Chapter I: Introduction

1.1. Synthetic biology and metabolic engineering in Saccharomyces

cerevisiae

Synthetic biology is an emerging field that joins biology and engineering to
design and build new biological systems exhibiting desired functions, such as the
biosynthesis of drugs and biofuels in microorganisms and genetic therapies that can target
diseased cells in humans™™. Synthetic biologists have focused on the development and
application of genetic tools and engineering principles to design and implement synthetic
gene networks and the rewiring or reprogramming of endogenous cellular networks”.
Developed genetic regulatory tools function in the cellular environment to control
transcriptional, posttranscriptional, and posttranslational processes. Precise levels of gene
expression are critical for the proper functioning of genetic networks®®. As complexity
increases with the size of engineered networks, there is a growing need for control
elements that allow for the fine-tuning of the levels of protein components in the
network®. There is a particular need for the development of genetic regulatory tools that
function in eukaryotes, as the majority of devices to date have been built in prokaryotes.

Metabolic engineering is defined as the redirection of cellular metabolism for the
production of valuable chemicals and the removal of harmful or toxic compounds from
the environment'. Research in this area often involves the implementation of gene
expression tools to precisely control enzyme levels and thus regulate flux through natural
or heterologous pathways'***. While synthetic chemistry has traditionally been the main

method used to synthesize chemicals for a wide variety of industries, many chemicals,
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particularly ones with multiple chiral carbon centers, have proven extremely difficult to
synthesize through these traditional methods™. Metabolic engineering addresses these
challenges by utilizing enzymes to perform chemical conversions, which generally
exhibit stereospecificity, thereby resulting in the efficient production of chiral products.
Enzymatic reactions performed inside cells offer several advantages over in vitro based
systems in that cells can be used to generate and replenish the desired enzymes and
necessary cofactors from inexpensive starting materials and provide appropriate
precursor chemicals™. However, the redirection and construction of cellular metabolic
networks is not as straightforward as cloning the genes that encode the appropriate
enzymes into the cell. Cellular productivity can be negatively impacted by metabolic
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burden associated with enzyme overexpression™ ", the accumulation of cytotoxic

121819 “and the redirection of cellular resources from central metabolism®*

intermediates
22_The tuning of enzymes levels has been found to be crucial for optimizing metabolic
flux to alleviate these detrimental issues and achieve the desired function, namely
increased product yield'? ¢ 224,

There are many examples of plants and other higher-level organisms that
naturally produce chemicals that are of interest to various industries®?". In particular,
many plant species produce compounds with diverse pharmacological activities that are
of interest as drug molecules®. These compounds have been traditionally extracted from
their natural hosts. However, higher-order eukaryotic cells have very long doubling times
and, due to differentiation, not every cell necessarily produces the product of interest. For

example, natural products of interest in plants have been found to amass at low quantities

and extraction procedures can be difficult due to the production of other chemically
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similar compounds and the use of toxic solvents®®%. In addition, there are additional
costs associated with the land and resources (including manpower) required to grow
plants. It is desirable to transfer the ability to make these chemicals into organisms that
grow more rapidly on inexpensive energy sources to lower the cost of these compounds.
The construction of a biosynthetic network begins with the selection of the appropriate
organism that naturally produces required intermediates or demonstrates similar
chemistries®. A common tactic is to reconstitute the system in common host organisms
used in industrial fermentation applications: a bacterium, Escherichia coli; and a
eukaryotic microorganism, Saccharomyces cerevisiae.

Although E. coli is robust and fast growing, there are limitations in its ability to
effectively express enzymes from eukaryotic host organisms. Many of these problems
arise from differences in the protein expression pathways between bacteria and
eukaryotic organisms. For instance, posttranslational processes such as glycosylation and
the localization of enzymes to intracellular membranes are present in eukaryotes but not
in prokaryotes. Therefore, S. cerevisiae can overcome these deficiencies present in E.
coli, while having advantages over other eukaryotic cell lines due to its small fully-
sequenced genome, fast doubling time, ability to grow in inexpensive chemically defined
medium, and ease of scale-up to fermentation vessels similar to those used to grow E.
coli***. Additional advantages of S. cerevisiae are associated with the accumulated
knowledge of the organism’s genetics, physiology, and biochemistry, its classification as
GRAS (generally regarded as safe) by the U.S. Food and Drug Administration (FDA),

and its tolerance at low pH levels and high concentrations of sugar and ethanol*.
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Enzyme levels are typically regulated by controlling the copy number of
heterologous genes, transcription efficiency, translation efficiency, transcript abundance,
and protein abundance®. In S. cerevisiae, very few genetic tools exist to control transcript
levels and the translation of transcripts. The majority of genetic tools developed to date
have focused on the incorporation of different endogenous promoter systems or the re-
engineering of promoters to modulate the transcriptional output or the response to factors
of transcriptional activation®***®. Posttranscriptional elements have the advantage of being
coupled to any promoter of choice, providing for enhanced control strategies. Internal
ribosome entry sites (IRESes) and AU-rich elements (AREs) have demonstrated the
ability to modulate gene expression in yeast, while more recently, antisense- and
ribozyme-based riboswitches have shown the ability to enhance or repress gene
expression due to presence of a small molecule effector®**.
In the following sections of the Introduction, a detailed explanation of eukaryotic
posttranscriptional mechanisms will be provided. Numerous RNA-based elements that
regulate or bypass these mechanisms will be described. Finally, two specific regulatory

elements, Rntlp hairpin substrates and IRESes, will be described, including their function

in S. cerevisiaie.

1.2. Common pathways of transcriptional decay and translation in yeast

The cellular processes of transcription, translation, and transcript turnover are
common across all eukaryotes and prokaryotes. However, the eukaryotic gene expression
pathway is more complex and contains intermediate steps between transcription and

translation that provide further mechanisms of control such as splicing, transcript editing,
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and nuclear export. In eukaryotes, a mature transcript is formed through a series of
coupled processing events (Figure 1.1). Initially, a pre-messenger RNA (pre-mRNA) is
transcribed from a gene by RNA polymerase Il. The first processing step in the
production of a translationally-competent transcript is the addition of a 5’ cap, which
contains a methylated guanine nucleotide®. The purpose of the cap is to protect the
transcript from degradation by 5’ to 3’ exonucleases and to stimulate the initiation of
translation®. The next processing step is the removal of introns, intervening noncoding
sequences found within the coding region, to form the mature transcript through a process
called splicing”. The final step before nuclear export to the cytoplasm is a 3’ end
modification in which a poly(A) tail is added. The transcript is then exported to the
cytoplasm where it undergoes cytoplasmic decay or translation to produce protein
molecules. Cells control the level of proteins by regulating each one of these steps, from
the chromatin remodeling necessary for transcription of many genes to posttranslational

protein stability.
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Figure 1.1. Maturation of eukaryotic transcripts after transcription.
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1.2.1. Deadenylation-dependent decapping pathway of transcript degradation

There are several mechanisms by which transcripts are degraded, including the
deadenylation-dependent decapping pathway, the deadenylation-independent decapping
pathway, and the endoribonucleolytic cleavage pathway. In S. cerevisiae, the most

common degradation pathway is deadenylation-dependent decapping.
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Figure 1.2. The deadenylation-dependent decapping pathway of transcript degradation in
eukary%tes. 4E denotes elFAE and 4G denotes elF4G. Adapted from Wilusz et al.
(2001)™.

Transcripts are present in a circular conformation due to the interaction of the
cap-binding protein, eukaryotic transcription factor (elF)4E, on the 5’ cap and the
poly(A) binding protein (Pablp) on the 3’ poly(A) tail mediated through binding to
elF4G, a scaffolding protein (Figure 1.2). This circularization promotes translation and

prevents the activity of decapping and deadenylation enzymes*. The interaction of Pab1p
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with the poly(A) tail inhibits deadenylation®”. When the poly(A) ribonuclease (PARN)
binds to the 5’ cap, it disrupts the cap’s interaction with elF4E causing a displacement of
Pablp, which allows deadenylation to occur*® *®. Deadenylation is the rate-limiting step
in transcript decay®. While there are several different deadenylases that could be
functioning™, the predominant form in yeast is Ccrdp®’. Once deadenylation is
completed, PARN no longer stays associated with the cap and the decapping complex of
Dcpl and Dcp2 cleaves off the cap allowing a 5 to 3° exonuclease (Xrnlp) to rapidly
degrade the rest of the transcript®®*” ®2. 3° to 5” exonucleolytic activity does occur after

deadenylation, but it tends to be slower than the activity of Xrn1p*® .

1.2.2. Cap-dependent translation initiation

Translation initiation begins when the 40S small ribosomal subunit associates
with two elFs, elF2 and elF3, and the initiator methionine tRNA to form the 43S
preinitiation complex (Figure 1.3)**. elF2 must also be bound by guanosine 5’-
triphosphate (GTP) in order for it to associate with the 40S ribosome. On the transcript,
the 5° cap is bound by a cap-binding protein complex, elF4F, which consists of three
subunits: elF4A, an RNA helicase; elF4E, the actual cap-binding protein; and elF4G, a
scaffolding protein®>®®. The transcript is initially in a closed, circular form due to
elF4G’s interactions with both ¢IF4E at the 5’ cap and Pablp at the 3 poly(A) tail. The
43S complex binds elF4F to form the 48S complex and scanning of the transcript begins
for the initiating AUG start codon®’. The scanning by the complex for AUG is caused by
more initiation factors powered by ATP. Once the start codon is located, elF1 and elF1A

bind to stabilize the binding of the 48S complex to the transcript®. elF5 then stimulates
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the hydrolysis of GTP on elF2 followed by the association of the large 60S ribosomal
subunit with the 48S complex to form the complete 80S ribosome* *¢. The complex is

then in a form where translation can initiate and proceeds to the elongation stage.
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Figure 1.3. The mechanism of eukaryotic cap-dependent translation. 4A denotes elF4A;
4E denotes elFAE; and 4G denotes elFAG. Adapted from Klann and Dever (2004).

1.3. Posttranscriptional regulation through transcript stability and
translation

1.3.1. Control of transcript decay

As discussed in Section 1.2.1, the deadenylation-dependent decapping pathway is
the primary mechanism by which eukaryotic transcripts are degraded. Briefly, transcripts
contain a 3’ poly(A) tail whose interactions with proteins inhibit decapping. Once the tail
is removed, decapping proceeds and the transcript is degraded 5’ to 3’ by an exonuclease.
Eukaryotes have evolved additional non-coding elements in their genetic untranslated

regions (UTRs) and sometimes in the actual coding regions by which this pathway can be
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attenuated or bypassed®. These elements include deadenylation-independent decapping
elements, transcript stability elements, and elements conveying endonucleolytic activity.

In the deadenylation-independent decapping pathway, transcript degradation
proceeds without the removal of the 3’ poly(A) tail. This pathway proceeds through the
recruitment of elements that enhance decapping. The RPS28B transcript in S. cerevisiae
contains a stem-loop structure within its 3> UTR and encodes for a protein, Rps28B, that
binds directly to that stem-loop™. The Rps28B protein product recruits a decapping-
enhancing protein, Edc3, and Edc3, in turn, recruits several other factors that lead to the
decapping of the transcript. The EDC1 transcript in S. cerevisiae encodes for a
decapping-enhancing protein, Edcl, though it is unknown if Edcl plays a role in EDC1
degradation®’. EDC1 contains a stretch of uridine nucleotides that interacts with the
poly(A) tail inhibiting deadenylation®®. The decapping of the transcript is caused by
several protein factors including those associated with deadenylation.

Transcript stability elements are located at multiple positions on the transcript, but
primarily in the 3> UTR®%. The largest class of elements that has been examined is the
ARE in the 3’ UTR. AREs are identified by a consensus AUUUA pentamer, but its
activity is dependent on the context and number of those pentamers®?. AREs can
destabilize the transcript through the interaction of the sequence itself or ARE-binding

6162 AREs can also stabilize

proteins with the transcript decay protein complex
transcripts, where proposed mechanisms are based on competition with destabilizing
factors or inhibition of deadenylation-dependent decapping decay, such as through

strengthening the interaction between PABP and the poly(A) tail*®. In addition, the PUF

family of proteins binds to UG-rich sequences found in the 3> UTR of transcripts.
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Destabilization by PUF binding is due to recruitment of deadenylases®™. As another
example, the proteins aCP1 and aCP2 are responsible for the stabilization of several
genes through interactions with pyrimidine-rich elements in the 3> UTR. It is believed
that the observed transcript stabilization is due to interactions with PABP that protect the
poly(A) tail from deadenylases®.

Endoribonucleolytic decay can also be described as deadenylation-independent
and decapping-independent decay. Internal cleavage of the transcript results in the
generation of two RNA fragments with unprotected ends (Figure 1.4)°% The 3’ fragment
is susceptible to exonucleolytic decay by Xrnlp in the 5 to 3’ direction, while the 5’
fragment is degraded in the same manner once the cap is removed or by 3’ to 5’
exonucleases. In eukaryotes containing the RNA interference (RNAI) pathway, gene
expression is modulated through directed endonucleolytic cleavage, referred to as
“Slicer” activity, of the target transcript®. Cleavage is mediated through components of
the RNA-induced silencing complex (RISC), which contains the RNase Ill enzyme
variant Dicer®®®®. MicroRNAs (miRNAs) or small interfering RNAs (siRNAs) are loaded
onto RISC and direct the complex to the transcript through perfect or nearly perfect
(some mismatches allowed) base-pairing between the transcript and the miRNA/siRNA®
™ There are numerous endoribonucleases that regulate expression levels in eukaryotes,
although for many of the enzymes, such as PRM1, IRE1, and RNase MRP, cis-acting
consensus binding regions have not yet been determined’’*. As an alternative to the
endonucleolytic cleavage caused by trans factors, transcript degradation in a diverse
group of eukaryotes can also be mediated through cis self-cleaving catalytic RNA

structures called ribozymes”. The RNase 111 variant Drosha and the S. cerevisiae-specific
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RNase Il variant Rntlp has been shown to cleave transcripts containing stem loop

structures’®””. Rntlp specifically processes transcripts containing hairpins with AGNN

tetraloops’® and is explained in further detail in Section 1.3.3.
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Figure 1.4. The processing of eukaryotic transcripts following endonucleolytic cleavage
is independent of the 5’ cap and the 3’ poly(A) tail. Scissors denote the endonuclease.
Adapted from Garneau et al. (2007).

1.3.2. Control of the initiation of translation

As discussed in Section 1.2.2, the initiation of translation in eukaryotes is
mediated through protein interactions at the 5’ cap between elFs and the small ribosomal
subunit. The preinitiation complex scans the transcripts for the AUG start codon, where
the large ribosomal subunit binds and translation begins. The majority of translational
control is due to interference with the normal processes of the ribosome and the elFs
(Figure 1.5)". Cap-independent translation by IRESes is described in its own section

(1.3.4). The majority of these elements are located in the 5” UTR.
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Figure 1.5. Genetic elements that affect the initation of translation in eukaryotes. The
blue ovals in the 5* and 3° UTRs represent binding sites for protein factors that typically
inhibit translation. Adapted from Gebauer and Hentze (2004)".

Translational repression for the ferritin transcript is mediated through a stem-loop
structure called an iron-responsive element (IRE) located 40 nucleotides from the cap in
the 5> UTR®**®L. Iron regulatory proteins (IRPs) bind the IRE blocking the recruitment of
the preinitiation complex to the 5° cap due to steric hinderance®. Steric hinderance is also
observed with secondary and tertiary structures in the 5° UTR, such as RNA hairpins and
pseudoknots’. Transcripts containing a U-rich sequence known as a cytoplasmic
polyadenylational element (CPE) in the 3’ UTR interact with the CPE-binding protein
(CPEB)™®. CPEB represses translation by associating with another protein, Maskin, that
contains an elF4E-binding domain, which inhibits eIF4E’s interaction with eIF4G®.
Translational repression can also interfere with the ribosome after it has been bound to
the cap. The sex-lethal protein (Sxl) binds to U-rich sites on the msl-2 transcript located
in both the 5° and 3° UTR®. The binding of Sx| interferes with ribosomal scanning.
Another cap-independent method interferes with the association of the large ribosomal
submit in LOX3 transcripts®®. Here, two proteins, hnRNP K and hnRNP E, bind a
differentiation-control element (DICE), which is a repeated CU-rich element, in the 3’

UTR and block formation of the 80S ribosome. In the previous section, we discussed

endonucleolytic cleavage mediated by the interaction of siRNA and miRNA to RISC.
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The miRNA silencing pathway is also known to repress translation through direct or

indirect interference with elFs® 8,

1.3.3. RNA processing by the RNase 111 enzyme Rntlp

The RNase Il family is a class of enzymes that cleaves double-stranded RNA
(dsSRNA)®. Dicer is an RNase Il enzyme in humans and other eukaryotes that cleaves
dsRNA into 21-23 nt fragments referred to as sSiRNAs that go on to induce gene silencing
though the RNAi pathway®. Drosha, another eukaryotic RNase 111 involved in the RNAI
pathway, is involved in the processing of miRNA from long dsRNA transcripts referred
to as primary (pri-)miRNA%. Rntlp was discovered in S. cerevisiae due to similarities to
the E. coli RNase I111°* and has been shown to cleave cellular ribosomal RNA (rRNA)
precursors, small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), and
messenger RNA (MRNA)®*®*. This protein is localized to the nucleus® and contains two
domains: an RNase 111 domain and a dsRNA-binding domain (dsRBD)®.

The RNA hairpin substrates of Rnt1p contain a consensus AGNN tetraloop with a
cleavage site 14-16 base-pairs (bp) from the tetraloop’®. The AGNN tetraloop forms a
predetermined fold that is recognized by the dsRBD®* ¥. The dsRNA region of Rntlp
substrates has an effect on the binding affinity and cleavage rate with this enzyme. The
base-pairs immediately below the tetraloop can impact Rntlp binding, while sequences
near the cleavage site influence the cleavage rate®. These observations led to the
definition of three regions on Rntlp substrates: the initial binding and positioning box
(IBPB) which consists of the tetraloop; the binding stability box (BSB) which is the base-

paired region immediately adjacent to the tetraloop; and the cleavage efficiency box
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(CEB) which is the region containing and surrounding the cleavage site®. An unique
feature of Rntlp is that it uses the tetraloop as its primary binding site, whereas for other
RNase 111 enzymes it is the RNA helix®.

Rntlp is involved in the natural regulation of several genes in S. cerevisiae.
Previously, transcripts had been discovered that undergo endonucleolytic cleavage but by
factors other than Rnt1p'®*®. The RPS22B and RPL18A transcripts contain intronic
Rntlp substrates that deplete unspliced transcripts as well as reducing levels of the
mature transcripts®. The MIG2 transcript contains an Rntlp substrate in its coding region
that increases the transcript’s sensitivity to glucose-dependent degradation”’. Several
transcripts involved in iron uptake or iron mobilization contain Rntlp substrates in the
coding region that help avoid cytotoxicity to the cellular iron starvation reponse'®?. The
diversity of structure and sequences in natural Rntlp substrates, as well as the
identification of critical regions, support that a set of engineered Rntlp hairpins can be

generated with differential activity.

1.3.4. Translation initiation mediated through internal ribosome entry sites

IRESes were initially discovered during the analysis of the 5° UTRs of
picornaviral transcripts where it was determined that the transcripts lacked a 5’ cap and
translation continued in the absence of the cap-binding protein, elF4F'%. IRESes are
critical elements for the translation of the genome of several viruses, including the
Hepatitis A virus (HAV)™ the Hepatitis C virus'®, the foot-and-mouth-disease virus
(FMDV)™®, and the human immunodeficiency virus (HIV)'. Viral IRESes contain a

diverse range of secondary and tertiary structures that mimic components of the
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ribosomal machinery or mimic the interaction of such components with the 5’ cap and
other protein factors (Figure 1.6)*®. IRESes illustrate the scaffolding power of RNA
structures and the creative mechanisms by which viruses have evolved to essentially

hijack the host-based expression machinery.

viral/cellular cellular
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association
small sequential small sequential
IRES IRES

Figure 1.6. Simplified schematic of the interactions with structural and sequential
IRESes with the translational machinery. Red line denotes the sequences on the 18S
rRNA complementary to the IRES sequence (blue line).

Cellular IRESes were first discovered when researchers observed that
immunoglobulin heavy chain binding protein (BiP) continued being expressed after cap-
dependent translation had been shut down due to poliovirus infection'®. Many cellular
IRESes characterized thus far contain a Y-shaped stem-loop structure upstream of the
initiation codon; however, the activity of these IRESes may not necessarily depend on
that secondary structure™*™*. In a mouse cell line, deletional studies of the structured 5’
UTR of the Gtx protein, which demonstrated IRES activity, identified a 9 nucleotide (nt)

114

module that retained the ability to internally initiate translation™™". When multiple

modules of the 9-nt module were placed in tandem, a synergistic effect was observed as
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overall IRES activity increased. This 9-nt segment was determined to be completely
complementary to a segment of the 18S ribosomal RNA, a critical component of the
ribosomal machinery (Figure 1.6)*°. In S. cerevisiae, two IRES-containing 5° UTRs for
the YAP1 and p150 genes were also found to contain several regions of complementarity
to 18S rRNA*. These studies have demonstrated that cellular IRESes contain regions
that directly base-pair to the 18S rRNA. This mechanism of translation initiation by
cellular IRESes in eukaryotes suggest that their function is analogous to Shine-Dalgarno
sequences in prokaryotes, which initiate translation through direct base-pairing with the
prokaryotic analogue of the 18S rRNA, the 16S rRNA™’. Based on this observation, a
short segment of nucleotides in the intercistronic region (IR) of a yeast and mammalian
dicistronic vector were randomized and screened for IRES activity by expression of the
second cistron**®™. The resultant IRESes demonstrated complementarity to the 18S
rRNA.

Prokaryotic genes are typically expressed from operons, where multiple coding
regions are located on one transcript under the control of a single promoter. Each coding
region contains a Shine-Dalgarno sequence upstream of its start codon in order to initiate
translation of each gene. Viruses are also known to produce multicistronic transcripts or
genomes. For example, the entire positive-strand genome of HCV is contained on a
single piece of RNA'. The entire genome is translated through an IRES at the 5” end.
The resultant polyprotein is then processed by a series of proteases and peptidases to
create each individual protein product. HIV translation is similar to HCV except that its
IRES can also cause translation initation at multiple start codons resulting in different

protein products**:. In a manner akin to prokaryotic operons, multicistronic transcripts
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can be generated through the introduction of an IRES element before each gene.
Retroviral mulitcistronic vectors had been developed in mammalian systems where
multiple viral IRESes were incorporated*?*?. Recently, a dicistronic reporter construct
had been characterized in S. cerevisiae where the YAP1 and p150 IRES were placed in
the IR to alter the ratio of expression between two genes'?. Since only the p150 IRES
worked in this system, the work highlights the need for additional IRESes to be
discovered or engineered in yeast to increase the ability to tune gene expression through

this method.

1.4.  Interrelationship among the thesis projects

Chapter | provides an overview of the field of synthetic biology and metabolic
engineering and gives an in-depth examination of the cellular processes of transcript
translation initiation and decay and the RNA elements that control these processes.
Chapter Il describes the development of a library of RNA hairpins that regulate
posttranscriptional decay to attenuate gene expression due to the endonucleolytic
processing of the hairpins by the S. cerevisiae RNase Ill Rntlp. The library is based on
the randomization of nucleotides associated with controlling the cleavage rate by the
enzyme. Chapter Il describes a second library of Rntlp-cleaved hairpins based on the
randomization of nucleotides associated with the binding of Rntlp to the hairpin. In
addition, the two library elements are integrated combinatorially to extend the accessible
levels of gene expression. Chapter IV describes the integration of the small molecule-
responsive aptamers into Rntlp substrates to achieve ligand-controlled cleavage. The

engineered riboswitches function through direct inhibition of Rntlp activity by ligand
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binding in proximity of the cleavage sites and switching dynamics are altered through

incorporation of additional aptamers and Rntlp-based modules, as well as the

construction of multiple switch devices in tandem. Chapter V describes a strategy to

select for a library of small sequential IRES elements with various strengths to initiate

translation at physiological conditions. These elements will aid in the development of

yeast ‘operons’ or multicistronic vectors where relative gene expression levels can be

controlled. These research projects collectively demonstrate the capacity of utilizing

RNA-based control elements to predictably tune gene expression levels in S. cerevisiae.
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