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Abstract

Stem cells have great potential value for treattngiumber of diseases and conditions,
including diabetes, Parkinson's, and spinal cojdrigs. Applying stem cells for therapeutic
purposes will require an in-depth understandingh&fir biology, not only of the genes they
express, but also the functions of the proteinsoéded by the genes. The goal of the project
presented in this thesis was to develop a methodhigh-throughput analyses of protein
localization in mouse stem cells. Localization immfiation can provide insight into the functions

and biological roles of proteins.

One means of studying protein localization involve®ating proteins with a green
fluorescent protein (GFP) reporter gene and amadyzheir localization using fluorescence
microscopy. The research outlined in this thesisi$ed on developing a system to create a large
number of GFP-tagged proteins by constructing a &BGIFP fusion library. This involved
exploring methods for optimizing cDNA synthesissidming a retroviral vector (pBES23) for the
expression of cDNA-GFP fusions in mouse stem cahlgl constructing a cDNA-GFP fusion
library in this vector using R1 mouse embryoniarsteell mRNA. The library constructed was
not successfully delivered to target cells for G&§ged protein expression; it was therefore not
possible to characterize protein localization inug® stem cells. Suggestions are given as to how

the methods used in this thesis might be optimiaetier.
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Chapter 1 Introduction
1.1 Overview

The term “stem cell” refers to a broad categorycells that includes members of many
different origins, including embryonic, neural afmatopoietic tissues. While a precise
definition of the physical and genetic featured ttiatinguish a stem cell from other cell types
remains elusive, stem cells do have distinct fumeti similarities: they have the capacity to self
renew, and they are involved in the generatioregeneration of tissues (Blau et al., 2001). It is
the potential for stem cells to give rise to matdiéerentiated cells that has motivated stem cell
research in the past decade. If the process ofnelipg and differentiating stem cell populations
can be achieved in a laboratory setting, thenriisunreasonable to think that human stem cells
may eventually be used for therapeutic purposesdanstructing or regenerating human tissues
(Daley et al, 2003). However, before this levekcohtrol over stem cell biology is possible, it is
first necessary to have an in-depth understandinthe cellular processes that regulate their
growth and differentiation. This can only be gairtlebugh extensive and exhaustive analyses of

stem cell biology at a molecular level.

This research was designed to evaluate the sulareltcalization of proteins expressed in
stem cells. Proteins are of central importance mntaining stem cells or driving them to
differentiate (Cavaleri & Scholer, 2003; Chambez8p4). Altering or perturbing the protein
population within a stem cell can affect whethewiit self-renew, commit to differentiate, or die
(Unwin et al., 2003). It is my hypothesis that makyzing the proteins present in stem cells and
where they localize it will be possible to gainigig into their functions. This knowledge will

help to identify which proteins are important ierstcell development and maintenance.

Whereas therapeutic stem cell application will iegjthe use of human stem cells, this study

uses mouse cells as a model system. Research aerdeuelopment may reveal which critical



conserved proteins and pathways regulate renewhuiman cell development, and may help

identify markers that tightly correlate with stemlicstate (Rao, 2004).
1.2 Protein Localization and Function

Protein localization in stem cells is of interesthuse the subcellular location of a protein
can offer clues to its function. For example, pirderesiding on the cell surface are likely to
serve as receptor or transport molecules, and ipsolecalized to the nucleus have a high
probability of interacting with DNA. However, idefyting which proteins target to a certain

cellular location may be difficult to determine exjpnentally.

The standard method for determining protein loediin in high throughput combines
subcellular fractionation techniques with mass speeetry (MS). Organelle-enriched fractions
are recovered from cell lysates, and the proteiasent in the recovered fractions are separated
using two-dimensional gel electrophoresis (2DGH)H{et et al., 2003). The identities of proteins
of interest are determined by excising proteingnfitbe gel and subjecting them to peptide mass
fingerprinting, which involves cleaving the proteinzymatically or chemically and obtaining a
"fingerprint” of the peptide fragment masses usWi§ (Gevaert & Vandekerckhove, 2000).
Identification of the protein is achieved by compgrthe peptide mass fingerprint to virtual

fingerprints of protein sequences stored in datedas

Drawbacks to assigning protein localization basedheir presence in a subcellular fraction
are that proteins must reside in subcellular compemts that are amenable to fractionation, and
must also have physical properties that allow therbe resolved using 2DGE. Homogeneous
organelles are difficult to isolate because theyfeagile; proteins that are not components of an
organelle may be isolated in the same subcellugentibn, thereby generating false data (Brunet
et al., 2003). Furthermore, fractionation-basedneqes cannot be used to determine protein
constituents of transient cellular structures beeatlhese structures cannot be isolated. Several
classes of proteins may also be excluded from aisahecause of their physical properties. Those

with poor solubility, such as membrane proteins\nca be separated using 2DGE, and proteins
2



of low abundance, such as transcription factors; beadifficult to recover because they are rare
(Harry et al., 2000). Thus, subcellular fractionatapproaches are not holistic in that they do not

allow localization to be assigned to all proteircedi may potentially express.

Determining the identity of proteins based on M8ctma may also be problematic in that it
may not be possible to identify a protein based®peptide mass fingerprint. Mass spectra may
not match theoretical values for a number of regasimtluding missed cleavage sites, tryptophan
oxidation, methylation of aspartic acid and glutamtid-rich peptides, or modifications that arise
during gel electrophoresis (Thiede et al., 2005)tHermore, the use of a fingerprint to identify
proteins is not always possible as it relies onchiiag peptide masses to sequence data already

present in databases.

In silico methods that predict protein localization basedjeme or cDNA sequences provide
an alternative to determining localization experitadly. These programs, including PSORT
(Nakai & Horton, 1999), Proteome Analyst (Lu et &004), and TargetP (Emanuelsson et al.,
2000), use input nucleic acid coding sequencegtivel a virtual translation product from which
predicted localizations are made. Predictions aet on the presence of documented targeting
sequences, homology to known targeting sequendgsigal properties of amino acids, or a
combination of these features (Donnes & Hoglund)430In theory, one could input sequence
data from cDNAs expressed in stem cells into a aogto predict the subcellular localization of
each protein. In reality, such programs cannot eseag¢ a substitute for experimentally
determining protein localization. Despite advaniresnethodology, the error rate can be quite
high for any given method, as algorithms are trhinging proteins with known localizations but
are less proficient at predicting localization obteins that are target by uncharacterized targetin

sequences (Schneider & Fechner, 2004).

The shortcomings of subcellular fractionation-basedthods and predictive programs
highlight the limitations to determining the loaation of a cell’s proteome. Ideally, one would

like to be able to analyze proteins regardlessheir tphysiological abundance or solubility and

3



without a need for subcellular fractionation. Taifiéate downstream analyses, in addition to
assigning a subcellular localization to a giventgirg it would be useful to have knowledge of
the corresponding cDNA or gene sequence. Finailyergthe number of different proteins that
are present in a cell at any specific time it woblel preferable to be able to characterize

localization in a high-throughput manner.
1.3 Determining Protein Localization Using Green FI  uorescent Protein

As an alternative to subcellular fractionation noeth, the localization of a protein can be
determined by adding a detectable epitope or domeainprotein of interest and using the tag to
track localization within cells. Although there aeveral types of tags available to researchers,
green fluorescent protein (GFP) is used widely tiui¢és advantages over other tags. This protein
fluoresces when excited by UV light (Tsien, 1998kaning that the localization of proteins
tagged with GFP can be detected using standardeBuence microscopy. Using this method,
proteins fused to GFP do not need to be isolateatder to assess their localization, making it
possible to analyze proteins that are difficulti@racterize using other methods because of their
physical properties or low abundance. In additibecause a GFP-tagged protein is expressed
from an experimentally introduced expression vedtds possible to relate the localization of a

protein to the sequence that encodes it.

A further advantage of using GFP instead of epiti@gs, such as c-myc, or reporter genes,
such asp-glucuronidase (GUS) or luciferase, is that GFRy&ah proteins are intrinsically
fluorescent; it is not necessary to introduce amystates or co-factors, or fix and permeabilize
cells. In live cells, the localization and ofterethlistribution of a protein (i.e. whether it is
uniformly distributed in a region of the cell orraxentrated into foci) can be determined with a
high level of accuracy. Because determining loedilin requires nothing more than visual
inspection, analyzing a large number of differeftP&agged proteins is easy to do in a high-

throughput manner.



The ability to observe GFP in living cells introésca new dimension to protein localization
studies: monitoring the dynamic properties of sllbtz localization. This is of particular
interest in the study of stem cells, where proteémslocation can occur in association with
differentiation. For example, in response to ratiracid induced differentiation of murine F9
cells the embryogenesis-related protein transoripintermediary factor 1 (TIF-13 relocalizes
from being diffuse in the nucleoplasm to being @nitated in distinct foci on heterochromatin
(Cammas et al.,, 2002). The homeobox protein SOX9lotated in the cytoplasm of
undifferentiated gonads, but localizes to the ruglat the time of testis differentiation in male
mouse embryos (Gasca et al., 2002). Given thaethes many regulatory proteins yet to be
discovered in stem cells, observing proteins fangjes in localization as stem cells differentiate
may lead to the discovery of more proteins assediatith development and differentiation, and

reveal important regulatory processes.

Time-course analyses of GFP-tagged protein lod#&izamay also allow for analysis of
proteins with a dynamic localization and distriloatiduring mitosis. Although most cellular
divisions are symmetric, producing two daughtetsctiat are identical to the parent, there are
circumstances in which cells divide asymmetricélysegregating proteins into one of their two
daughter cells. In fact, the proliferation of steell populations may arise from several rounds of
symmetrical division, followed by asymmetric divies that eventually give rise to differentiated
cell types (Roegiers & Jan, 2004). Proteins that differentially segregated in asymmetric

divisions are likely to be involved in cell mainterce or differentiation.

GFP has been useful in demonstrating protein pariity in asymmetric divisions in
Drosophila Bellaiche et al., (2001) introduced a GFP-taggetsion of the Numb adaptor
protein, Partner of Numb (PON), intDbrosophila sense organ precursor (SOP) cells and
performed fluorescence time-course imaging. GFP-R@IS clearly localized to the anterior
cortex of a SOP cell prior to mitotic spindle fortioa. Following mitosis, GFP-PON was

inherited by only one daughter cell.



While the role of asymmetric divisions during véntate development has not yet been
established, this study demonstrates the usefuleés&FP-tagged proteins in identifying
asymmetric divisions. It may be possible to idgnstich divisions by performing time-course
imaging of stem cells expressing GFP-tagged prstduring cell growth and differentiation.
Given the advantages of GFP over other tags, imgutthe ability to monitor protein dynamics, |
used a GFP-tagging approach to test a system fmacterizing protein localization in mouse

stem cells in high throughput.
1.4 Generating GFP-Tagged Proteins on a Large Scale

Analyzing the localization of a single protein onal group of proteins using GFP-tagging is
relatively straightforward so long as the cDNAs @tting the proteins of interest are known;
GFP-tagged protein expression constructs can berggad using traditional cloning techniques.
However, generating targeted GFP-fusions for eacdtejm a cell expresses using this method

would be prohibitively labour intensive and timensaming.

An alternative to generating such a collection ¢fR&tagged proteins is to create a large
number of fusiongn masseising a cONA-GFP fusion library. The approach Iage ligating a
population of cDNAs from cells of interest into axpression vector adjacent the coding
sequence for GFP (Figure 1.1). This strategy allomesto generate several thousand cDNA-GFP
fusions in a single ligation reaction. (In this igtation,cDNA—-GFPfusion specifies a nucleic

acid construct, where&sFP-tagged proteimefers to a protein fused to GFP.)
1.5 cDNA—-GFP Fusion Libraries

cDNA—-GFP fusion libraries have been constructed wariety of organisms and cell lines,
and have led to the discovery of novel proteins tardeting sequences, including a human
nuclear envelope protein (Rolls et al., 1999), aumuclear localization signals (Fuijii et al.,

1999), and plasmodesmata proteins in tobacceobes et al., 2003). Such libraries have also
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Figure 1.1 Strategy for constructing and screeninga cDNA-GFP fusion library in

mammalian cells.

(A) A cDNA library is made from a cell source ofténest. (B) cDNAs are ligated into an
expression vector adjacent to a gene for GFP. PA:-GFP fusion constructs are introduced
into cells. (D) Transfected cells are imaged ugingrescence microscopy and observed for GFP-
tagged protein localization. (E) Cells expressingtgins of interest are subjected to further
analyses, including identifying the cDNA encodihg GFP-tagged protein.



allowed putative localizations to be assigned tevigusly uncharacterized proteins in
Arabidopsis thaliana(Cutler et al., 2000). To date there has beenangetscale analysis of

protein localization using a cDNA-GFP library ieist cells.

Previous studies using cDNA-GFP libraries show that design of a library affects its
overall quality and influences how cells may beesaed for localization. Design considerations
include the location of cDNAs relative to GFP, thmethod of cDNA synthesis, the library
expression vector, the promoter driving expressibGFP-tagged proteins, and the method used

to deliver cDNA-GFP fusions into target cells.

In a cDNA-GFP fusion library, cDNAs are ligatedheit downstream or upstream of the
coding sequence for GFP. Consequently, the exgtgeséeins are fused to either the C-terminus
or N-terminus of GFP (hereafter referred to as iGxteal libraries and N-terminal libraries

respectively, in reference to the position of thgged protein relative to GFP).
1.5.1 C-Terminal Libraries

As described in more detail in section 1.6, mak@werminal libraries is often easier than
making N-terminal libraries because one can usedata cDNA synthesis techniques. However,
in C-terminal libraries approximately 80% of GFRydad proteins do not display a distinct
subcellular localization (Cutler et al., 2000; Hsao et al., 2003). Non-localizing clones arise
partly because in C-terminal libraries, cONAs dgated downstream of the gene for GFP; the
probability that a cDNA is ligated in-frame with 8Fs 1/3. However, out-of-frame fusions may
be translated, resulting in non-native protein finagts tagged to GFP. Non-native proteins may
contribute to the population of fluorescent clodéesplaying no distinct localization, or may give
rise to artefactual localization. The peptides exped from out of frame cDNAs may be able to
direct protein localization due to the low informoat content of some targeting sequences

(Manabe et al., 2002).



Proteins expressed in the correct reading frame pssumably localize normally if their
targeting signals are available for recognitioncejlular targeting machinery. However, a large
number of cellular proteins contain N-terminal sijsequences that are essential for proper
localization, including secreted proteins, membram®teins, and proteins destined for
endomembranes such as the ER, Golgi, and lysos¢@@msva et al., 2005). In a C-terminal
library, the presence of GFP on the N-terminusuwhsproteins can block recognition of their

localization sequence, and therefore these proteiheot properly localize.

The combination of expression of out-of-frame cDN&sd blocked targeting sequences
means that a large number of GFP-tagged proteirs-terminal libraries do not localize in a
biologically relevant manner, and may generateiggmt amounts of inaccurate data. In Cutler
et al. (2000), 50% of library clones observed &plily a distinct subcellular localization were the

result of cDNAs being expressed in the incorreatineg frame.
1.5.2 N-Terminal Libraries

While more technically challenging to make, N-tamalilibraries contain a larger proportion
of GFP-tagged proteins displaying a distinct sultal localization. In such libraries, N-terminal
targeting sequences are available for recognitiprcddlular targeting machinery. In addition,
because protein synthesis initiates at the staidrcof the cDNA of interest, GFP-tagged proteins
are expressed in the correct reading frame. Whike is advantageous in many respects, it is
worth noting that a situation occurs opposite tattim C-terminal libraries: only one in three
cDNA-GFP fusions will have the GFP gene in framéhwihe cDNA. However, because GFP-
tagged proteins are expressed in frame, and N+#atnargeting sequences are available for
recognition, although two out of three cDNAs wibthtrbe expressed with a fluorescent tag, the
percentage of GFP-tagged proteins displaying andtssubcellular localization will be much
higher. Escobar et al. (2003) reported that moes t80% of cDNA-GFP fusions in their N-
terminal library allowed for expression of a GFBgad protein with a distinct subcellular

localization. In addition, more than 66% of logeli proteins displayed native localization.
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Relative to C-terminal libraries, N-terminal libies generate more biologically relevant data, as a
larger percentage of GFP-tagged proteins will izealand the majority will target to their native

localization.
1.6 Making cDNA-GFP Fusions

Constructing a fusion library requires more thagating cDNA into an expression vector
containing the coding sequence of GFP. For a cDBA fusion to direct synthesis of a GFP-
tagged protein, the coding sequences of the cDNIM@FRP must be in frame and contiguous;
there can be no stop codons between the regiordemgcthe N-terminal portion of the fusion

protein (either cDNA or GFP) and the C-terminaltpio (GFP or cDNA).

When making C-terminal libraries, in which cDNAsedigated downstream of the GFP
coding sequence, this requirement is met by maaifythe coding sequence for GFP so it
contains no stop codon, thus allowing translatiorptoceed through to the cDNA. For these
libraries, cDNA may be generated using the standaethod of priming polyadenylated (poly-
A+) RNA with an oligo-dT primer. Ideally, this primg method initiates the synthesis of full-
length cDNAs, which is advantageous because sudhAsDrontain the complete open reading

frame (ORF) for full-length proteins.

It is the presence of the 3" untranslated regiofR)Jand stop codon that complicates the
construction of N-terminal libraries. Because cDNgks ligated upstream of the coding sequence
for GFP in the expression vector, a translationaidn requires cDNAs to have a start codon but
no stop codon. Oligo-dT priming of MRNA cannot teed because of the presence of a stop
codon in the full-length cDNAs. The alternativetgsinitiate synthesis of cDNA with random-

hexamer primers.

In contrast to oligo-dT primers, which anneal te tholy-A+ tail of an mRNA, random-
hexamer primers may anneal potentially anywher@mimRNA molecule. Some will anneal near

the 5" end of an mRNA, some near the 3" end, antesn the middle of an mRNA. Because of
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this, the average length of cDNA generated froompry with random hexamers is always
shorter than cDNA synthesized using oligo-dT prisnétowever, it does allow cDNA synthesis
to be initiated within an mRNA such that the reisgltcDNA contains the mRNA sequence
upstream of the stop codon; such cDNAs can be tsgénerate GFP fusion proteins in cDNA

libraries.
1.7 General Considerations

It is clear that there is no ideal way to constai@dDNA-GFP fusion library, as no method
allows one to generate full-length proteins fuseithwGFP and displaying native protein
localization. However, there are advantages to gusiBNA-GFP libraries to study protein
localization. It is possible to generate a largebar of GFP-tagged proteins in a relatively short
amount of time, and one does not need any priowledge of transcript sequences to create
fusion proteins. The ability to screen cells vigupdhcilitates high-throughput screens, and the
resolution of localization is much greater thanttbatained using subcellular fractionation
methods. Furthermore, localization may be deterchioe proteins that cannot easily be isolated
and identified using other methods. As in any Higtoughput approach, not all proteins will be
amenable to analysis, but it is possible to gasigim that cannot be obtained using other

techniques.

| used a cDNA-GFP library approach to study proledalization in mouse embryonic stem
(ES) cells. To maximize the percentage of GFP-tdgmeteins that localize within a library, and
to increase the proportion that displays nativaliaation, | explored ways to optimize cDNA
synthesis (Chapter 2). | also constructed an egfmesvector appropriate for the delivery and
expression of cONA-GFP fusions to ES cells (ChapjeBuilding on the work in Chapters 2
and 3, | constructed a cDNA-GFP library from mo&® cell poly-A+ RNA in the vector |
designed, and introduced the cDNA-GFP library itells for expression and analysis (Chapter

4).
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Chapter 2 A Novel Method for removing the 3° UTR an d stop
codon from cDNAs
2.1 Introduction

| chose to use an N-terminal library to study pirotecalization in mouse stem cells because
N-terminal GFP-tagged proteins are more likely isplhy distinct and native subcellular
localization. In previous studies, N-terminal libes have been constructed using random-primed
cDNA (Misawa et al., 2000; Escobar et al., 2003)e@ the difficulties that may be associated
with N-terminal libraries, most notably short avggacDNA length, | developed a cDNA
synthesis strategy to increase the proportion dP-@&lgged proteins expressed from full-length
coding sequences. Such proteins will be more likelglisplay native localization, as they contain
a greater proportion of the native protein and taerefore more likely to contain all intrinsic
protein targeting sequences. The strategy | deedlopvolved removing the 3° UTR and stop
codon from full-length cDNAs using the enzymes Exdease Ill (Exolll) and Mung Bean

Nuclease (MBN), and fusing the shortened cDNA$#&doding sequence of GFP.

Exolll progressively digests one strand of douliterxded (ds) DNA in a 355" direction at

3" ends or at nicks in ds DNA (Weiss, 1976). FollayvExolll digestion, one can remove the
remaining single-stranded (ss) DNA overhang witbsaspecific nuclease, resulting in a blunt-
ended molecule (Henikoff, 1987). The rate of nutitioremoval by Exolll can be manipulated
by altering the reaction temperature, salt conetiotr, and the relative amounts of enzyme,

allowing for precise control of the amount of DNAyested (Hoheisel, 1993).

| intended to use Exolll in combination with theragclease MBN to remove the 3" UTR and
stop codon from full-length cDNAs. The length of 3TRs is variable among different cDNAs,
but can be estimated from sequence data. The méatigth of the 3° UTR in rodents is 411

bases, with the 75percentile being 543 bases (Makalowski et al. 8)9%herefore, deleting the
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terminal 500 bp from full-length ds cDNAs shouldn@ve the 3° UTR and stop codon from the

majority of cDNAs.

Since both ends of a full-length cDNA are suscégtib Exolll degradation, the 5° end must
be protected. (Although each end of a ds cDNA huils 6° and 3" groups, in this thesis 5" and 3’
refer to the ends of a ds cDNA corresponding to 3hend 3" end of the template mMRNA,
respectively.) There are two properties of Exoltitidty that can be exploited to prevent
digestion of one end of a linear DNA molecule. Bxoannot digest DNA with ss 3" extensions
of four or more bases (Rogers & Weiss, 1980; GuaV&, 1982), nor can it digest DNA
containing alpha-phosphorothioate nucleotides @utet al., 1981). However, using these
properties of Exolll to protect one end of all cD8l#vithin a population is impractical, because

neither can easily be used to modify only one drishear ds DNA molecules.

| devised a strategy to protect the 5° ends of cBNAm digestion by physically preventing
Exolll from accessing them. The approach involveskimg full-length cDNA using a
polymerase chain reaction (PCR)-based protocol @hal., 2001) with a biotinylated 5™ primer.
If the resulting biotinylated cDNAs are bound teeptavidin-coated paramagnetic beads, the
close association between the biotin and streptavidll prevent Exolll from accessing the
susceptible 3 OH group at the 5° end of ds cDNAallowing controlled degradation of the
exposed end using Exolll, the truncated cDNAs camdzovered from the reaction. Due to the
strong association between biotin and streptavittie, biotinylated strand cannot be removed
from the beads. However, the non-biotinylated straan be recovered by denaturing the ds
cDNAs under alkaline conditions (Bowman & Palumt®93). This truncated non-biotinylated
strand can then be used as a template to diretliesia of ds cDNA that is lacking the 3" UTR
and stop codon, yet still contains the full 5° UTdRart codon, and the majority of the coding
sequence (Figure 2.1). This truncated cDNA canctitiee expression of a near to full-length

protein.
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This chapter outlines the experiments performeektablish protocols for applying this bead-
bound truncation strategy to a population of DNAlegales. | designed a test system in which
biotinylated DNA of a known length was used in deseof streptavidin-coated bead binding and
elution experiments to gauge efficiency of DNA [figdtion, bead binding, denaturation and ds

DNA synthesis.
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Figure 2.1 Strategy for generating cDNA lacking a 3UTR.

(A) cDNA is amplified using a PCR-based protocothna biotinylated 5° primer, resulting in full-leting
cDNA with a biotin group at the 5" end and PCR jmignregions flanking each end. (B) Biotinylated
cDNA bound to streptavidin-coated beads. (C) Exaltd Mung Bean Nuclease remove approximately
500 bp from the exposed 3" end of cDNAs. (D) The-hmtinylated strand of cDNA is released from the
complementary strand by denaturation under alkaoralitions. (E) ds cDNA synthesis is primed usang
non-biotinylated version of the forward PCR prim@) Final cDNA produced lacking the 3" UTR and
stop codon.
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2.2 Materials and Methods

2.2.1 Constructing a Biotinylated PCR Product of De  fined Length

Primers were designed to generate a 2018 bp PCHfiaatpn product using the plasmid
pBluescript KS- (Stratagene) as a template. Bidditegl primers were high performance liquid
chromatography (HPLC) purified by the manufactumeremove residual biotin groups, which
could potentially compete for binding sites on ptawidin-coated beads. Primers used in PCR

reactions and DNA synthesis are shown in Table 2.1.

Table 2.1 PCR primers used to amplify a 2018 bp figment of pBluescript

Primer Primer Sequence

Forward 5" ACC GTC TAT CAG GGC GAT GG
Forward- PR

Biotinylated 5" Biotin-ACC GTC TAT CAG GGC GAT GG

Reverse 5 ATA AGA CTG GAT GGA

To ensure there was sufficient biotinylated DNA &mialyses, multiple PCRs were performed
under identical conditions. Each 50 pl reactiontamed 5 pul 10 X PCR buffer —Mg£l
(Fermentas), 3 ul 25 mM MggClFermentas), 1 ul 25 pmol/ul biotinylated forwasdmer
(Sigma Aldrich), 1 ul 25 pmol/ul reverse primer d®a Aldrich), 1 ul 10 mM
deoxyribonucleotide triphosphates (dNTPs) (Rochg)] Tag (homemade recombinant stock), 1
ul pBluescript PCR template, and sterile MilliQ Mo 50 ul. Thermal cycling was carried out
in an Eppendorf Master Cycler using the parame&2sC for 5 min, followed by 35 cycles of
92°C for 45 sec, 65°C for 45 sec, and 72°C for & 80 sec. Following this, samples were

incubated at 72°C for 10 min before cooling to 10°C

Aliquots of PCR products were electrophoresed dfa(w/v) agarose gel in 1 X TAE (40

mM Tris-acetate, 1 mM ethylene diamine tetraacaticd (EDTA) pH 8.3) in the presence of

ethidium bromide. A\ DNA/Hindlll Marker (Fermentas) was used as a reference&kenan
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electrophoresis. Residual primers and other PCBtarts were removed from the PCR products
with a PCR Purification kit (Qiagen). One hundrednalitres of pooled PCR reactions were
purified according to the manufacturer’s protocod &luted in 50 pl bead-binding buffer (0.2 M

NaCl, 20 mM Tris-HCI, 1 mM EDTA, pH 7.6).
2.2.2 Binding of Biotinylated PCR Products to Strep  tavidin-Coated Beads

Magnesphere Paramagnetic Streptavidin-Coated Bgadmega) were used for all binding
reactions. To prepare beads for DNA binding, 10®futhe bead suspension (1 mg/ml) were
placed in a 1.5 ml microcentrifuge tube and captimea magnetic stand (Dynal) for 1 min before
removing storage liquid from the beads. All beagtgees throughout the experiments were
performed in the same manner. The beads were walsresdtimes with 50 pl 7.5 mM trisodium
citrate, 75 mM sodium chloride pH 7.2 followed byoarth wash in 20 pl of this same solution.
After each wash, beads were captured and the satpatrremoved. Following the final wash,
beads were resuspended in 100 pl of bead-bindiffgrbiDepending on the amount of beads
required for a given reaction, a volume contairting appropriate amount of washed beads was
removed to a fresh 1.5 ml microcentrifuge tube hedds were captured, the supernatant was
removed, and the beads were resuspended in theiraepéal sample of biotinylated PCR

products to a final volume of 40 ulin 1 X beadiing buffer.

To ensure biotinylated DNA was well mixed with te&eptavidin-coated beads during
binding, the samples were gently mixed on a rogateck for all incubation periods. For time
course analyses of bead binding, at each samgiling point beads were captured before an
aliquot of the supernatant was removed. Beads therethoroughly resuspended and returned to

the rotating rack. All bead-binding incubations e/erarried out at room temperature.

2.2.3 Denaturation of Bead-Bound DNA

17



ss DNA was eluted from the bead-bound PCR prodisitey a denaturation protocol adapted
from Sambrook & Russell (2001). Following the bimglireaction, beads were captured and the
supernatant containing unbound DNA was removedidRasunbound DNA was washed from
the beads by rinsing them twice with bead-bindingfdr. The ss DNA was recovered by
resuspending beads in 100 ul of freshly prepar@d\NONaOH at room temperature for 10 min
with occasional agitation to keep the beads in esosipn. Beads were captured and the
supernatant was recovered and neutralized with @J0AM Tris-Cl pH 7.5, then ethanol
precipitated and stored in 70% ethanol at -20°Gr €xperimental trials using prolonged
denaturation, samples were incubated for three stimme long in the same volume and

concentration of NaOH.
2.2.4 Synthesis of ds DNA from Eluted ss DNA

To generate ds DNA from ss DNA, a method was deeslobased on protocols for
sequencing ss DNA templates using a thermophilicADMlymerase (Sambrook & Russell,
2001). The precipitated ss DNA was resuspendedvialime of 25 pl containing 2.5 pl 10 X
Pwo buffer (Roche), 0.5 pul 10 mM dNTPs (Roche), 0.2% bmol/ul forward primer, 0.5 jHwo
polymerase (5 u/pl; Roche) and sterile MilliQ fHo a volume of 25 pl. Reactants were heated
to 95°C for 2 min, cooled to 65°C for 2 min andrtheated to 72°C for 10 min. Following this,

reactions were held at 4°C.
2.2.5 Testing DNA Release from Streptavidin-Coated  Beads

To digest bead-bound DNA with a restriction enzyrmeads were rinsed once in sterile
MilliQ dH ,0 and resuspended in 10 pl 10 X Buffer O+ (Fermgn&8 pl sterile MilliQ dHO and
2 uINotl (10 u/ul; Fermentas). Beads were well suspenithea, transferred to a rotating rack in a
37°C incubator for 16 h. Following this incubatidreads were captured in a magnetic stand and

the supernatant containing the digested DNA wa®veih and stored at -20°C.
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2.2.6 DNA Analysis and Quantification

Due to small sample sizes and low concentrationBM#, the amount of DNA present in
samples could not be quantified using spectrophetgyminstead, DNA amounts were estimated
by comparing their ultraviolet (UV) fluorescenceensity in the presence of ethidium bromide
relative to that of known standard DNAs. Gels weémaged with a Fluorchem 8000
Chemiluminescence And Visible Imaging System (Alphaotech) and spot densitometry was
performed on digital images using AlphaEds8oftware v. 3.1.2 (Alpha Innotech). Fluorescence
intensity readings from each reference DNA fragmianthe A DNA/Hindlll molecular weight
marker were used to generate a plot of nanogram& sus fluorescence intensity. Standard
curves were generated using the sum of least ssjuaethod. For samples with a very low
amount of DNA, this method proved to be unrelialee to background fluorescence. For
samples containing approximately 15 ng or lessiatirtylated DNA, the quantity of DNA in a
sample was estimated by visually comparing therisoence intensity of a DNA fragment to the

5.8 ng reference DNA fragment in tkeDNA /HindlIl standard.
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2.3 Results

Because this approach was novel and required peirigrmany manipulations where optimal
reaction conditions were not known, | devised atasysto test the efficiencies of various
processes using a biotinylated PCR product 2 Kength. This biotinylated DNA was used in
experiments to gauge the efficiency of biotinyla@NA purification, binding to streptavidin-
coated beads, and ss DNA elution from bead-bound.0Futed ss DNA was used in ds DNA
synthesis reactions. Once conditions for each stege optimized, | hoped to incorporate an
Exolll/MBN digest of bead-bound DNA and eventualkgvelop protocols for applying the entire

process to a population of cDNAs.
2.3.1 DNA Purification Yield and Bead Binding Effic  iency

Initial experiments were performed to assess tlwevery of the 2 kb biotinylated PCR
product following purification and to test the efincy of binding biotinylated DNA to
streptavidin-coated beads. Time courses of beadingnwere performed in parallel: one using
the amount of beads recommended by the manufacamdrone using twice that amount in the
same volume. To facilitate direct comparisons betwthe two binding reactions, each used an
equal quantity of purified DNA from a single pucdition reaction. Beads were incubated as
described in the methods, and samples of the safa@rnwere collected following 30 min, 4 h,

and 20 h incubations. Samples were electrophomsgdjuantified as described in 2.2.6.

Based on UV fluorescence intensities, the yieldiofinylated DNA following purification
was approximately 75% (Figure 2.2). This percentagmvery varied between 75% and 85%
throughout experimental trials (data not shown)e Hfficiency of DNA binding to beads was
estimated by analyzing the binding reaction sugarmia for unbound DNA. Following 30 min,
66% of the biotinylated DNA was bound to beads;reasing the bead concentration or
incubation period did not affect the percentagdaind DNA. In subsequent binding trials the
percentage of non-binding biotinylated DNA was shaw remain relatively constant, varying

between 25% and 36% (data not shown).
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Figure 2.2 The effect of incubation time and bead ancentration on the binding of
biotinylated DNA to streptavidin-coated paramagnetc beads.

A time course analysis of biotinylated DNA binditmstreptavidin-coated paramagnetic beads
was carried out using two different bead conceiatnat A (standard conditions) or B (twice
the recommended amount of beads). The binding ioeactvere sampled at the time points
shown and electrophoresed on a 1.0% (w/v) agarelsglgngsidex DNA/Hindlll 500 ng (lane

1). Samples electrophoresed were unpurified bitategd DNA (lane 2), purified biotinylated
DNA (lane 3), and binding reaction supernatanttecteéd from reactions A and B following 30
min (lanes 4 and 5, respectively), 4 h (lanes 6 gnéspectively) and 20h incubation (lanes 8
and 9, respectively).

*Estimate of DNA amount based on visual comparisbfragment fluorescence intensity to

5.8 ng reference DNA fragment.
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2.3.2 Recovery of ds DNA Following DNA Synthesis

To determine the recovery of ds DNA following DNAurgication, bead binding, and ds
DNA synthesis, DNA samples were obtained from eatép of the entire process and

electrophoresed on a 1.0% (w/v) agarose gel (FigLe

Recovery of ds DNA was poor. Although the amountdef DNA could not be reliably
measured due to low UV fluorescence intensity,aswstimated to be 5 ng, which is 8.5% of the
starting DNA. Taking into account that DNA was ldstring purification (15%) and bead binding

(36%), the yield relative to the amount of DNA egeal to be in the reaction increased to 15%.
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Figure 2.3 Recovery of ds DNA following biotinylatd DNA purification, bead-binding, ss
DNA elution, and ds DNA synthesis.

Samples were obtained from each step of a beadAgindnd elution experiment and
electrophoresed through a 1.0% (w/v) agarose dedlw8 areh DNA/Hindlll (500 ng; lane 1),
unpurified biotinylated DNA (lane 2), purified binylated DNA (lane 3), supernatant containing
unbound DNA following incubation with streptavidovated beads (lane 4), and ds DNA
generated in a DNA synthesis reaction using ss Ni#ed from the beads (lane 5).

* Estimate of DNA amount based on visual comparigsbfragment fluorescence intensity to 5.8
ng reference DNA fragment.

23



2.3.3 Effect of Prolonged Denaturation on ds DNA Yi  eld

To test whether harsher denaturation could leadnfmroved yield of ds DNA, replicate
samples of bead-bound DNA were used in two experispeone employing more aggressive
denaturation conditions with prolonged incubatio®il N NaOH. Following denaturation, beads
and supernatant were aspirated through a micrdpifiptseveral times to promote separation of
DNA strands before beads were captured and supetnemoved. Samples of ss DNA were

used as a template for ds DNA synthesis.

The amount of ds DNA generated in each trial cdaddcompared to estimate the relative
recovery of ds DNA. The ds DNA vyield did not incseausing harsher denaturation conditions

relative to standard conditions (Figure 2.4).

bp ng 1 2 3 4 5 6 7
23120 238 .

9416 97:.

6557 70 —

2322 24 _ S e . .
2007 20 1o HE N '...

Figure 2.4 The effect of prolonged DNA denaturatioron the recovery of ds DNA.

Samples of ds DNA generated from eluted ss DNA wé&etrophoresed on a 1.0% (w/v) agarose
gel to determine yield relative to the amount ofild ds DNA. In a control experiment, DNA
was denatured with standard conditions and usethte® ds DNA. Samples electrophoresed were
unpurified biotinylated DNA (lane 2), purified DNAane 3) and ds DNA (lane 4). In a second
experiment, DNA was denatured under harsher camditiand similar samples were
electrophoresed: unpurified biotinylated DNA (Ia8)e purified DNA (lane 6) and ds DNA (lane
7). A DNA/Hindlll (500 ng) was used as a reference marker (lanel
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2.3.4 Measuring DNA Bound to Beads Following Denatu  ration

To determine the amount of ds DNA remaining bouadthe streptavidin-coated beads
following ss DNA denaturation, Botl restriction enzyme digest was performed on trsidrel
bead-bound DNA. There is a sindl®t restriction site in the biotinylated DNA fragmeiaind if
any biotinylated DNA was bound to the beads, a 1BdDNA fragment would appear in the

supernatant followinglotl digestion.

This experiment revealed that the majority of Inigkited DNA remained bead-bound DNA

following denaturation (Figure 2.5).
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Figure 2.5 A comparison of the amount of ds DNA syhesized from eluted ss DNA and the
amount of DNA remaining bound to beads.

Samples of ds DNA synthesized from eluted ss DNAewaectrophoresed on a 1.0% (w/v)
agarose gel alongside a sample & digest that was performed on beads following 88D
elution. Samples electrophoresed were unpurifiedtirhilated DNA (lane 2), purified
biotinylated DNA (lane 3), ds DNA synthesized fresmDNA (lanes 4 and 5), and DNA released
into the bead supernatant followingNat restriction digest (lane 6). The amount of expdct
DNA was calculated for each sample and compardbea@ctual yieldA DNA/Hindlll (500 ng)
was used as a reference marker (lane 1).

* Estimate of DNA based on visual comparison ofgfreent fluorescence intensity to 5.8 ng
reference DNA fragment.
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2.4 Discussion

The experiments described in this chapter weregdesdi to evaluate and optimize protocols
for the recovery of near to full-length cDNAs laagi their 3 UTRs and stop codons. The
strategy involved generating 5™ biotinylated ds éD&hd binding it to streptavidin-coated beads,
then using the enzymes Exolll and MBN to shortem élkposed 3" ends of cDNAs by 500 bp.
The ds cDNAs would be recovered by eluting the himtinylated strands of shortened cDNAs
and using them as a templates to direct ds cDNAhsgis. These shortened cDNAs would then
be used in a cDNA-GFP fusion library to direct #ynthesis of near to full-length proteins
tagged with GFP at their N-terminus. Prior to apmythis strategy to a population of cDNAs, |
tested the efficiencies of the process of biotitgdaDNA purification, binding to streptavidin-
coated beads, ss DNA elution, and ds DNA synthesiisg a biotinylated PCR product 2 kb in

length.

In initial experiments, 75% of the DNA was recowkfeom the purification step and 66% of
the biotinylated DNA bound to streptavidin-coatezhtls. Based on results of experimental trials,
the cause of unbound DNA in a binding reaction wast immediately obvious. If incomplete
binding occurred because the process was inefficiroreased binding time should lead to a
decrease in the amount of unbound DNA, as woulteasing the number of beads, but this was

not observed (Figure 2.2).

Because the reaction conditions could not be méatigd to increase binding, the unbound
DNA was determined to be a function of the DNAlitsi a portion of the PCR products did not
have biotin groups, they would not be able to biodstreptavidin-coated beads. Because the
primers were HPLC purified, it seems unlikely thapwards of 25% of them were not
biotinylated; HPLC purification would have elimirat non-biotinylated primer molecules. A
more likely explanation is that primer moleculesrevdlamaged or degraded due to storage or

handling conditions.
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The recovery of ds DNA from the system was 8.5%{Fé 2.3). Taking into account DNA
loss during purification (15%) and bead binding%@&he yield relative to the amount of DNA

expected to be in the reaction was 15%, which isufficient for making a library.

Initially the basis for the low yields was not apgrat. To pinpoint the cause more accurately,
| performed more focused trials to determine tlieiehcy of individual steps in the process from

DNA denaturation to ds DNA synthesis.

To see if the low yields of ds DNA could be imprdvey more aggressive denaturation of
bead-bound DNA, | performed experiments with prgkee denaturation. This would increase the
amount of ss DNA released, and therefore the amofidis DNA that could be synthesized.
However, more aggressive denaturation did not teachproved yield, which suggested that low

yields were a consequence of inefficiency in aedéht part of the procedure.

Before ruling out inefficient denaturation as as@aof low ds DNA vyield, | wanted to have a
more direct measure of the quantity of ss DNA eldtem beads. Determining this proved to be
difficult, however, as the quantities of ss DNAtelliwere too low to give reliable readings in a
spectrophotometer. It was also not possible to tifyass DNA by measuring fluorescence in
ethidium bromide agarose gels, because ethidiummide has a relatively low affinity for ss
DNA. The fluorescence intensity of ss DNA in aniditm bromide agarose gel cannot be

compared to intensities from ds DNA reference marke

As an alternative to measuring eluted ss DNA, Isehto measure the amount of ds DNA
remaining bound to beads following denaturationisThas achieved by subjecting beads to a
Notl restriction digest after ss DNA elution. This ealed that the majority of ds DNA was not

being denatured, and was in fact remaining bourmesmls following denaturation.
2.5 Conclusions

While initially this method appeared to be a prdngsway to create cDNA molecules for a

cDNA-GFP fusion library, in retrospect, it involvegveral technically vague and challenging
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steps. DNA loss occurred at numerous stages thouidhe overall process. Approximately 25%
of the DNA was lost during DNA purification, andfarther 25-36% of DNA did not bind to
streptavidin-coated beads. Denaturing bead-bound s also inefficient as evidenced by the
high amounts of DNA remaining on beads followingnaleiration. This would not be acceptable
for use in a cDNA library, because the loss of sackubstantial portion of the DNA would
greatly reduce the complexity, or number of indejeen clones. A library would likely also incur
additional DNA losses in subsequent manipulatiansluding purification following adapter
ligation and cDNA size fractionation. It is cle&at several parts of the process limit the value of

this strategy.

While there is potential for this process to geteergreater yields of ds DNA with some
procedural optimization at the steps of DNA pudfion, denaturation, and ds DNA synthesis, |
chose to use a more standard method of generdiiNgh@and did not continue experiments to
obtain increased yields of ds DNA from the beadesyis Because | abandoned this strategy, | did
not perform experiments to characterize Exolll dtgm of bead-bound DNA fragments. This
decision was made based on evidence that sugdpestONA truncation strategy would not be
suitable for use with a population of DNAs with iars lengths, which is the case in a cDNA

library.

Using this approach with a cDNA library would induce a size bias in the cDNA
population. While there is no evidence to suggbst the cDNA amplification technique |
proposed would cause a bias towards shorter cDMAdI€nreuther et al., 2004), the efficiency
of binding to beads is inversely proportional te tength of the DNA molecules. Long cDNAs
bind to streptavidin-coated beads much less effiighan do shorter cDNAs, and long cDNAs
can be difficult to capture on a streptavidin-cddteads. This bias in binding is thought to be due
to charge repulsion between DNA molecules (Liu &ic®r 1997). The decreased binding
efficiency with increasing length is such thatsitrecommended to use the shortest biotinylated

DNA fragments possible for bead binding (Liu & Ric1997). Difficulties in denaturing long
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fragments of bead-bound DNA would further contréowd this bias towards shorter cDNAs.
Longer DNA molecules are more difficult to denatared recover from beads than are shorter
ones (Promega Technical Services, personal comutiong. Therefore, if a population of
biotinylated cDNA was bound to beads, digested \Eitolll and MBN, denatured, and made ds
again, there would be an overabundance of shdbtBiAs in the recovered ds cDNA population
because longer cDNAs would have been selected stgairboth bead binding and elution. To
achieve the goal of this project, which is to depeh method for determining protein localization
on a large scale and in high throughput, it is m$akto have a complex population of cDNA—
GFP fusions to screen. Given the poor yields amdpbtential for a greatly reduced library

complexity, | chose to pursue other avenues faaterg cONA-GFP fusions on a large scale.
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Chapter 3 Vector Design

3.1 Introduction

When constructing a cDNA-GFP fusion library, thetme of gene delivery and control of
expression of GFP-tagged proteins are determinethéywector used for library construction.

Thus, the choice of expression vector is critioahie success and utility of a library.

Standard plasmid-based mammalian expression veatergften delivered into cells using
bulk plasmid transformation technigues, such asehwediated by lipofectamine or calcium—
phosphate precipitation. These methods generate pidéipitates that can reach 2000 kb in size
and contain multiple plasmid DNA molecules (Peruehal., 1980). If a cDNA-GFP library was
introduced into cells in this manner, many diffar@DNA-GFP fusion plasmids would be
delivered to each transfected cell. Problems initdérethis approach were highlighted in a study
by Rolls et al. (1999) in which a cDNA-GFP fusidbrary was introduced to cells using
lipofectamine. Each transfected cell expressedstimated 5 to 20 different cDNA-GFP fusion
plasmids, making it extremely difficult to recovells expressing one GFP-tagged protein. Many
rounds of transfection, screening and segregatiab®A—-GFP plasmid pools were required to

isolate transformants carrying individual cONA—GHeRBions of interest.

Using electroporation to deliver plasmids to ceailn allow more precise control over
plasmid copy number, as the number of plasmid nutdsca cell receives can be roughly
controlled by adjusting the concentration of DNAdn electroporation reaction. However, the
epigenetic instability of the plasmid cDNA-GFP fuss means that the expression of cDNA—
GFP fusion proteins may occur only briefly, and ¢dbMEFP fusions may be lost from cells

before they can be identified.

To address these problems, retroviral (RV) vectas be used to deliver cDNA-GFP
fusions to cells. Viral delivery systems allow farore control over the number of vector

molecules delivered to cells, and vectors stablggrate into the host cell genome. By varying
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the multiplicity of infection (MOI), conditions cape controlled such that on average, each cell in
the transfection population receives one vector DMAlecule. Therefore, by using a RV-
mediated delivery system, it should be possiblgdoerate a population of cells, each stably
expressing one cDNA-GFP fusion. This would be idealtime-course analyses of protein
expression because transgene expression is lomg-Because of their advantages over transient

methods of vector delivery, | used a RV systenctorstructing a cDNA-GFP fusion library.

The next consideration was the promoter to be tsetirect expression of the cDNA-GFP
fusion sequences. While strong promoters allow dasy detection of GFP-tagged proteins,
overexpression of protein products may alter catlyghysiology or be toxic. To minimize this
effect | wanted to use an inducible promoter totrexpression. This would allow GFP-tagged
protein expression to be activated only when @alsto be imaged, thus minimizing the potential

toxic effects of prolonged gene overexpression.

Inducible promoters allow control over the expressif a gene based on the presence of an
inducer or absence of an inhibitor; the effectonghich may be chemical, physical or
developmental in nature, interact with transcriptifactors that regulate the activity of the
associated promoter. Ideally, the level of expmssian be controlled by altering the amount of
the effector. Inducible systems regulated by smmallecules are particularly attractive, as gene
expression can be controlled simply by altering laeels of the inducing agent within a cell
culture. Several inducible systems have been opgichifor use in mammalian cell culture

systems and are commercially available.

A popular inducible expression system is based prokaryotic tetracycline (Tet)-regulated
inducible system, initially described by Gossen §jdd (1992). Features of this system include
lack of pleiotropic effects from the inducing agegtaded response with respect to the inducer
concentration, and inducibility of up to 1000-fdidm basal expression levels (Gossen et al.,
1995). | explored the possibility of using this uible system, but learned tetracycline and its

derivatives are highly fluorescent in multiphotdvR) fluorescence microscopy, and even trace
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amounts of Tet can make MP imaging very difficiiiafol et al., 2002). Because | was interested
in imaging cells using MP fluorescence microscofiye Tet system was not suitable for

regulating gene expression in my experiments.

An alternative commercially available expressionstegn uses an ecdysone-inducible
expression cassette adapted fidorosophila melanogastgiNo et al., 1996). Ecdysone-inducible
systems have also shown low basal promoter actaity high inducibility (Wakita et al., 2001,
Wyborski at el., 2001). This system was more sigthlecause ecdysone and its analogues, which
are the inducers, do not interfere with fluoreseemaicroscopy imaging. Furthermore, an

ecdysone-inducible expression system was availal@deRV format from Stratagene.

The Stratagene Complete Contf®l Inducible Mammalian Expression System (Stratagene,

2002) is regulated by the activity of ttrans-activating receptor proteins VgECR and RXR. The
gene of interest is located downstream of ecdysesgensivecis elements and a minimal
promoter. Thdrans-activating receptor proteins bind to ttis elements and induce transcription
based on the concentration of the effector. Thec&t molecule is ecdysone or one of its
analogues, such as ponasterone A (PonA). In thenabsof PonA, thérans-activating proteins
block transcription by binding to corepressors thgtress cellular transcriptional machinery.
When PonA is introduced, the corepressors areseteand coactivators are recruited, leading to

transcription of the gene of interest (Stratag@06?2). (Figure 4.1)

The Stratagene system is carried on Egcherichia coliplasmids containing components of
the ecdysone-inducible system in a wild-type Molordurine Leukemia Virus (MMuLV)
backbone. The viral backbone of one vector contaimding sequences fdransactivating
proteins, which are constitutively expressed frbmm ¢ytomegalovirus (CMV) promoter in target
cells; the other contains ecdysone respongi® elements, a minimal promoter and a

multicloning site that allows for the insertionafjene of interest. Viral sequences in these
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Figure 3.1 Schematic of gene regulation in the ecdgne—inducible expression system.

Thetrans-activating receptor proteins, RXR and VgECR, hindhe ecdysone response elements
upstream of a minimal promoter comprising 3X SRéssand a minimal heat shock promoter
(mHSP). (A) In the absence of the ecdysone analogarasterone A (PonA), the cellular
transcription machinery is repressed. (B) When Pangresent, it binds VgECR, which releases
corepressors and recruits coactivators, thus ditgyaranscription of the gene of interest.
(Adapted from Stratagene, 2002).
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plasmids are transcribed and packaged into virgiges in a packaging cell line (Stratagene,

2002).

Adapting this expression system for use in ES eedlald require some modifications. Wild-
type MMuLV-based vectors are not expressed in BElices (Grez et al., 1990). MMuLV
contains fourcis-acting elements that act as strong silencers insm@6S cells: the negative
control region, the direct repeat element, the prilyinding site and a 100 bp region of the viral
long terminal repeat (LTR) sequences (Osborne et1#99). Therefore, before using the
Stratagene system to deliver transgenes to defissitencing elements would have to be removed
from the viral backbone to allow for efficient ergsion of transgenes, as in Osborne et al.

(1999).

A second consideration is that the CMV promoter besn shown to have low levels of
activity in ES cells (Chung et al., 2002; Zeng kf 2003). For efficient expression tfans
activating proteins, the promoter driving their eegsion would have to be changed to an ES cell

active promoter.

The two-vector nature of the Stratagene systemald#ional implications for the delivery
and control of inducible genes by retroviruses. #ilke elements necessary for inducible
expression cannot be delivered in a single retabviector because they would exceed the 10 kb
packaging limit of MMuLV (Coffin et al., 1997). Baose components of this inducible system
are in two different vectors, inducible expressiequires the delivery of both a control vector
(containing tharans-activating proteins) and the response vector &birtg the gene of interest
andcis elements) to cells. However, it is technically ompible to ensure delivery of precisely
one copy of a cDNA-GFP fusion along with one copthe trans-activating plasmid to each cell

in a transfection.

Even if this level of control over delivery were gsible, clones would vary markedly in
inducibility due to positional effects of retrovguntegration, resulting in poor induction or high

levels of uninduced expression (Stratagene, 208Zact, well-regulated inducibility appears to
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be the exception rather than the rule, and ocecuasminority of double-transfected cells (Blau &
Rossi, 1999). Clearly this is not practical for wgith a cDNA-GFP fusion library. Given the
requirement for screening and validating each iddial clone for its inducibility, this is not a
high-throughput approach and cannot provide thelle¥ control over gene expression that is

desired.

Although the initial experimental design involvétetuse of an inducible system, | ultimately
concluded this was not feasible and the plan wasddned. Instead, | used HSC1, a MMuLV-
based retroviral vector that has been optimizeddilivery and expression of transgenes in
mouse stem cells. It contains mutations in all fomown retroviral silencing elements present in
the wild-type MMuLV, and is at least 150-fold magtective at directing gene expression in ES
cells than is MMuLV (Osborne et al., 1999). The teedHSC1-PGK-eGFP was provided by a
Stem Cell Network collaborator, Dr. James Ellignfrthe University of Toronto. In this vector
the transcription of an enhanced GFP (eGFP) vaisadirected by the human phosphoglycerate
kinase (PGK) promoter (Yao et al., 2003). To ob&xpression levels appropriate for imaging
GFP-tagged protein localization, Dr Ellis recommamh@&xchanging the promoter for the stronger
human elongation factor 1 alpha (E&}1promoter. The use a constitutive promoter dods no
circumvent the problems associated with the oveesgion of cDNA-GFP fusion proteins.
However, the use of a single plasmid simplifies$faction and screening. To construct a vector
appropriate for a cDNA-GFP fusion library, furtheector sequence considerations were to
include restriction sites to accept cDNAs upstreditihe gene for GFP. Also, the start codon may
be removed from the GFP gene to reduce the ocagrehGFP expression from empty vectors

that may be introduced into cells.

This chapter outlines the process of making a H8&vative vector for the expression of
cDNA-GFP fusions. This RV vector can accept insefith Sal/Notl ends in fusion with GFP

and express them under the control of the Efptbmoter
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.3.2 Materials and Methods

3.2.1 Removal of the PGK Promoter from HSC1-PGK-eGF P

Supercoiled HSC1-PGK-eGFP (10 pg) was digested 2dtbNcad (Fermentas) in a volume
of 100 ul in 1 X Tango+ Buffer (Fermentas) for 5 Following digestion,Ncd was heat
inactivated at 65°C for 20 min and the DNA was ttesaby ethanol precipitation. The DNA
pellet was resuspended in 5 pl Buffer 2 (New EmgjlBiolabs), 44 ul sterile MilliQ dkD and 1
1l MBN (New England Biolabs). The reaction was ipated at 30°C for 30 min. Following this,
DNA was extracted using phenol: chloroform and ewmtiated by ethanol precipitation. The
DNA pellet was resuspended in 5 pl 10EX0RI Buffer (Fermentas), 44 pl sterile MilliQ g6l

and 1 plEcaRI (10 u/ul; Fermentas) and incubated at 37°C for 4

Digested DNA was electrophoresed on a 1.0% (w/@y@e gel in 1 X TAE in the presence
of ethidium bromide. The 5.6 kb fragment from thgedt was excised from the gel and recovered
in 10 ul dHO using GeneClean (QBiogene) according to the naatwifer’'s protocol. Purified,
linear vector was electrophoresed on a 1.0 % (wfgrose gel alongside XaDNA/Hindlll

marker (Fermentas) and quantified based on relatwduorescence intensity.

3.2.2 Preparation of EF-1 a Promoter for Ligation

The EF-Ir promoter (GenBank accession number E02627) wadlisdpy Dr. James Ellis

in plasmid KA436. PCR amplification was done ugimgmers shown in Figure 3.2.

PCR was performed in triplicate using 5 pl 10 X i@e EXT buffer (Finnzymes), 1 ul 25
pmol/ul forward primer, 1 pl 25 pmol/ul reverserper, 1 pul 10 mM dNTPs (Roche), 0.5 ul
DyNAzyme EXT (1 u/ul; Finnzymes), 1 ul KA436 PCRglate and MilliQ dHO to 50 ul.
Thermal cycling was carried out in an Eppendorf tda€ycler using the parameters: 92°C for 5
min, 5 cycles of 95°C for 45 sec, 53°C for 45 s&°C 1 min 30 sec, 30 cycles of 92°C for 45
sec, 67°C for 45 sec, 72°C 1 min 30 sec, and upamptetion, samples were held at 72°C for 10

min before cooling to 10°C.
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Forward primer:

5 GCG AAT TCG GCC GCT CTA GAC AAT TGG
EcoRlI

Reverse Primer:

5 CTG CGG CCG CACGTICGACGCTAATTCCTCACGACACC
Notl Sall

Figure 3.2 PCR primers used in polymerase chain retion of EF-la promoter from plasmid
KA436.

Regions of the primers complementary to the promate designated in italics, and restriction sites
within the primers are underlined. Ti8al and Notl restriction sites were incorporated into these
primers to allow for the creation of N-terminal cBNGFP fusions.

Aliquots of PCR products were electrophoresed arDaw/v) % agarose gel as described in
2.2.1. Upon verifying a successful PCR, the prosluwere pooled and purified using the Qiagen
PCR Purification kit (Qiagen) according to manufaet’s protocol, and eluted in 50 ul of sterile

MilliQ dH 0.

EF-1o PCR products were kinased in a 60 ul reactionadoimg 6 pl 10 X Reaction Buffer
A (Fermentas), 60 pmol adenosine triphosphate (A{Rche) and 30 u T4 Polynucleotide
Kinase (Fermentas). Following incubation at 37°€30 min, the kinase was heat inactivated at
70°C for 10 min and the DNA was recovered by etharecipitation. Kinased DNA was
digested in a mixture of 5 pl 10 EcaRl Buffer (Fermentas), 44 pl sterile MilliQ déland 1 pl
EcaRl (10 u/ul) for 4 h. The DNA was purified by phenahloroform extraction, ethanol

precipitated and resuspended in 10 pl sterile @idiH0.
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3.2.3 Ligation of EF-1 a Promoter into Linearized HSC1

The Ecarl digested and kinased PCR product containingEthela promoter was inserted
into the HSC1 vector. The ligation reaction corgainl00 ng ofNcd/MBN/EcdRI digested
HSC1, 60 ng ofEcoRl digested and kinased El-IJpromoter, 4 ul 5 X ligase buffer (Gibco

BRL), 1 ul T4 DNA ligase (10 u/ul, Fermentas) andlid dH dH,O to 20 ul. The molar ratio of

insert to vector was 3:1.

Ligations were incubated at 16°C overnight. Follogvincubation, the products were ethanol
precipitated. The DNA pellet was dried in a Speedwatil no traces of moisture were visible and

the ligation products were resuspended in 10 pilestelilliQ dH 0.
3.2.4 Electroporation of DH5 @ with Ligation Mixtures

Ligation mixtures were electroporated into eleabropetentE. coli DH5a cells. For each
electroporation, a 40 ul aliquot of frozen cellsswdaced on ice and allowed to thaw until just
barely liquid. A 5 ul sample of a the ligation mixas added to the cells, mixed gently and
quickly transferred to an ice-cold, sterile 2 mractloporation cuvette (BioRad). Cuvettes were
placed in a BioRad Gene Pulser electroporator pagkd once with 1.25 V, 2AD resistance, 25
pUF. Following the pulse, 1 ml SOC media (Sambrowk Russell, 2001), was added to the cells
and they were transferred to a sterile 13x100 mesgytulture tube and placed in a 37°C water
bath with vigorous shaking. After 1 h, a 20 ul @8 ul sample of each electroporation culture
was plated on solid LB-agar supplemented with 180mlt ampicillin. Plates were incubated at

37°C overnight.
3.2.5 Isolation and Sequence Verification of Vector  pBES23

Transformants containing the Ele-Insert were identified by PCR. Colonies were saupl
using a toothpick that was lightly streaked ontresh LB agar plate supplemented with 100

pg/ml ampicillin before being placed 10 ul of derMilliQ dH,O. One microlitre of this
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suspension was used as the source of templateCigrusing conditions outlined in section 3.2.2

to amplify the promoter fragment.

Clones from which the EFell promoter could be amplified were prepared for seging
using a Qiaprep DNA Plasmid Miniprep kit (Qiageryrarding to the manufacturer’'s protocol
and the promoter and cloning site were sequencetheatUniversity of Waterloo in-house
sequencing facility. Primers were 5 GCG AAT TCG GGCT CTA GAC AAT TGG and 5

CAC GCT GAACTT GTG GC.
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3.3 Results and Discussion

The goal of work presented in this chapter wasdsigh a vector for constructing an N-
terminal cDNA-GFP fusion library. The requiremeafssuch a vector were that it be retroviral,
contain a viral backbone that would not silenc&# cells, have a promoter to drive expression
of cDNA-GFP fusions, include restriction sites #tow ligation of cDNAs upstream of the

coding sequence for GFP, and for the GFP to hawarbcodon.

I was successful in constructing the HSC1 derieatRE vector containing the EF-
la promoter andSal and Notl recognition sites, and named this vector pBES28ufe 3.3).
This vector is suitable for the directional cloniofjinserts withSal/Notl ends and can allow for
the expression of cDNA fragments as N-terminaldasiwith GFP, provided the insert sequences
contain an initiation codon and no stop codon.his vector, the coding sequence for GFP does
not have a Met initiation codon. This was achielgdsubjecting HSC1 linearized Ncd to a

MBN digest, thereby removing the protruding endstaiming the ATG codon.

A further improvement to the current vector would to modify the coding sequence
between thélotl site and the GFP coding sequence by removingase pair. This is because in
the current vector, the codon created at the juaaifithe cDNA and thBlotl site is NNG, where
N is any nucleotide (Figure 3.2 B). When these twoleotides are TA, a stop codon is created,
meaning the cDNA will not be expressed with a G&gp The frequency of this occurrence is one
in sixteen in-frame cDNAs. By removing one base,péiere is no possibility of creating a stop
codon at the junction of the cDNA and GFP. At timeet| stopped working to write this thesis, |

was designing a more suitable expression vectaaDNA GFP-fusion proteins.
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Figure 3.3 Map of retroviral expression vector pBER3.

The vector pBES23 was constructed from the vect®CHPGK-eGFP (A). The PGK
promoter was removed by digesting HSC1-PGK-eGFm Witd, MBN and EcdRlI, and the
EFla promoter was generated by PCR and prepareddgfatidn by digesting a witkcdRl (B).
The retroviral expression vector created followliggtion of the EFéi promoter (pBES23) can
accept inserts witlsal/Notl ends, and allows such inserts to be expressédfasion with GFP
from the EF&r promoter (C). A schematic of the vector multicuniite is shown in (D). The
predicted amino acid sequence of the region bet@ed#PNA insert and GFP are shown in italics,

and restriction enzyme recognition sites are uirtdl
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Chapter 4 Constructing a cDNA-GFP Fusion Library
4.1 Introduction

The initial design of this project involved creatia library of truncated cDNAs fused GFP at
their C-termini. However, the approach | devisedtfoncating cDNA proved impractical for use
with a cDNA library because of poor recovery of @NA and a bias towards shorter ds DNA
molecules. Instead of using this novel approadjerierated a random-primed cDNA population
using a commercial cDNA library kit. The SuperStiasmid System for cDNA Synthesis and
Cloning (Invitrogen) is designed for making fulkigth cDNA libraries in a plasmid cloning
vector, but could be adapted to generate an N-tedndDNA-GFP fusion library. The two main
procedural modifications required were substituttngandom hexamer primer—adapter for an
oligo-dT primer—adapter in first-strand cDNA syrdle and cloning cDNAs into the vector

pBES23 instead of the vector included in the Kkit.

A random hexamer primer—adapter allows one to ge@eandom-primed cDNAs that can be
directionally cloned; this is made possible by udthg the sequence for a restriction enzyme
recognition site in the primer used for first stacDNA synthesis. Following second-strand
synthesis and addition of hemi-phosphorylated ataptigestion of the cDNA population with
the enzyme whose restriction site is within in piener—adapter results in cDNAs with different
protruding 5° and 3" ends. Using a restriction #igg occurs infrequently in DNA, such isst,
minimizes the chance of the restriction enzyme\tepwithin the cDNA. The presence of a
restriction enzyme site necessitates the additieexiva bases to the primer—adapter. Because the
restriction enzyme site is palindromic, primer—adep will have a higher affinity for each other
than for mRNA. This may be offset by the additidneyminal non-complementary nucleic acids
to the 5” end of the primer, such as terminal Geats (Das et al., 2001). While it may not seem
that a long primer with a relatively short randomexamer sequence can be used to generate

random-primed cDNA, a primer 39 bases in lengthta@iomg aNotl sequence and just six
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random nucleotides was successfully used to genef@aNA for an N-terminal cDNA-GFP

fusion library (Escobar et al., 2003).

The use of random hexamer primer—adapters requiaesful control of the reaction
conditions for first-strand cDNA synthesis. If tvaw more primers anneal to a single mRNA,
multiple Not restriction sites will be incorporated into thBNA. Digestion of the cDNA with
Notl will generate multiple small cDNA fragments. t therefore essential to minimize the ratio
of primers to template in the first strand reactguth that, on average, one primer anneals to
each mRNA. AfteNot digestion, short cDNAs resulting from priming séto the 5° end of an

MRNA or from multiple priming events can be remowgdsize fractionation.

Following these modifications to the protocol, hetructed an N-terminal cDNA library with
an average cDNA insert size of 1.1 kb, and transtethis library into a Phoenix retroviral

packaging cell line.
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4.2 Materials and Methods
4.2.1 Embryonic Stem Cell Culture

R1 mouse embryonic stem cells were supplied by James Ellis of the University of
Toronto. Cells from passage 11 were grown on geladated T-75 culture flasks (FALCON) in
ES media (Dulbecco’s Modified Essential Medium (DMH&ibco) supplemented with 2 mM L-
glutamine (Gibco), 100 mM non-essential amino adi@ico), 100 uM 2-mercaptoethanol
(Gibco), 15% (v/iv) ES-certified fetal calf serumQg) (Gibco), and 1000 u/ml leukemia
inhibitory factor (Stem Cell Technologies) in 5% £& 37° C. Every day cells were supplied
with fresh media, and when cultures were approxigai0% confluent((2—-3 day} the media
was removed and cells were trypsinized with 0.28%)trypsin-EDTA (Gibco BRL) for 5 min.
Following this, fresh ES media was added to thducelflask and the cell suspension was
triturated, transferred into a sterile 15 ml pojyshe tube (Falcon) and centrifuged at 300 x g for
5 min. The supernatant was removed and cells weespended in fresh ES media. The cells

were passaged at a 1:5 dilution into fresh geletimted T-75 flasks.

4.2.2 Total RNA Isolation

Total RNA was isolated from 2 T-75 flask§14x10 ES cells) using Tripure (Roche)
according the manufacturer’s protocol. RNA was spsmded in diethylpyrocarbonate (DEPC)-
treated dHO and the concentration of nucleic acid was deteethby absorbance spectroscopy at
260 and 280 nm. The yield of nucleic acid was 64f) An aliquot of total RNA was
electrophoresed on a 1.2% (w/v) formaldehyde agage$ in the presence of ethidium bromide

to evaluate its integrity. RNA was stored at -70° C
4.2.3 Poly-A+ RNA Purification

Poly-A+ RNA was isolated using an Oligotex mRNA Midt (Qiagen) according to the
manufacturer’s instructions with the following tveaceptions. To maximize elution of poly-A+
RNA from the Oligotex beads, once the 70°C elutiuffer OEB was added to the beads,

45



samples were incubated at 70°C in a heating blocK fmin prior to centrifugation. The elution
step was repeated and the recovered poly-A+ RNApgated in a single microcentrifuge tube,
ethanol precipitated, and resuspended in 20 plERPO-treated dD. A one microlitre sample

was used to assess RNA quantity and purity by spaglubtometry. The RNA was stored at

-70°C.
4.2.4 RT-PCR of Poly-A+ RNA

Prior to constructing a cDNA library, a portion thie poly-A+ RNA was used for RT-PCR
for three transcripts expressed in mouse stem.celNA was synthesized in a reaction
containing 1 ul anchored oligo-dT primer (5N, where V is A, C or G), 100 ng poly-A+
RNA and DEPC-treated dB& to 11 pl. The solution was incubated 65°C in ating block for 5
min then chilled on ice. To this sample, 4 ul 5SMMuLV Reverse Transcriptase (RT) Buffer
(Fermentas), 2 ul 10 mM dNTPs (Fermentas), andRN#dse inhibitor 20 u/ul (Fermentas) were
added and the entire reaction was incubated aC¥ér°’2 min. Following this, 2 pl MMuLV RT
(20 u/ul; Fermentas) were added and the reactianimaubated 37°C for 1 h. Subsequently the

RT was inactivated by heating at 95°C for 5 min.

PCR was carried out in a volume of 25 ul in thespnee of 2.5 pul 10 X PCR buffer (500
mM KCI, 100 mM Tris-Cl pH 8.3, 15 mM Mgg@), 1 ul 25 pmol/ul forward primer, 1 pl 25
pmol/ul reverse primer, 0.5 ul 10 mM dNTPs (Roche)l Taq (homemade recombinant stock),
1 ul cDNA template from the above reaction andilstd\illiQ dH,0. Primer pairs used for PCR
are outlined in Table 4.1. Thermal cycling was iegrout in an Eppendorf Master Cycler using
the parameters: 92°C for 5 min, then 35 cycles2329for 45 sec, 55°C for 45 sec, and 72°C for
1 min. Following this, samples were held at 10°@hE microlitres of each reaction were
electrophoresed on a 1.8% (w/v) agarose gel inptkeence of ethidium bromide alongside a

Generuler 100 bp DNA Ladder (Fermentas).
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Table 4.1 Primers used for RT-PCR reactions of munie poly-A+ RNA and the expected
size of PCR products

. GenBank
) e Expected size of X
Target sequence Primer sequence 53 Accession
PCR product
Number
intearina—6 forward 5'CCC AAG GAG ATT AGC AAT GG 300 b NM_008397
9 reverse 5'CCT GGA ACG AAG AAC GAG AG P
. forward 5’"GAC AAC GGC TCC GGC ATG TG
B-actin reverse 5'CAT TGT AGA AGG TGT GGT GC 247 bp NM_007393
Hypoxanthine
guanine forward 5'CTC GAA GTG TTG GAT ACA GG
phosphoribosyl  reverse 5 TGG CCT ATA GGC TCA TAG TG 350 bp NM_013556
transferase

4.2.5 Preparation of pBES23 for Ligation

Approximately 5 pg of pBES23 were digested in alteblume of 40 pl containing 4 pl 10 X
Buffer O+ (Fermentas) and 1 ghl (10 u/ul; Fermentas). The reaction was incubatied7°C
overnight. Following this, the entire restrictioigest was electrophoresed through a 1.0 % (w/v)
agarose gel in the presence of ethidium bromidegside a GeneRuler DNA Ladder Mix
(Fermentas) and supercoiled pBES23. Ba digested vector, identified as a 6.9 kb DNA
fragment, was excised from the gel and purifiechgisbeneClean (QBiogene) according to the
manufacturer’s protocol. DNA was eluted in 30 uktdrile MilliQ dH,0. To ensure that all traces
of Glassmilk were removed, the eluted DNA was plaoe a clean microcentrifuge tube and
centrifuged at 16.1 x g for 1 min. The supernatamitaining DNA was carefully removed and
placed in a clean microcentrifuge tube. A secomsti was performed using 20 pl of tisial
digested vector, 2.5 ul 10 X Buffer 0+ (Ferment@sy, uINotl (10 u/ul; Fermentas) and sterile
MilliQ dH,0 to 25 pl. The reaction was incubated at 37°C Zdn, then theNot was heat
inactivated at 65°C for 20 min.
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4.2.6 Self-Ligation Reactions of pBES23

To gauge the efficiency of thotl digest, two vector self-ligation reactions weerfprmed:
one using pBES23 digested wiial, and the other using pBES23 digested vddd and Not.

Reaction conditions for each ligation are showmable 4.2.

Table 4.2 Reaction conditions and reagent volumesif self-ligation reactions of linearized
pBES23

Sal/Notl digested vector

Ligation component Sal digested vector ligation ligation
DNA 1pl 1.25 pl*
5X T4 DNA ligase buffer
(Gibco) 4ul 4ul
Sterile MilliQ dH;0 14 ul 13.75 pl
T4 DNA ligase 10 u/ul
(Fermentas) 1yl 1yl
Total volume 20 pl 20 pl

*The volume has been increased by 25 % becauseadheentration of double cut DNA was
reduced by 20% in thidotl digestion step. This ensures that both reacti@mve equal amounts of
vector DNA.

Ligations were incubated overnight at 16°C. Follogvithis, the DNA was precipitated,
resuspended and transformed into electrocomp&tectli DH5a as described in 3.2.4, with the
exception that 5 pl and 10 pl samples of each fmamstion culture were plated onto individual
LB-agar plates supplemented with 100 pg/ml amjricilPlates were incubated overnight at
37 °C.

4.2.7 cDNA Library Construction

Unless otherwise noted, all reaction componentd useDNA library synthesis were from a

Superscript Plasmid System for cDNA Synthesis alothiGg (Invitrogen).
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First Strand cDNA Synthesis

Two micrograms of mMRNA were mixed with 10 pmol of Not-Ng primer—adapter
(5" (GA);,(GCGGCCGCNNNNNN where N is G, A, C or T; Sigma Attr) and DEPC dpD to
11 pl. This sample was heated at 70°C for 10 miid,then chilled on ice. To this, 4 ul 5 X First
Strand Buffer, 2 pl 0.1 M dithiothreitol (DTT) arighl 20 mM dNTPs were added. The reaction
was incubated at 42°C for 2 min, then 2 pl of Sspept 11 were added. The reaction was

incubated at 42°C for 1 h, after which it was imimagely placed on ice.

Second Strand cDNA Synthesis

To the first strand reaction, 90 ul DEPCH 30 ul 5 X Second Strand Buffer, 3 ul 10 mM
dNTPs, 1 HE. coliDNA ligase, 4 LE. coliDNA polymerase |, 1 . coliRNase H, and 1 ul
*P.dCTP (10 mCi/ml, 3000 mCi/mmol; Amersham Pharmpeiere added. This reaction was
incubated for 2 h at 16°C. Following this, 5 pul DNA polymerase were added and the 16°C
incubation was continued for a further 5 min. Thaation was terminated by the addition of 10
pul 0.5 M EDTA. A 2 ul sample was removed and place@ tube containing 43 ul 0.02 M
EDTA, and 5 pl yeast tRNA. This sample was usedatoulate the specific activity of ds cDNA
as described in the manufacturer’s protocol. Tieairing cDNA was purified by adding 150 pl
phenol: chloroform, mixing thoroughly and centrifbg for 5 min. The aqueous phase was
removed and placed in a fresh microcentrifuge ik mixed well with 75 pl 7.5 M ammonium
acetate and 500 pul 100% ethanol. This was cengifdgr 20 min. The supernatant was removed

and the cDNA pellet was washed with 500 pl 70%mthand centrifuged for 5 min.

Sal Adapter Ligation

The cDNA pellet was resuspended on ice in 29 wOdHO ul 5 X T4 DNA ligase buffer, 1

il T4 DNA ligase (400 u/ul; New England BiolabspdalO plSal adapters. This ligation
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reaction was mixed thoroughly and incubated at 1#YCL6 h. Following this, the reaction was

stopped by extraction with phenol: chloroform ane DNA was ethanol precipitated.

Notl Digestion of cDNA

cDNA was resuspended in 5 pl 10 X Buffer 3 (New Il&nd Biolabs), supplemented with
100 pg/ml bovine serum albumin (New England Biojadrsd sterile MilliQ dHO to 44 pul. Six
microlitres ofNotl (10 u/ul; New England Biolabs) were added and #aetion was incubated at

37°C for 2 h, before extraction with phenol: chioron followed by ethanol precipitation.

Column Chromatography for Size Fractionation of ¢iN

One hundred microlitres of TEN buffer (10 mM Tris-@H 7.5, 0.1 mM EDTA, 25 mM
NaCl) were added to the cDNA pellet and it wasvedld to rehydrate on ice. Meanwhile, a
cDNA Size Fractionation Column (Invitrogen) was gmeed for use according to the
manufacturer’s directions. Following column equidition, the resuspended cDNA was applied to
the column and allowed to drain into the column .b8uhgle-drop fractions of column flow-
through were collected and their volume measuramrding to the manufacturer's protocol.
Cerenkov counts were obtained using i@ channel of a Wallac Microbeta Trilux Liquid
Scintillation and Luminescence Counter 1450-023%dBaon the Cerenkov counts, the fractions
that contained cDNA were eluted within the firsD58 of column flow-through were pooled and
ethanol precipitated. The total amount of cDNA rared was calculated based on knowledge of

the specific activity of the cDNA as determinedsetond-strand synthesis.

cDNA Ligation and Library Transformation

The precipitated cDNAL{15.6 ng) was resuspended in 6.1 ul sterile Milli@@ 4.0 ul 5 X T4

DNA ligase buffer (Gibco) and 8.9 ul 8al/Notl digested pBES23 (12.3 ng/ul). The cDNA was
allowed to rehydrate on ice, then 1 pl T4 DNA ligg40 u/ul; Fermentas) was added and the
ligation reaction was incubated at 4°C overniglittéE microlitres of this reaction were used for

transformations of XL-10 Gold Ultracompetent CellStratagene) according to the
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manufacturer’s protocol. To gauge the transfornmagtficiency and library complexity, 5 pl of
each transformation mixture were plated onto irdlial 60 mm LB agar plates supplemented
with 100 pg/ml ampicillin. The unplated portion eéch transformation sample was stored at
4°C.
4.2.8 PCR Analysis of cDNA Library Clones

To determine the approximate percentage of lib@oypes containing cDNA inserts, PCR
analysis was performed on 50 randomly selectedngedo Colonies were streaked onto a plate
and PCR templates were prepared as described.t; 2R conditions were identical to those in
section 3.2.2, with the exception that the forwaridher was 5"CTC AAG CCT CAG ACA GTG
G and the reverse primer waBG&IT GTA CAG CTC GTC CAT GC. Aliguots of each PCR
were electrophoresed on a 1.0% (w/v) agarose gbkipresence of ethidium bromide alongside

a GeneRuler Ladder Mix (Fermentas).

To estimate the average size of clones containmmsert, colonies determined to have an
insert based on the results of the first round©RRvere used as a template in a second round of
PCR. Reaction conditions were identical to thet fimind, with the exception that the reverse
primer was 5"CAC GCT GAA CTT GTG GC. Aliquots of RQvere electrophoresed on a 1.0%
(w/v) agarose gel in the presence of ethidium bde@malongside a GeneRuler Ladder Mix
(Fermentas). Insert sizes were estimated basetieodistance migrated in the gel relative to a

standard curve constructed using the DNA fragmehksiown length in the reference marker.
4.2.9 Preparation of cDNA Library for Cell Transfec  tion

The cDNA library was amplified by plating the remaér of each transformation on 2 X 100
mm LB-agar plates supplemented with 100 ug/ml aitipi@nd incubating overnight at 37°C.
Following this, the plates were flooded with 5 ni land the colonies were scraped off the
surface of the agar using a sterile rubber policearal transferred into a sterile 50 ml centrifuge
tube (Falcon). Plasmid DNA was isolated from thetéaal cells using a Plasmid Midiprep kit

(Qiagen) according to the manufacturer's proto€allowing ethanol precipitation, plasmids
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were resuspended in 20 pl sterile 10 mM Tris-Cl pH. One microlitre was used to assess
plasmid quantity by spectrophotometry, and the ieimg plasmid DNA was diluted to a

concentration of approximately 1 pg/ul.

4.2.10 Cell Culture and Transfection

Cell Culture Conditions

Phoenix retroviral packaging cells (Kinsella andldg 1996) were provided by Dr. James
Ellis of the University of Toronto. Cells were auwled in Phoenix cell media, (DMEM
supplemented with 10% (v/v) FCS (Gibco) and 4 mMlutamine (Gibco)) and incubated at
37°C in 5% C@ When cells reached 70-80% confluei@¢ay$ the media was removed and
cells were treated with 0.25 % (w/v) trypsin-EDT&ilpco) for 5 min, then passaged 1:5 in
Phoenix cell media. Twenty-four hours prior to sBattion, 70-80% confluent cells were
trypsinized in the same manner as in the passagutgcol, then plated onto fresh 60 mm tissue

culture treated dishes at a 1:2 dilution in Pho&e} media.

NIH-3T3 cells were obtained from the American Ty@alture Collection (ATCC) and
cultured in DMEM supplemented with 4 mM L-glutamjrL.5 g/L sodium bicarbonate, 4.5 g/L
glucose, and 10 % (v/v) bovine calf serum. Cellseseypsinized and passaged twice per week

according to the ATCC protocols, and were nevawvald to reach confluence.

Calcium—-Phosphate Transfection of cDNA—GFP Libiiatgp Phoenix Cells

For each transfection, a 60 mm tissue culture digbhoenix cells was prepared as described
above. Five min prior to transfection, the mediaswdnanged to fresh cell growth media
containing 25 uM chloroquine diphosphate (Sigmagakivhile, 10 pg of the cDNA library was
diluted in sterile MilliQ dHO to a final volume of 439 ul, then 61 pl of sterd M CaCJ was
added. Working quickly, 500 ul of 2 X Hepes Bufiéi®aline (50 mM HEPES, 10 mM KClI, 12
mM dextrose, 280 mM NaCl, 1.5 mM pHPQO,, pH 7.05) was added and the solution was
bubbled for exactly 10 sec using an automatic papeThe DNA solution was added dropwise to
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cells and plates were gently rocked to ensure thA vas distributed throughout the cell culture.
Following 16 h incubation, the media was exchanfgedresh cell culture media and cells were

returned to the 37°C growth chamber for a furtlizh3

Retroviral Harvesting

Following 48 h of incubation, retrovirus was recma from the transfected Phoenix cell
culture supernatant by passing media removed ftancells through a sterile 45 um filter. The
filtrate was aliquoted into 1 ml fractions. Fracksoto be used for NIH-3T3 transduction were
stored on ice. All other aliquots were immediatiezen at -70°C in dry ice and stored at -70°C.
To maintain viability for fluorescence microscopiie Phoenix cells were supplied with fresh

growth media.

NIH-3T3 Transduction

Twenty-four hours prior to viral transduction, NIBF3 cells were trypsinized and plated
onto 60 mm tissue culture dishes at a 10% densithey would be actively dividing when the
retrovirus was introduced. To perform transductigrewth media was removed from the cells
and they were supplied with 2 ml fresh media alaith 3 pl of 4 mg/ml polybrene (Sigma) and
1 ml retroviral supernatant. Cells were placed 8V&C incubator for 24 h. Following this, media
was replaced with 3 ml fresh media and cells waibated for a further 24-48 h before
imaging.

4.2.11 Microscopy and Cell Imaging

Microscopy was performed on a Zeiss Axiovert 20@roscope through a 10x objective lens
(Carl Zeiss Inc.) For fluorescence imaging, a HBDndercury vapour lamp was employed as a
light source using a 500/20 nm excitation filtet55"m dichroic and a 535/30 nm emission filter

(Chroma Technology). All digital images were captliusing a Sony XCD-SX910 CCD camera

(Sony) that was controlled by IEEE-1394 Digital GaenWindows Driver imaging software.
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4.3 Results

The experiments outlined in this chapter descitiigesteps to create a random-primed cDNA-
GFP fusion library in the retroviral expression tee@BES23. The library was constructed from
murine ES cell poly-A+ RNA using a Superscript Rias System for cDNA Synthesis and
Cloning, modified so cDNA synthesis was initiatedni random hexamer primer—adapters. Prior
to constructing this library, the quality of theetholy-A+ RNA and the vector into which cDNAs
were ligated, were assessed, as these two compoerentritical to the success of a library. Once

the library was constructed, it was delivered itmenix retroviral packaging cells.
4.3.1 RT-PCR of Poly-A+ RNA

To evaluate the poly-A+ RNA to be used in makin@eary, 100 ng were used as a template
for RT-PCR of three transcripts constitutively eeqeed in ES cell$3-actin, hypoxanthine
guanine phosphoribosyl transferase (HPRT), andyiimex-6 (ITG-06). B-actin is a transcript
constitutively expressed throughout developmene APRT and ITGx6 mRNAs were selected

because they have been identified as being upiteglila murine ES cells (Ramhalo-Santos et al.,

2002). The PCR primers were designed to targegrdift portions of each mRNA: the 3" end of
B-actin, the central portion of HPRT, and portiontlué ~5 kb ITGa6 mRNA that would require
reverse transcription of at least 2kb of the mRMRMAquots of reactions were electrophoresed on

an agarose gel (Figure 4.1).

The PCRs were successful for all transcripts, dindGR products were of expected size (see

Table 4.1). The mRNA was determined to be suitfdrienaking a cDNA-GFP fusion library.
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Figure 4.1 RT-PCR of mMRNA used as template for cotrsicting a cDNA library.

An aliquot of the mRNA prepared for cONA-GFP libyasynthesis was used in RT-PCR for
three transcripts constitutively expressed in mok&e cells. Following PCR, 8 pul of each
reaction were electrophoresed on a 1.8% (w/v) agagel supplemented with ethidium bromide
alongside 2.5 pg of a GeneRuler 100 bp size mdlkees 1 and 5). PCR shown were amplified

from regions ofB-actin (lane 2), HPRT (lane 3), and ITi®- (lane 4) mMRNAs.
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4.3.2 Assessment of the Efficiency of Vector Digest  ion

The cDNA was ligated int&al and Notl sites of the vector pBES23. Since cDNA is a
limited resource, and efficient ligation dependgtmvector being double cut, it was important to
verify the vector's status prior to using it in ®NA ligation reaction. The extent dflot
digestion was determined by comparing the nhumberanisformants obtained from self-ligation
reactions containing 100 ng of eitteal or Sal/Notl digested pBES23. These results are shown

in Table 4.3.

Table 4.3 Number of colonies obtained on LB agar ptes following transformation of self-
ligation reactions of a single cut and a double cutector.

Volume of transformation Colonies from ligation of Colonies from ligation of
plated pBES23Sal pBES23Sal/Notl
5ul 965 79
10 pl TNTC 145

TNTC=too numerous to count

The large decrease in the number of self-ligatifilewing Notl digestion suggests that
approximately 92% of the vector DNA molecules wewewith Notl. While this is less preferable
than 100% digestion, subjecting tBal/Notl digested DNA to an additional incubation wittot
and repeating the ligation test did not result ntbe;n 92% of vector molecules being double cut
(data not shown). This 92% double-digested vectas wsed for constructing a cDNA-GFP

fusion library.
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4.3.3 cDNA Library Analysis

A cDNA library was constructed in the vector pPBES2Z3ng poly-A+ RNA isolated from
exponentially growing R1 ES cells. cDNA was madiegis SuperScript Plasmid System cDNA
Library Synthesis Kit (Invitrogen) modified withrandom hexamer primer—adapter. One third of
the library ligation was transformed into ultracatgntE. coli. Because there is a limit to the
volume of DNA one can add to a transformation rieacttwo identical transformation reactions
were performed to increase the number of clonesimdd. The transformations had comparable
efficiencies, and based on the number of colon®@stained in a 5 pl aliquot of each 1 ml

transformation reaction (334 and 263), the totahber of transformants was estimated to be 1.2

x 10

To estimate the percentage of clones containinMAcinsert and the average insert size,
randomly selected colonies were analyzed by PCRale colony PCR can be unreliable,
colonies were screened in two stages. To estirhat@ércentage of clones containing an insert,
the first round of PCR was done using a forwardnpri that was immediately upstream of the
cDNA cloning site and a reverse primer complemgntar the 3° end of GFP. Colonies
containing plasmids with no insert generated anlifigggion product approximately the size of
the GFP coding sequence (~800 bp). Clones withMAcsert gave a PCR product equivalent
in size to GFP plus the size of the insert. Analyafithe size of PCR products generated in this
preliminary screen of 50 colonies indicated thatragimately 60% of clones from the ligation

reaction contained cDNA inserts (data not shown).

To estimate the molecular size of cDNA inserts meeurately, colonies found to have an
insert were subjected to a second round with fodwaard reverse primers flanking the cDNA
cloning site. The results of these PCRs are shawigure 4.2. The median size of cDNA inserts

was 1.1 kb, with the range from 500 bp to 2.1 kb.
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Figure 4.2 PCR analysis of the cDNA inserts in a dDA-GFP fusion library

All randomly selected cDNA library clones that weanfirmed to have an insert were used as a
template in a PCR reaction to amplify the insem. aliquot of each PCR was electrophoresed
on a 1.0% (w/v) agarose gel (lanes 2-17), and B.9fuGeneRuler Ladder Mix (Fermentas)

were used as reference markers (lanes 1 and 18).
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4.3.4 Cell Transfection and Transduction

The cDNA-GFP fusion library was transfected intoo@tix viral packaging cells. The
retroviral vector KA436, which is a HSC1 derivativevas used as a positive control in
transfections. This vector, which was provided iy James Ellis, contains GFP under the control
of the EF-Ir promoter in the same RV backbone as pBES23, arsdused because the GFP
coding sequence in pBES23 lacks an initiation codiowas possible to use this positive control
to estimate the efficiency of Phoenix cell transitet because sequences in RV-based plasmids
are translated by packaging cells. In this casekamging cells that have been successfully
transfected will express GFP, and the percentageeti§ transfected can be estimated by

observing cells using fluorescence microscopy.

Packaging cells transfected with the cDNA-GFP hpiffuoresced at a level comparable to
those transfected with a control positive vectold the efficiency was estimated to be between
30% and 40% for both transfections (Figure 4.3)a Iseparate round of transfections, an empty
pBES23 vector was transfected and observed totdirgression of fluorescent proteins (data not

shown).

Supernatants from the packaging cells were usé@nsduce NIH-3T3 target cells, a mouse
embryonic fibroblast cell line. No cells were obsat to fluoresce following any transductions,
including the KA436 positive control. Using aligsof the first packaging reaction, increasing
the MOI and starting with a fresh batch of exporaiyt growing NIH-3T3 cells did not lead to
any transduction. A second round of transfectiod mansduction using the same vectors as in
the initial trial plus a negative control, supetedi pPBES23, produced similar results, with no

viral transduction of target cells.
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KA436 cDNA-GFP library

Figure 4.3 Images of Phoenix packaging cells thatakie been transfected with a GFP-
expressing plasmid KA436 and pBES23/R1 cDNA-GFP fimn library.

Cells were transfected using a calcium—phosphateliatesl protocol and imaged using
fluorescence microscopy. Bar=20pum.
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4.4 Discussion

In the experiments outlined in this chapter | camgted a cDNA-GFP fusion library using
poly-A+ RNA isolated from exponentially growing uffdrentiated R1 ES cells. This cell line
was derived from a 3.5-day-old mouse embryo (Nagyl.e 1993), and was chosen because the
RNA would be rich in transcripts for proteins tlzaie important in early stem cell development.
Because this RNA was a limited resource, priordostructing a library | first verified that the

RNA and expression vector pBES23 were suitabldéifcary construction.

Using a portion of poly-A+ RNA as a template in FPIGR reactions proved to be a useful
way of checking to see if it was degraded. While thst was not comprehensive, the procedure
required a minimal amount of poly-A+ RNA (~100 rap)d tested the ability of the mRNA to
serve as a template for synthesis of cDNA. If tHRNA was degraded, the cDNA made from it
would not contain continuous cDNA molecules of thenscripts present in the parent mRNA
population, meaning it could not be used as a tateph RT-PCR. Following cDNA synthesis
using R1 ES cell poly-A+ RNA as a template, PCR wadormed using three sets of primers
specific for constitutively expressed transcrigtsnmiouse ES cells. It was possible to amplify
transcripts for both the housekeeping gprextin and the ES upregulated genes HPRT and ITG-
06. This was interpreted to mean the poly-A+ RNA wedgeasonable quality to construct a

library.

The second thing | wanted to verify was that adapgrcentage of the vector DNA was
digested with bottSal and Notl. Based on results of self-ligation of linearizeetctors, 92% of
the double-digested vector DNA was cut with botlzyemes. Ideally, this number should be
100%. However, attempts to increase this percentagge not successful. A likely explanation is
that the two restriction sites are too close toheather to allow efficient restriction enzyme
digestion at both sites. Following cleavage v@td, the Notl site is just 3 bp from the end of the
linear DNA molecule, and the efficiency of restioct digestion within a few base pairs of the

termini of linear DNA molecules can be less thaf%0for Notl (New England Biolabs, 2005).
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For future work, a simple way to increase effickeand ensure that a vector is double cut would
be to use an expression vector with a large (~1ikbgrt between th&al and Notl sites.
Complete digestion with both enzymes will resulaitinear DNA fragment 1 kb shorter than a
vector cut with one of the enzymes. This differenan easily be resolved on an agarose gel, and

linear DNA of the appropriate size can be excisethfthe gel and used for library construction.

The fact that less than 100% of the vector usedlifmtion was cut with both enzymes
influenced the percentage of transformants comtgian insert, which was determined to be 60%
based on a screen of 50 randomly selected colonigs.is lower than reports of other cDNA—
GFP fusion libraries, which range from 95% (Fufiia&, 1999) to 98.6% (Bejarano & Gonzalez,
1999). The average cDNA insert size of 1.1 kb wasmarable to other studies, which ranged in
size from 956 bp (Escobar et al.) to 1.37 kb (Misawal., 2000). The insert cODNA fragments are
shorter than the average length of mouse full-lerm@NAs, which is estimated to between 1.97

and 2.35 kb (Okazaki et al., 2002).

The library was transfected into Phoenix packagoayls, which are a cell line that
constitutively expresses MMuLV group antigens pobgeins (gag), reverse transcriptase (pol)
and envelope (env) proteins. These cells can packaguences contained in RV vectors into
viral particles. The initial transfection of plasinDNA into packaging cells was successful, as
both the positive control and the library transfats were highly efficient, estimated to be
between 30% and 40%. Within the library transfettiGFP-tagged proteins with a distinct
subcellular localization were not observed. Howewearsed on the estimated copy number of
plasmids in cells, it would be difficult to resoNecalization given that a number of different

GFP-tagged proteins would be expressed in one cell.

Results of a second round of transfections pravi&teme more insight as to why it might not
have been possible to resolve the localization BP®agged proteins in the initial transfections.
The pBES23 expression vector without an insertylich the GFP ORF lacks a Met initiation

codon, was found to direct GFP expression in pdokagells. The likely explanation for this
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expression of GFP is that although the initiatiodan, ATG, was removed from GFP, the second
codon is GTG (Val), which can be used as an indtiatodon in eukaryotes (Lodish et al., 2000).
Changing this codon to another codon for Val (GGJTA or GTT) would result in an identical

amino acid sequence, but perhaps reduce the bacidjipom empty clones. It is true that if

100% of the vector was digested with both enzymegression of GFP from empty clones would
be rare, but it might be worthwhile make this chaifghe vector was being redesigned, so that
localization of GFP-tagged proteins would not baauped by expression of GFP from empty

vector molecules.

Following virus collection and transduction of tambryonic cell line NIH-3T3, no virally
transduced cells were recovered, as no cells feck following the recommended incubation
time with RV particles. The basis for this failutas not yet been determined. There are several
steps in the experimental procedure that may dantito low transduction of target cells,
including poor transfection of packaging cells,klaaf packaging of viral vector into viral

particles, and inefficient transduction of targeli<with virus.

Pinpointing the reason for low transduction hasvpdoto be difficult because, in general,
there are no simple methods for gauging the effyjieof intermediate steps in viral production.
Based on the high efficiency of Phoenix cell tracibn, at 40%, poor initial efficiency of DNA
delivery was ruled out as a possible cause. Irvited packaging step there are, however, other
factors that may contribute to low viral titresthie Phoenix cells lose their expression of any one
of the gag, pol or env genes, virus cannot be ppakalt is difficult to assay cells directly for
expression of these viral proteins. While it is mothe standard protocol to passage Phoenix cells
in selective media, if viral packaging is ineffiotet may be necessary to reselect Phoenix cells
by passaging them in the presence of diphtheria tard/or hygromycin, which may increase

expression of env and gag/pol genes, respectiingiaf, 2005).

If viral packaging is successful, it is possiblattthe virus being produced is not stable. The

protocols followed in this thesis, which were ob&d from the lab of Dr. James Ellis, require
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incubating Phoenix packaging cells at 37°C follagviransfection. However, protocols from the
lab where the cells were designed recommend ininghaells at 32°C because the viral particle

half-life is much higher at 32°C than 37°C (Nolaa05).

A third possibility is that packaged virus cannofiect target cells. The presence of a wild-
type murine retrovirus in a cell line can blocknsduction by a second virus through interference
(Nolan, 2005), but this seems unlikely in this ¢asethe NIH-3T3 cells were obtained from the

ATCC and are certified to be virus free.

Poor transduction can also be caused by non-omdrinncentrations of polybrene, or target
cells being mitotically inactive or otherwise untieg at the time of transduction. If target cells
are healthy, the efficiency of transduction mayeb@anced by using a “spin infection” protocol
(Nolan, 2005). In this case, target cells are gramve-well microplates and overlaid with viral
supernatants and polybrene as in the standardcptotelates are then centrifuged at 1800 rpm
for up to 45 min at room temperature. This enhanbescontact of virus with cells, and may
increase the efficiency of transduction up to li@kf@iven that there are still several steps in
retroviral packaging and transduction that may la&lenmore efficient, it seems likely that with
some optimization it will be possible to generatlibeary of cDNA-GFP fusions expressed by

target cells.

With knowledge of the vector sequence combined wdtbults of our experiments, it is
apparent that there are also some improvementsdudd be made to the vector to increase the
percentage of clones in a library containing arerinand expressing a cONA-GFP fusion. To
reduce expression from empty clones, the first GTGFP should be replaced with another Val
codon and verified to ensure it does not allow egpion of GFP. As described in Chapter 3, a
further improvement would be to remove one base& fram the region between thNot
restriction site and the GFP coding sequence irvéiotor to ensure that no cDNAs will create a

stop codon when ligated into the vector. Finaldyfacilitate the recovery of vector DNA that has
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been cut with botisal andNot, it would be helpful to add a large filler DNAafgment between

theSal andNot recognition sites.
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Chapter 5 Summary and conclusions
5.1 Project Summary

This project began with the goal of developing ghkihroughput method for characterizing
protein localization in mouse stem cells. Unfortiehg constructing a cDNA-GFP fusion library
proved enormously more complicated than simply m@kcDNA and ligating it into an
expression vector containing a gene for GFP. Ity fae process required many steps, and careful
consideration had to be given to the reaction d¢andi for cDNA synthesis, the design of the
expression vector, and the delivery of cDNA-GFRdius to cells. As with any high-throughput
approach, there are limitations to using a libtargharacterize protein localization. A portion of
GFP-tagged proteins expressed in a cODNA-GFP fugcary will not be able to localize to their
native site because of missing targeting signalsjesmay mislocalize and generate inaccurate
data, some may be unstable or toxic and not besepted in a screen, and some may be too rare
to be isolated. Within these limitations, | focusedoptimizing the process of making a cDNA—
GFP fusion library in order to maximize the numlmér cDNA-GFP fusions that could be

characterized.

Drawing on information contained in previously pisihed reports of cDNA-GFP fusion
libraries, | tried to optimize methods for makingt&tminal cDNA libraries. To maximize the
length of the coding sequence region for each clvNihe library, | attempted to develop a novel
method to synthesize cDNAs that had their 3" UTR stop codon enzymatically removed. This
cDNA synthesis protocol was designed to produce teéull-length coding sequences fused at
their C-termini to GFP. Unfortunately, | encountériechnical difficulties when developing a
method for efficient directional 3" truncation orpapulation of cDNAs of various lengths, and

thus used random-hexamer primed cDNA.

| had planned to express the cDNA-GFP fusions fesnminducible promoter. This would

allow GFP-tagged protein expression to be turnedooly when cells are imaged, reducing
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possible deleterious effects associated with GEBetd protein expression. However, a careful
review of literature showed that due to the largeiation in inducibility between transfected
clones, inducible expression could not be achieeéidbly in high throughput. Therefore, | used

a constitutive promoter to drive expression of cDIGKP fusions.

The decision to use retroviral delivery was motddaby a desire to limit the number of
fusion constructs expressed in each cell. Thisvdsli system would allow a population of
transduced cells to be generated, each expressimgla cODNA-GFP fusion. | achieved the goal
of constructing an N-terminal cDNA—GFP fusion lityrdn a retroviral expression vector. To
date, | have not been able to transduce this {ibnato target cells for GFP-tagged protein
localization analysis, but with further optimizaticof retroviral packaging and delivery this

should be achievable.
5.2 Critical Analysis of cDNA-GFP Fusion Library Ap  proach

The initial stage of this project required consadde effort to study, design, and refine
methods to achieve the aforementioned goals ragariie creation of a cDNA-GFP fusion
library. However, the efforts spent addressing tidwhnical aspects of making a cDNA-GFP
library detracted focus from the overall projectaovhich was to develop a high-throughput
method for characterizing protein localization gsiBFP-tagged proteins. Although a cDNA-
GFP fusion library is one means to generate mank-@gged tagged proteins, a closer analysis
of the difficulties associated with the creationtioése libraries revealed that there were several
limitations to using a fusion library to study pet localization comprehensively in stem cells.
Unfortunately, this became apparent only afterd bained hands-on experience with retroviral
vectors and a more comprehensive understandinbashcteristics of proteins expressed from a
cDNA-GFP fusion library. Limitations of this appia include problems with clone
identification and clone redundancy, the deleteyieffects of overexpression of proteins with
normally low abundance or potent biological actdst and the inability of protein fragments to
allow for accurate monitoring of GFP-tagged proteiralization.
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5.2.1 Retroviral Delivery, Clone Redundancy and Clo  ne Identification

Delivering cDNA—-GFP fusions to cells using a retravsystem was initially thought to be
the best way to achieve delivery of one cDNA-GF$tdin per cell. One alternative method was
to isolate individual cDNA-GFP fusion plasmids arahsfect them individually to target cells,
which would be more labour intensive, time conswgniand costly. Using a retroviral approach,
cDNA-GFP fusions are packaged and delivered tcetazglls in bulk reactions. Subsequently,
cells expressing tagged proteins with localizatiohiterest are isolated and clonally expanded
in culture, and cDNA fragments encoding the taggexdeins are amplified for sequencing using
PCR or RT-PCR. Although this strategy allows onegdoquickly from generating cDNA to
obtaining GFP-tagged protein expression, a cloealyais of the population of cells generated
after retroviral transduction revealed that thiprapach introduces numerous difficulties into the

downstream analysis.

One problem with retroviral delivery is that thesea high amount of redundancy in the
population of transduced cells expressing GFP-ggeteins, meaning that the same clone may
be isolated multiple times in a screen for locdiaa This redundancy arises because the cDNA—-
GFP fusion library is amplified repeatedly. InijglcDNA-GFP fusion plasmids are maintained
and amplified in bacterial cells, and plasmid DNsblated from these cells is transfected into
packaging cells in a bulk reaction. Each individaine in the cDNA-GFP library contributes
many plasmid copies to this DNA stock, meaning ipldtpackaging cells are transfected with
the same cDNA-GFP fusion construct. Each packaggtighat receives a specific cDNA-GFP
fusion creates multiple retroviral copies of it.daase of these two amplification steps, upwards
of several hundred retrovirally transduced targdisanay express a GFP-tagged protein derived
from a single cDNA-GFP fusion construct in theialipplasmid library. The large amount of
redundancy in the population of target cells metnad a large amount effort will be spent

repeatedly isolating and identifying the same cDIS&P fusion.
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A second drawback to delivering cDNA-GFP fusionseédls using a retroviral approach is
that one runs the risk of not being able to idgntife cDNA that encodes a protein with a
localization of interest. This may be due to diffiees with PCR, or poor cell viability due to
culture conditions or GFP-tagged protein expressiatthough the reliability of single-cell PCR
to amplify a single copy of a genomic target fogesencing can be achieved with a 90% success
rate, reliability of sequences from a single copylich that more accurate data can be obtained
using multiple PCRs or higher cell numbers (Galalgt2003). Isolating and clonally expanding
single stem cells in culture is not a 100% relightecess, even if one takes the precaution of
using conditioned media for cell growth. In prexdacesearch in the Jervis lab, the survival rate of
single cells grown in isolation was approximateffa. Cells may have arrested cell growth or
may spontaneously undergo apoptosis, even afewadunds of cell division. Poor cell survival
may also be caused by GFP-tagged protein expressidoh, as discussed in 5.2.2, may arrest

cell growth or cause cell death.

Thus, by using a retroviral delivery method it @spible that one may identify an interesting
GFP expression pattern but not be able to idettiidycDNA encoding it because the transgenic
cells cannot be expanded in culture, or because ¢f@fe cDNA cannot be achieved. Given that
the processes of isolating individual target celtpressing GFP-tagged proteins and expanding
them in culture are laborious and time-consumingnay take more time and effort to identify
cDNAs expressed in a retroviral library than it wbhave taken to prepare individual plasmids
from a cDNA-GFP fusion library and transfect thama 96-well format using non-retroviral

methods.

After more careful consideration, delivering cDNARE fusions to cells using a retroviral
approach generates many problems in downstreanysimallo eliminate the requirement of
isolating and expanding cells to identify cDNAsdatio reduce the possibility of isolating the
same clone many times over, it would be preferabladividually isolate and expand plasmids

containing cDNA-GFP fusions and transfect them tatget cells. Although the upfront work is
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greater, this method has the advantage that theAs¥coding proteins of interest have already
been isolated in a plasmid stock; thus isolating elonally expanding target cells expressing
GFP-tagged proteins is not necessary. Using thisoagh, cDNA normalization protocols would

be an effective way to reduce the representatiohigtily abundant or redundant cDNAs in a

library.

In a normalized cDNA library, the frequency of eatbne is within a narrow range so that
each cDNA is represented with approximately unifoelbundance (Soares et al.,, 1994).
Normalization protocols are based on reassocidtiortics: in a population of denatured ds
cDNAs, rarer species anneal less rapidly than admindnes and the single-stranded fraction of
cDNA becomes normalized during the course of theridization (Patanjali et al., 1991).
Because the lengths of cDNAs affect their reassiocikinetics, many normalization protocols
require digesting cDNAs into small fragments toilithe effect of DNA length on reassociation
(Diatchenko, et al., 1996). If one wishes to noimgah library with full-length or near-to full-
length cDNASs, there are fewer options for achievihgs. One possibility is to use cDNA
immobilized on a substrate to normalize a poputatitb mMRNAs, and then use the normalized
MRNA as a template for cDNA library synthesis (Tkana&t al, 1996; Sasaki et al., 1994). An
alternate method developed by Carninci et al. (2Q0@ws for normalization of full-length
cDNAs by allowing them to hybridize to mRNA in stbn. This method has the added
advantage that it also enriches for cDNAs thataverse transcribed all the way to the end of the

5 UTR.

When exploring ways to make cDNA for a library, érfprmed preliminary trials using
Carninci et als method. However, the procedure was not desifpredse with random-primed
cDNA, and changing the protocol to normalize rangmmed cDNA would require substantial
modifications to the procedure, including alterifiggt-strand synthesis primer sequences and

concentrations, and modifying conditions for seeetrdnd cDNA synthesis to allow for cDNAs
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to be used in fusion proteins. Performing theseresive trials was not within the time frame of

this project.
5.2.2 The Effect of Transgene Expression on Protein Localization and Cell Viabilty

When a collection of random cDNA-GFP fusions isregped in cells, the use of a strong
constitutive promoter excludes some GFP-taggedejr®tfrom analysis. It is true that in any
high-throughput method not all molecules will beesmable to identification and characterization.
However, in a cDNA-GFP fusion library approach, snar proteins that are excluded from
analysis are those of high scientific interest.t®ins that are endogenously expressed at low
levels or those with potent cellular activity, suak cell fate determinants or cell-specific
transcription factors, can cause deleterious effacicells when they are overexpressed. Excess
levels of these proteins may lead to inaccuratalipation data or pathological effects and cell
death. This has been demonstrated with many bitddigiactive and cell-type-specific proteins,
including glucocortocoid-receptor—GFP fusions, vehaverexpression was shown to alter
cellular physiology and arrest cell growth in merigell lines (Walker et al, 1999). Native
localization, translocation and cell viability cdubnly be observed once expression levels were
reduced by using an inducible expression systemmil&i problems occurred in a study of
neurofilament H (NFH)-GFP fusions, where overexgims quickly caused deleterious and
undesirable effects, including lack of proper NFHRFGlocalization into filaments, greatly
increased cell size and multinucleation, and dfimurs in culture, cell death (Szebenyi et al.,
2002). Again, an inducible expression system waglired to obtain meaningful localization
data. Thus, using an inducible promoter seems tahkee most reliable way of obtaining

biologically relevant expression and localizatidrzé-P-tagged proteins.
5.2.3 Limits of Using Protein Fragments to Study Lo calization

cDNA-GFP fusion libraries may also be used to nwnjproteins that translocate or
asymmetrically partition during development. Progethat target to multiple subcellular locations

may contain multiple distinct targeting domainshaitthe full-length protein (Karniely & Pines,
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2005). For example, in Drosophila, the first 76 monacids are necessary to localize the cell fate
determinant Numb to the cell membrane, but thet @87 amino acids are required for
partitioning during an asymmetric division (Knoltliet al., 1997). The related protein PON also
has targeting domains in distinct regions of thi-l&ngth protein, with a Numb-interacting
domain at the N-terminus and an asymmetric loctidimadomain at the C-terminus (Lu et al.,
1999). Efficient protein translocation may simifarequire both ends of a full-length protein, as
in the case of fibroblast growth factor (FGF)-1,emd proper translocation and nuclear import of

activated FGF-1 requires both the N- and C-tertairiie present (Wesche et al., 2005).

Therefore, the use of a cDNA-GFP library has liohittility if one wishes to identify
proteins with dynamic localizations because noh4egth proteins may be compromised in
their ability to direct localization and transloicet. The use of partial cDNASs to direct expression
of GFP-tagged proteins fusion reduces the likelthobtheir dynamic properties being revealed

in a screen because essential regions may be missin

Finally, it is worth noting that another class dftgntially biologically relevant proteins
appear to be underrepresented or excluded fronysinah cDNA-GFP fusion libraries. Proteins
that localize to the cell surface, which may seaseaeceptors for growth factors or serve as cell-
specific markers, were not observed in either efrttammalian cell cDNA-GFP fusion libraries
in which all observed localizations of GFP-taggadtgins are reported (Rolls et al.,, 1999;
Manabe et al., 2002). This suggests that the uggaiéin fragments may not be sufficient to

confer proper localization for proteins that lozalio the cell surface.

5.3 Conclusions

A close examination of the cDNA-GFP library scregniprocess and the properties of
proteins expressed suggests that the range ofiggdteat can be identified in a library may not
be comprehensive. However, this may not be a ltiaitain some circumstances. For example,
this approach was successfully utilized to identifye protein components of tobacco

plasmodesmata (Escobar et al. 2003). Because plesmata cannot be isolated from cells for
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proteomic analysis, until Escobar et, #he protein components of the plasmodesmata rechaine
elusive (Cilia & Jackson, 2004). The use of a fadibrary allowed for the identification of 10
proteins that are potentially localized in plasnwdata from an initial screen of 20,000 cDNA—
GFP fusions (Escobar et al. 2003). Libraries hdse allowed for the identification of a protein
that regulates microtubule organization and cyte&is in human cells (Manabe et al., 2002), and

nuclear localization domains in human cells (Fefjial., 1999).

The utility of cDNA-GFP fusion libraries in the demt of mouse stem cell biology may be
somewhat limited. The mouse transcriptome is wélaracterized, with an abundance of
transcript information available to researcherschsias the Mouse Full-Length cDNA
Encyclopedia, which contains the complete sequentesore than 60,000 full-length cDNAs
(Carninci et al., 2003). Proteins expressed in naice also relatively well characterized, with
close to 10,000 characterized with respect to ipat@bn, function, post-translational

moadifications, structure and other characteriqicd?ASy, 2005).

Given that many of the characterized proteins laosd that are most abundantly expressed,
elucidating the localization and function of thermaare proteins ought to be the focus of any
protein characterization strategy. However, in &8BGFP fusion library, the majority of GFP-
tagged proteins created will be those abundantlyesssed and well characterized. Using a library
approach, there is no easy way to exclude theseipsofrom analysis, making it difficult to
isolate and identify the more rare proteins, whare of higher interest. Because of these
problems and additional limitations associated witherexpression and the use of protein
fragments, a cDNA-GFP fusion library may not be thest method for identifying and

characterizing rare proteins in stem cells.

A further indication that cDNA-GFP fusion libraridsave limited utility in protein
identification and characterization is that singitial publications using this approach from 1999
to 2002, cDNA-GFP libraries have not been adoptegkeneral use as a tool for probing protein

localization. This was forecast in 2001 when Pegpleret al. asserted that the time spent
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characterizing redundant, inaccurate or previoakhracterized cDNAs would limit the utility of

large-scale random GFP fusion approaches as #otoblracterize protein localization.
5.4 Recommendations for future work

While a cDNA-GFP fusion strategy may not be anatiffe method for studying protein
localization in live cells, high-throughput protdocalization studies using GFP-tagged proteins
are quite possible. However, instead of generatirgjons en masseusing a cDNA library
approach, it is possible to tailor localizationdiés to focused sets of proteins. Creating fusion
proteins in high-throughput is also possible withauneed for restriction enzyme mediated
cloning. The first report of this, far in advancemore recent widespread application, was in
2000, when Simpson et.alsed Gatewdy-mediated recombination technology to clone more
than 500 full-length human ORFs as GFP fusions cradacterized protein localization in live
cells. At the time that | began this project, tlagproach was viewed as being too labour
intensive, but given the limitations of cDNA-GFRsion libraries outlined above it may be a
better way to create large numbers of GFP-taggeiips. A significant advantage of Simpson et
al.'s approach is that once the amplified ORFserembined into an entry vector, the same entry
vector can be used to generate a variety of fugioteins with either N- terminal or C- terminal

fluorescent tags, and cyan or yellow variants oPGlIepending on the destination vector .

This method has only recently been adopted for rg¢ing collections of GFP-tagged
proteins in other organisms, includirspergillius niger(Toews et al., 2004)Plasmodium
falciparum (Tonkin et al., 2004)Arabidopsis thaliangKoroleva et al., 2005) anéscherichia
coli (Suzuki et al.,, 2005). These studies have prowerbeé enormously useful, allowing
researchers to construct hundreds of full-lengtiP@&tgged proteins. This method has not yet
been adapted for use in mouse stem cells, but woeldhighly useful. After purchasing the
Gateway" vector system and cloning the ORFs of interest miGateway" donor vector, the
cost of constructing a GFP-tagged expression agetsis approximately $5 US (Koroleva et al.,
2004).
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If one wished to adapt this approach to perforrdepth analyses of protein localization and
dynamics in mouse stem cells, transcripts of p@kmterest may easily be identified from any
one of a number of microarray studies of transcdptindance over the course of mouse
development (e.g. Wigle et al., 2001; Ramalho-Saetoal., 2002; Ivanova et al, 2002; Rao &
Stice., 2004; Perez-Iratxeta et al, 2005). Fulgtensequences of cDNAs expressed in early
development have also been identified in largeesstém-cell-specific cDNA projects, such as
the National Institute on Aging’s cDNA project inomse stem cells and early embryos (Carter et
al., 2003). Many of these transcripts would be lidaadidates for creating GFP-tagged proteins,

as they may encode proteins that play importaesriri stem cell biology.

Once cDNAs of interest are identified, it is neeggsto obtain a copy of their cDNA
sequence in order to create a fusion protein. Alghoit is possible to attempt to construct these
using RT-PCR or obtain them individually from th&@C (Carter et al, 2003), the RIKEN
Mouse Genome Encyclopedia DNA Book would be a Ja@kiaesource for obtaining many
cDNA clones. Its pages contain more than 60,00Bldubgth cDNA clones in plasmids that can
be recovered using PCR (Kawai & Hayashizaki, 20@3yP-tagged versions of the proteins
within these cDNAs can be made as N- and or C-itainrfusions (or both), and the level of
transgene expression can be controlled by seleetingppropriate promoter in the destination
vector. Because vectors need not be retroviraletacapacity vectors can be used, allowing for
the use of single vector inducible expression sgstée.g. Mizuguchi et al2003). If one selected
a few hundred candidate genes and created GFP-OQ&én$, although the upfront work is
greater than making a library, the actual utilsyniuch greater. In an N-terminal cDNA-GFP
fusion library with 16 clones, it is reasonable to assume that 1/10 slevikk not contain an
insert, 1/3 of cDNAs will not be in frame with GFR/2 of these clones will not display a
subcellular localization, 1/3 of these will displagn-native localization, an estimated 9/10 of
clones isolated will be previously characterizedredundant, and an unknown proportion will

have further problems because of the effects ofexypgession (conservatively estimated at 30%).
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From the initial 10 clones, fewer than 1% of the cDNA-GFP fusionshia library may be of

interest and amenable to analysis, and they willifficult to identify and analyze from the initial

pool of 100,000. Thus, although the upfront worlgtisater using a full-length coding sequence
Gateway"-mediated cloning approach, the actual utility loé tclone set is much higher than
those generated using a cDNA-GFP fusion approackeiRs are all full-length, the set of tagged
proteins is focused to those that are uncharaettiiz of interest, the location of GFP relative to
the protein can be controlled for each clone, thesll of expression can be tightly controlled,
there is no clone redundancy, and the identityamheclone is known without having to isolate
and expand transfected cells. Perhaps most useifutlgens the door for many different analyses

using experimental replicates or different experitakconditions.

High-throughput imaging of protein localization che achieved by spotting GFP-fusion
construct DNAs onto transfected cell microarrayis@ddin & Sabatini 2001). Cells growing on
these arrays express the protein encoded by tkenjulan the spot on which they grow. Defined
arrays of GFP-tagged proteins would be enormouséfull to study the behaviours of proteins
under different conditions because hundreds orsdwads of different proteins can be analyzed in
parallel. In the context of stem cell biology, thesets of GFP-tagged proteins can be used to
study changes in localization or dynamics in respoito growth factors or environmental
conditions by coupling high-throughput imaging witme-course analyses. Collections of GFP-
tagged proteins would also be useful in pharmacautipplications, where protein changes in
response to drugs can be imaged in high througAph.use of transfected cell microarrays in
the context of pharmaceutical applications hasadlyebeen recognized (Bailey et al., 2002), but
coupling it with GFP-tagging technology would allofer the effects of drugs on protein

behaviour and dynamics to be monitored to a lesektarrently possible.
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