these studies, one of which was generated in a screen for increased
sensitivity to 5-FC, the other in a structure-based redesign protocol intended to
produce a more robust form of the enzyme. The independent sequence changes that
lead to stabilization (increased van der Waals packing of each subunit's hydrophobic
core, versus more subtle alteration of contacts in the homodimer interface) are
structurally dissimilar from one another, providing a clear demonstration that multiple
evolutionary routes can act on protein stability through considerably different
structural mechanisms.

This result reinforces a myriad of studies of protein stability conducted over
the past ten years, where the structures of homologous proteins from various
biological sources (ranging from cryophiles to mesophiles to thermophiles) have been
directly compared in attempts to catalogue the determinants of protein stability?**2!3
Although a variety of factors have been implicated in thermostability (including
hydrophobic packing, formation of additional salt-bridges within the protein structure,

modifications of surface charge distribution and shifts in amino acid composition, to

name just a few), each mechanism appears to be relatively unique to specific structural
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families of proteins. In addition, individual proteins can be made thermostable either
by reducing their relative free energy in the folded state (termed 'thermodynamic
stabilization") or by decreasing the rate of unfolding through modifications that
increase the energy barrier of the unfolding transition state (termed 'kinetic
stabilization"). This latter mechanism for protein stabilization has been observed for a
variety of proteins, such as a-lytic protease’'*. A significant aspect of such proteins is
the identification of residues at points distant from the hydrophobic core, and often at
domain interfaces, that are highly sensitive to mutational effects on protein stability".
Given the nature of the yCD-D92E mutation at the dimer interface, which does not
appear to obviously increase favorable contacts in the folded enzyme, it might be

possible that this mutation stabilizes yCD via this latter mechanism.

yCD and 5-FC and Enzyme Engineering in Recent Gene Therapy Trials and the
Role of Optimized Enzyme Constructs

Between 1990 and 2004, 405 gene therapy trials were approved in the US for
cancer treatment, of which 95 contain various elements of enzyme/prodrug therapeutic
strategies; 74 of these trials were active as of April 2005. Three of these trials, all
involving the combination of thymidine kinase and ganciclovir, have advanced to
phase III multicenter programs®!. A large percentage of these trials have targeted
prostate cancer, due to the relatively low percentage of these cancers that have

associated detectable metastatic disease (<10%) at the time of diagnosis®'’. Of these
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latter trials, many have made use of cytosine deaminase enzymes and 5-FC, most in
combination with additional enzyme/prodrug activities. Results from phase I trials
against prostate cancer and pancreatic cancer have recently been reported for
combined PGT therapies involving yeast cytosine deaminase. In each study a
replication-competent adenovirus armed with wild-type yCD fused to a modified
HSV-thymidine kinase (SR39), in combination with 5-FC/ganciclovir prodrug
administration and radiation, was utilized*'”. In both cases, the trimodal approach
(oncolytic virus, suicide gene/prodrug, and radiation) significantly increased tumor
control beyond that displayed by individual modalities, with a corresponding reduction
in morbidity and toxicity as compared to traditional chemotherapy. As well, positron
emission tomography (PET) studies indicated strict localization of the transfected gene
and its product in the targeted tissue.

Despite the promise of such studies, prodrug gene therapy is limited
pharmacokinetically by the ability to deliver the suicide gene efficiently to tumor cells
whereas traditional chemotherapeutic strategies are perhaps equally limited by the
ability to specifically target the effects of cytotoxic agents to tumor cells at levels over
normal proliferating cell populations in the body. The ability of PGT to effectively
ablate tumor cells is also reliant on the inherent sensitivity that cell type displays
towards a particular gene/prodrug combination. Additionally, when poor
responsiveness necessitates repeat therapeutic intervention, rapid immune clearance of

cells expressing a previously seen foreign protein may serve to further limit treatment
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efficacy. As such, various enzyme/prodrug combinations will be required to
accommodate these various treatment scenarios. To offset the significant hurdles
associated with PGT, the pharmacokinetic properties of the enzyme (its stability, half-
life and kinetic activity), the prodrug (its metabolism and toxicity) and combination of
the two (their uniqueness to transfected cells) must be optimized for maximum
therapeutic efficacy. In particular, the catalytic efficiency of enzymatic activation of
the prodrug, and the relative level of activation of the prodrug in transfected cells must
be optimized for several enzyme/prodrug combinations. For the most commonly used
enzyme/prodrug combination under clinical study to date (HSV thymidine kinase and
ganciclovir), random mutagenesis and genetic selection experiments have generated a
variant of HSV thymdine kinase (SR39), that has led to a 294-fold increase in
sensitivity to ganciclovir when compared to wild-type enzyme, as well as improved
tumor growth inhibition'>?*,

In the case of cytosine deaminase and 5-FC, the availability of two separate
enzyme scaffolds and folds (yCD and bCD) further increases the parameters that can
be optimized and combined with other enzymes; each enzyme displays unique
characteristics of size, oligomeric structure, behavior when 'tethered' to additional
enzymes, metal dependence, stability and substrate specificity profiles. Given that a
variety of studies that use two enzyme/prodrug combinations have shown synergistic

92,93,219,220

improvements in efficacy over individual enzyme systems , the utility of

kinetic and biophysical optimization of each enzyme seems clear. Thus, side-by-side



116

optimization of each enzyme source for PGT is likely to illuminate the balance of

properties that are most critical for performance in gene therapy applications.



117

y0+36S°V 8°'1¢ S0-3€S°9 LY'0
S0+300°1 8°1S S0-381°S ¢S’0
SO0+3JES’'T 98 S0-3¢29°8 LS°0
So+3sy’'1 0LT $0-30L°T LT'T
S0+36€°T S'6 90-3159°6 890°0
S0+391°¢ L'TE S0-3LT°¢E ST0
S0+360°C q'6c G0-356°C v1°0
S0+39¢°¢C 8'81T S0-3(8'T €800
(2 noes/t) €] (59s/poid W) (sjenisqns
W d9s/poid W) Ww)
wj /3ed) jed) XQWA wnj

dUIS0JAD)
dUIS0A)
auIs0lAD
dUIS0lAD

J4S
45
J4S
24§

ajesysqns

aidul+3Z64a

3z6a
a|duy
adAL-piim

aiduui+3z6a

3ze6da
aiduil

adAL-pI!m

auIs0)£3010N]f-S PUE AUISOJA)) JSUIETE SHULLIE A ISBUTWEI( JUISO)A)) JSEI X SIUIWINSLIUT dJPUl [ Iqe L,



118

11 11 661 s9|6uy

6£00°0 900°0 1100 spuog
SUOIRIADIP Sy
p°61 (¢'92) LSt T'ST ey
L91 (9°02) ¥0Z 11 womyy
69882 0zZET 0zz'ze SUOo|103JaY jOo JqUINN
L1-0S (€2-€£'2) £2-08 $1°1-01 uoniN|osay
sonsne)s juswauydy
(s'6) 61 (s'2) Loz (8°€) €€ 0/1 abesany
L¥0°0 (¢80°) Zvo* (€82°) £¥0°0 absawy
A4 () TeL Aduepunpay
(1'98) 6’6 (oot) oot (9°19) 9°26 SSaudldjdwo)
L'1-0S (oe'z-8€'2) €2-0s | (PT°T-8T°T) +¥1°1-02 uopnjosay

ayduy

dHQ 03 punog
a|duy 3z64

dHQ 03 punog
M

uoi3|j0) ejeq

SINJONI)S ISBUTWEI(] IUISO)A)) ISed X .10J sonsne)s dnydeadoqersii) 7°S dqel,




119

"sIsouageInu 10§ pajodae) J0U IOM PUEB PIUI[IOPUN SIB SINPISII PIAIISU0d A[YSIH

“yoe[q ut paySiySy si sisouddeynur wopuer 951adsor3al 10§ pajadie) uoldal proe ourwe oy 1, *sisouddeIny

N

wopury] dJyadso13ay 10§ pajedae], 3oudnbog poy ourmy IseUIWEI(] JUIS0IL)) JSBIX [°G N1y

86 €8

S 1T11A1T11Ad

|l 1 ' v95 1 O3 NADO

Q|



120

JuauedI) DS OU YHM S[[9M [0NUO0 I0J dnfeA ) Jo aFejuasiod

e s passaxdxa st (soyeordos uaayyiy 1se9| 18 Yim pauniojrod ¢=u WHS F ueswr) jurod ejep yoesyq
“SUOIONIISUI S J2INjoRNURW 3} 0) UIPIOIIL dN[g Jewe[y JuIsn PIUIULIdNIP SBM [BAIAINS [[30 ‘yUdwedl)
1S JO SAep XIS 101y “Spoyiapy pup SIp1i2Iopy Ul PIQLIdSIP St APANISUIS )),[G I0J PAIEN[BAD pUE S[[2D
eWOI[3 9)) 181 109sueI) 0} PIsn d1om (31dLn pue Jiqnop) sjueinll A[eISOULIdY) paugisap A[feuonenduiod
(g 10 (1861 10 TE6N “HZ6() SHeinw wopuel 1J133ds-01331 (Y ((IDA) dseurweap duisojhd

1seak 2adK)pim {(WNDC) AJUo 10193A SUiUIeju0d SHUBIJSURI) 3[qe)S JO S[00] ‘SHUBLIBA dseurmed(
QUIS0)A)) ISEIX YIIA PIJIIYSUEL ], S[]F)) BWOI[L) 9)) Jey JO ANANISUIS JUIS0)AI0.10N] f-S 7°S 2In31

(Ww) 945 (Ww) 945

(2] 6 8 FA 9 S 14 € [4 3 0 [T 6 8 1l 9 ) 4 € 4 3

Lo
[ o
“om
[ ov
“om

- 09

[BAIAINS %

0L
- 08

I 06

(0/1]5

| Ol
|02

- 08

oLl

[BAIAINS %



121

“JuaUNEaL) )[-S OU YJiM S[[oM [01UO0D IO In[eA 3y} Jo d3ejuadiad

© se passoIdxa st (sajeorjdor ussy1y 1sea] 18 YPIm pouriojad ¢=u WHS F ueswr) jutod eyep yoey “suononysul
§ JoIoeJNUERW 3Y) 01 SUIPI0OOE onjg Jewe[y JulSn POUTULINOP SEAM [BAIAINS [[30 JUSUINEdL) .-G JO SABp XIS
LYY SPOYIapy puv SIpLIDRY UL PAQUIOSIP S AJTANISUSS -G 0] PIJen[eAd pue S[[ad Bwol|3 90) 1el jod)suen
0 pasn a1om (861/21d1n 10 Te6N/RIdIN “Ared/eIdin) syuenuw pasodwitiadns oy pue ((IDA) dseururesp
auIS0149 15834 ad K1pTm (VNDH) A[uo 101094 Gutureiuod sjuelodjsuer) dqess Jo S|oo  -dseurmed(] uIs03A)
ysea A SdLLL-HT6( UMM PIIJSUEL, S[PD) BWIOHD) 9)) ey JO APADISUIS dUIS0)A0IN[ -G €°S N1

(nww) o4s

LE oL 6 8 VA 9 S L4 € c L 0]

-0l
- 0¢
[] - 0¢€
- OV

R - 0S

- 09

2
[AIMING %

-08

O'M, e~ L, Hom

g ——7 00"
oLt




g

;

Tumor Volume (mm?®)

0 2 4 6 8 10 12 14 16 18 20
Days

g 8

Tumor Volume (mm?)
g

0 2 4 6 8 10 12 14 16 18 20
Days

g

g

Tumor Volume (mm®)

8

Tumor Volume (mm?)

;

122

8

10 12 14 16 18 20
Days

g

:

8

10 12 14 16 18 20
Days

Figure 5.4 Rat C6 Glioma Mouse Tumor Xenograph Model. Pools of rat
C6 glioma cells transfected with A) vector, B) wildtype yCD, C) triple or D)
D92E were used to seed tumors in nude mice. When tumor size reached 3-
4mm, PBS or 5-FC (500mg/kg) was administered once a day for 18 days.
During this period tumor growth was measured every other day (n = 5 for each
group). Tumor volume was calculated using the formula 4/3 ((width x length x
height)/2), plotted and analyzed for statistical significance using the Student’s
T-test. Asterisks denote statistical significance (P = 0.05 or lower).
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Figure 5.9 Interaction of D92E at the Dimer Interface. (A) wild-type crystal
structure. (B) D92E-Triple crystal structure
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Chapter Six: Discussion

A requirement of any effective enzyme for use in gene-directed
enzyme/prodrug therapy (GDEPT) is its ability to catalyze the conversion of the
prodrug to the active drug under physiological conditions. The therapeutic efficacy of
the GDEPT enzyme yeast cytosine deaminase (yCD) is therefore compromised by its
low catalytic efficiency and its low thermostability’®. The goal of our research was to
engineer yeast cytosine deaminase (yCD) in order to increase its GDEPT efficacy by
improving the enzyme's catalytic turnover of the prodrug 5-fluorocytosine (5-FC) and
increase the enzyme's thermostability.

A GDEPT enzyme's effectiveness is a direct measure of it is ability to catalyze
the conversion of the prodrug to the active drug. The catalytic turnover of the prodrug
5-FC by cytosine deaminase is complicated by the fact that the enzyme's native
substrate, cytosine, is in high abundance within the cell. Although the catalytic
specificity for 5-FC is much higher in yCD than its GDEPT predecessor bCD," its
catalytic efficiency is low. In order to improve yCD's catalytic turnover of 5-FC we
used a regiospecific random mutagenesis and selection protocol previously described
by Black et. al, 1996' in order to screen E. coli transformed with a codon specific
randomized library of yCD mutants for increased sensitivity to 5-FC. The screen
produced several distinct mutations that lead to an increase in 5-FC sensitivity relative

to wild-type, the best of which was a point mutant D92E.
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Another requirement of any effective GDEPT enzyme is that it must be stable
and active under human physiological temperature and conditions. Previously in the
literature it was reported that although yCD displays a much better catalytic profile
than bCD for GDEPT using 5-FC, it's activity also displays a much lower half-life at
37° C*. To improve the thermostability of yCD we developed a novel protocol
utilizing the computational protein design program RosettaDesign developed by
Kuhlman et. al., 2000 in order to select thermostabilizing mutations within yCD
without disturbing the active site and catalytic function of the enzyme. The procedure
generated many mutations from which we found 3 point mutations that when
combined increased the thermostability of yCD by 10° C'*2

Both of these protocols generated yCD variants that had the desired
characteristics as set by the design parameters: increased 5-FC sensitivity as a result of
regiospecific random mutagenesis and increased thermostability as a result of
computational protein design. To determine if these designs led to an improvement in
efficacy for GDEPT, a 5-FC sensitivity assay was performed in both a in vitro cell
culture and a in vivo mouse tumor xenograph model, using either wild-type enzymes
or one of the following variants: the D92E mutant; the triple mutant; or a variant that
had all four mutations (D92E-triple).

The cell culture assay showed significant decreases in 5-FC ICs values for
cancer cell lines transfected with D92E (2mM) or triple mutant yCD (1mM) relative

to wild-type (>10mM). Similarly, the mouse tumor xenograph model showed



130

decreased tumor growth in tumors expressing D92E or triple mutant yCD relative to
wild-type. The D92E-triple mutant, however, showed no change in ICsg relative to
wild-type in the cell culture assay and as a result was not tested in the mouse tumor
xenograph assay. The results of these two experiments demonstrate that both the
DO92E and the triple mutant alone show increased therapeutic efficacy for use in
GDEPT over wild-type yCD but that when combined into a quadruple mutant the
improvement was lost.

The results of the GDEPT efficacy experiments raised some important
questions. Why would the D92E-triple mutant be less effective than either the D92E
or triple mutants alone? We had hypothesized that both an increase in catalytic
specificity and an increase in thermostability would lead to increased performance in
GDEPT; why would layering these mutant variants lead to no change at all? To
answer this we first had to determine how the mutant variants are different
biophysically from wild-type yCD. To do this we examined enzyme kinetics,
thermostabilities and crystal structures.

Catalytic efficiencies of wild-type yCD and all variants (D92E, triple and
D92E-triple) against both the prodrug 5-FC and the native substrate cytosine were
determined by measuring changes in UV absorption over time at room temperature
(Table 5.1, Figure 5.5). As expected the results showed no effective change in activity
or specificity for the triple mutant relative to wild-type. Unexpectedly however the

D92E mutant shows very little change in catalytic efficiency with no change in 5-FC
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kcat/Ky, and only a very slight decrease in cytosine kcat/Kp. The layered mutant
D92E-triple demonstrates a significant decrease in both 5-FC and cytosine catalytic
efficiency with a slight improvement in specificity. Although the regiospecific
random mutagenesis and selection procedure for 5-FC sensitivity selected HSV-TK
mutants with significantly improved catalytic specificity for GCV,* the same does not
appear to be true when the same procedure is applied to yCD. Since there appears to
be no change in kinetics in the case of triple mutant, and only very slight changes in
specificity in D92E, the significant differences in ICso and tumor growth inhibition
observed are unlikely to be a result of kinetic changes.

The thermostability of wild-type and the three yCD variants (D92E, triple and
D92E-triple) were measured by monitoring change in circular dichroism over a range
of temperatures (Figure 5.6). The results show a melting temperature of 52° C for
wild-type, 62° C for triple, 56° C for D92E and 68° C for D92E-triple demonstrating
that the D92E mutation is in fact a thermostabilizing mutation and that its increase in
thermostability interacts synergistically with that of the triple mutant when combined
into a quadruple mutant.

In order to determine what effect if any thermostabilization may have on the
kinetics of the enzyme we determined the thermal activity profile of yCD by
measuring the maximum kinetic turnover at saturating levels of cytosine (Vmax) for
both wild-type and the triple mutant over a range of temperatures (Figure 4.4). The

results showed that the triple mutant has a slightly lower Vyax than wild-type, as
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previously observed at room temperature, but that the temperature at which Vi, is at
its maximum is slightly higher (42.5° C) than wild-type (40° C). The peak
representing the temperature at which Vi is highest is also significantly broader in
the triple mutant with changes in temperature away from optimal lead to less decrease
in Vmax to the point where V. is actually significantly higher than wild-type at high
temperature (>50° C).

In order to further investigate the cause of the observed changes in kinetics and
thermostability of the enzyme variants, crystal structures were solved of both the triple
mutant and the D92E-triple mutant (Table 5.2). The crystal structure of the D92E-
triple mutant compared to the wild-type crystal structure shows no perturbations
anywhere within the structure except in the immediate vicinity of the mutated
residues. The triple mutant residues and D92E mutant residue are far apart (>10
angstroms) and are unlikely to have any influence upon each other (Figure 5.7 and
5.8a). This hypothesis is supported by the structure of the triple mutant alone where
the A23L, V1081 and 1140L side-chains are in the exact same orientation as seen in
the D92E-triple mutant structure. Therefore we hypothesis that the orientation of the
D92E residue and its interactions with neighboring residues within the D92E-triple
structure are representative of what a structure of the D92E mutation alone would be
and therefore the D92E-triple mutant structure is sufficient to make inferences about

the effect of the D92E mutation alone.
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The yCD structures reveal that neither the mutations in the triple mutant
(A23L, V108I, and I140L) or D92E are near the active site (Figure 5.8a). This result
was expected for the triple mutant, which came from a structure-based design
procedure that limited mutations to residues at least 4 angstroms from active site
residues. The observation that D92 is not nearby the active site was not expected as
D92 was selected along with other residues to be part of the random mutagenesis on
the assumption that it was physically involved in the catalytic pocket. This
assumption however was made based on data from multiple sequence alignments and
not from structural information since at the time there was no crystal structure
available. Interestingly although D92 is only one residue away from catalytic cysteine
C91 the helical twist of the backbone points D92 away from the active site (Figure
5.8a) and towards the dimer interface where it forms a salt-bridge with an arganine on
the neighboring monomer (Figure 5.9a). As a result neither the triple mutant nor the
D92E-triple structures show any perturbation in the position of active site residues or
the substrate relative to that of the wild-type yCD crystal structure (Figures 4.6b and
5.8b). These observations are in agreement with the lack of change in kinetics
measured for both the D92E and triple mutants and demonstrate that the small loss in
activity measured for D92E-triple cannot be attributed to any specific change within
the enzyme active site.

Direct measurement of kcat and K, values for the D92E-triple enzyme against

both cytosine and 5-FC show that the reduction in catalytic efficiency against both
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substrates is attributable to a significant reduction in kcat (kcat 8-fold lower for
cytosine and 2-fold lower for 5-FC) (Table 5.1). A reduction in catalytic rate can be
due to either slower catalytic turnover due to changes in the chemical environment of
the active site or due to slower release of product from the active site. The
observations that the active-site of D92E-triple appears unchanged and that the
enzymes melting temperature (Tr) is 16° C higher than wild-type led to the hypothesis
that the observed loss of activity in the D92E-triple mutant may be due to a loss in the
dynamic flexibility of the structure relative to wild-type, leading to a reduction in the
rate of product release at the temperature the kinetics measurements were made (room
temperature). Such a reduction in the rate of product release would have an effect on
overaly catalytic efficiency of the enzyme as it has been demonstrated that in the
conversion of 5-FC by yCD product release is the rate-limiting step?®. This
hypothesis could be tested by measuring the on and off rates of the substrate and
product for both wild-type and D92E-triple yCD. If correct we would expect to see
slower off-rates in the hyperthermostabilized D92E-triple mutant relative to wild-type.
The crystal structures also give insight regarding the location of the mutations
and their interaction with surrounding residues and how they might be
thermostabilizing. The three mutations in the triple mutant substitute a hydrophobic
residue for either a bulkier hydrophobic residue (A23L, V108I) or for a hydrophobic
side-chain with altered topology in the case of [140L. The crystal structure of the

triple mutant shows that these mutations lead to the burial of additional hydrophobic
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surface area within the core of the protein. Improving hydrophobic packing within a
protein core has been attributed numerous times to the thermostabilization of a protein
and is the most likely cause of the thermostabilization seen in the triple mutant.

Unlike the mutations within the triple mutant D92E deals with the exchange of
charged residues. The crystal structure containing the D92E mutation reveals that the
addition of an extra carbon atom in the glutamate side-chain relative to aspartate
appears to disrupt a salt-bridge formed across the dimer interface with nearby arganine
304 (Figure 5.9). Why such a mutation would be thermostabilizing is unclear from the
crystal structure however stability is not just a factor of the folded state but rather of
the equilibrium between the folded and unfolded states. It is possible that the D92E
mutation shifts this equilibrium in such a way that favors the folded state perhaps by
further destabilizing the unfolded state. As yCD is a dimer and D92E is located within
the dimer interface the mutation may also have an influence on the equilibrium
between the monomeric and dimeric states. This hypothesis could be tested by
looking at the kinetics of folding of both wild-type and D92E-triple as well as the
equilibrium between the monomeric and dimeric states over a range of concentrations.

Electrostatics are mathematically more complicated to model making them
computationally expensive and as a result many computational design programs such
as RosettaDesign rely on empirically generated models based on statistical inferences
from the pdb. As aresult the modeling of electrostatic interactions by computational

design programs is significantly less robust than those of hydrophobic interactions.
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Although the location of D92 nearby the active site excluded it from the original
computational design experiment it seems unlikely that the program would register
such a mutation as favorable. This underscores the importance of using a variety of
design approaches including directed evolution approaches, which can find solutions
which current computational design programs are unlikely to consider.

The fact that both the D92E and triple mutant are thermostabilizing yet show
little to no change at all in kinetic profile relative to wild-type yCD suggest that this
increase in thermostability is the cause of the observed improvement in therapeutic
efficacy. This hypothesis is supported by the observation that a random mutagenesis
and screening protocol designed to select for increased sensitivity to 5-FC selected a
thermostabilizing mutation rather than a kinetically altered mutant. More support
comes from the observation that E. coli made dependant on yCD for growth, by
knocking out of the uracil catabolic pathway and rescuing it with yCD, show
significantly elevated growth rates at 37° C when the rescue is done with triple mutant
yCD relative to wild-type yCD (Figure 4.5). The hypothesis however does appear to
be in conflict with the observed 52° C melting temperature of wild-type yCD and the
thermal kinetic profile of the wild-type enzyme showing 37° C to be near the peak
efficiency. Why would thermostabilizing an enzyme that appears to already be quite
stable at 37° C in vitro have such a dramatic effect on the efficacy of therapy

dependent on that enzyme in vivo?
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There are several possible explanations. First, although there is no apparent
difference in kinetics between wild-type and the yCD variants at room temperature
perhaps at 37° C the catalytic efficiencies of the enzymes are significantly shifted in
order to favor 5-FC conversion over cytosine. This explanation is not necessarily in
conflict with the observed thermal profile data (Figure 4.4) since that data is
measuring only Vpax only for the triple mutant and wild-type yCD and only against
cytosine. It is possible that the catalytic efficiency and/or specificity of these enzymes
are shifted at 37° C relative to wild-type. In order to test this the enzyme kinetics
would need to be remeasured at 37° C or a range of temperatures around and including
37° C.

Another possibility is that the improved efficacy in therapy observed is just
due to an increase in the concentration of the mutant enzymes relative to that of wild-
type yCD. This may be due to either increase in thermostability resulting in an
increase enzyme half-life and subsequently higher enzyme concentration over time or
just a higher level of enzyme expression of the yCD variants. If either of these were
the case one would expect higher concentrations of thermostabilized yCD variant
protein in cells relative to that of wild-type yCD. Western blots of cell lines
expressing either wild-type, D92E or triple mutant yCD showed no significant
difference in enzyme concentrations. This suggests that a change in enzyme levels
within the cell is not the cause of improved efficacy in therapy observed however

protein levels are difficult to quantitate using western blots and if there was a
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difference in protein concentration a western-blot would not distinguish between an
increase in expression level or an increase in protein half-life. A pulse-chase
experiment measuring protein concentration levels of tagged protein over time would
give a much more definitive result.

Further work will be needed to determine why the D92E mutant is
thermostabilizing and why thermostabilization appears to have such a significant
impact on therapeutic efficacy when in vitro yCD appears to be stable and active at
37° C. Nevertheless the observed decrease in 5-FC ICsp and tumor growth rate in
cancer cells transfected with either the D92E and Triple mutant yCD variants suggest
that these enzymes may have real world benefit in the clinic for use in GDEPT. Dr.
Svend Freytag who is leading currently ongoing clinical trials of GDEPT utilizing the
yCD/5-FC system at the Henry Ford medical center has expressed direct interest in
using our improved yCD variants in future trials (personal communication)®*!.
Although there is an established precedent in the Freytag group for utilizing protein
engineered enzymes in GDEPT clinical trials'' use of the triple mutant yCD variant

would represent the very first example of a computationally engineered enzyme being

used in human therapy.
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