Cloning and Characterization of
Glycogen Synthase From
Dictyostelium discoideum

By
Brian Williamson
Dissertation Submitted to the Faculty of the

Virginia Polytechnic Institute and State University
in Partial Fulfillment of the Requirements for the degree of

DOCTOR OF PHILOSOPHY
in

Biology (Molecular and Cellular Biology)

Approved:

Chonte 47

Charles L. Rutherford, Chair

[ Joseph O. Falkinham Brenda WC\II‘IC
/

/Patricia V. Rogers /0 Eric A. Wong

September, 1995
Blacksburg, Virginia



Cloning and Characterization of
Glycogen Synthase From
Dictyostelium discoideum

By
Brian Williamson
Committee Chair: Charles L. Rutherford
Biology (Molecular and Cellular Biology)
(ABSTRACT)

In Dictyostelium, glycogen metabolism plays a major role in development.
Undifferentiated cells contain stores of glycogen that are broken down and converted to
structural components in differentiated cells. The enzyme that synthesizes this
developmentally important pool of glycogen is glycogen synthase. I have cloned the entire
coding and 1.3 kb of upstream noncoding region, of glycogen synthase, using PCR
amplification and genomic library screening. In order to clone the 3' portion of the gene it
was necessary to develop a ﬂew technique, enrichment-PCR, that relies on the base
composition of the Dictyostelium genome. Due to the high A+T content of the
Dictyostelium genome, a polyT primer and a gene specific primer were used to amplify an
unknown DNA fragment, flanking a known sequence. Analysis of the complete coding
region showed that glycogen synthase possesses three introns that contain the consensus

splice sites for Dictyostelium.

The luciferase reporter gene was used to study the transcriptional regulation of
glycogen synthase. I defined the cis-acting elements that are required for proper
transcriptional regulation of glycogen synthase by using promoter/luciferase fusions of
varying sizes. Using the luciferase reporter system a putative promoter element was

identified. Additional luciferase constructs were made to identify the specific nucleotides



involved in transcription of the glycogen synthase gene. Small defined deletions are often
necessary for reporter gene analysis. We have developed a deletion cassette that can
expand the functionality of any commonly-used vector. The deletion cassette confers the
ability to make small specific sequential deletions of the DNA flanking the cassette. We
have shown that this altered vector (pNBL) now has the ability to create 2, 4, 5 or 9 bp

deletions.

A number of experimental approaches were taken to study the regulation of
glycogen synthase. Homologous recombination was used to try to generate a glycogen
synthase (-) cell line. In addition, I have constructed a green fluorescent protein (GFP)
vector (pNV) based on the pVTL2 vector. This reporter gene is useful for monitoring the

expression of a particular gene in vivo.



Acknowledgments

I would like to thank Dr. Rutherford and my committee; Dr. Falkinham, Dr.
Shirley, Dr. Rogers and Dr. Wong, for their invaluable training and advice. I would like to

thank all my labmates over the years for friendship and support.
I wish to thank my family who instilled in me a desire to learn.

And lastly, I give my warmest thanks to my wife, Suzanne, thanks for waiting all
of these years. Thanks also for being patient and understanding, maybe now we can get on

with our life together.



Table of Contents

Chapter 1: INtroducCtion ...........oovuiiiiiiiiiiii 1
Dictyostelium discoideum as aModel System ... l
The Life Cycle of Dictyostelium discoideum............................cccoooeiiiiiiiiiin, 3

Chapter 2: Cloning of Glycogen Synthase and Promoter Analysis Using The Luciferase

ReEPOITEr SYSIEIM ... .ttt 6
ADSITACE ... oottt 6
| £3 0 (00 11 1od 1 1o ) s E N 7
11 (1 1T e 3 N 10

Probe COonStrUCION. ....c.vuintiit it 10
Genomic Library ConstruCtion. ........coueiueittrniiieieieiei e eereeeeaneeeaens 10
Deletion CONSIUCHON ... .eeuutttntteitt ettt ettt et eret et eanaeraeeeanaeanaaanns 11
Luciferase CONSIIUCTS .....cu.eutentit ettt et et et et ettt e rterteaeenaeanen 12
LUCITEIaSE @SSAY ... euvuvintininiinit ittt ettt 12
TransSfOrmation. ... ..couuni i e 13
Cloning of the 3' Fragment of Glycogen Synthase:.............cccovviviiiiiiiininnn.. 14
Nucleic ACid SEqUENCING: .. ..ouvineintiiiiit et eaeaeeenaenes 14
RINA EXEraCHON . ... euintiititiiitet ettt ettt e ee e e eaaanans 15
TP R e 15
RESULLS ..ot e 16
Probe CONSIUCHON. .. .ouuuiittiiiiit ittt ettt e et e aeneaeenanans 16
Molecular cloning of Glycogen Synthase.............ocvviiiiiiiiiiiiiniiiiiiiinenn, 16
Glycogen Synthase Promoter AnalysiS..........cooevviiiiiiiiiiiiiiiiiiiineneenene. 18
I T R 16 | D PP 19

Chapter 3: Enrichment PCR Cloning of Glycogen Synthase................c..cooooiea.. 34
ADSITACE . ...t 34
INEOUCHION ... .t e e e e et et e a et aa e 35
MEthOAS. . . ettt e 36

Enrichment PCR amplification............ocoviiiiiiiiiiiiiiiiie i, 36
RESULLS ..ot e e e e e 37



PN i ¢ 1o S O 42
| 5T1 (o LU ol 1o R O N 43
Results and DiSCUSSION . ....uuinniitiitett ittt ettt et e et eaneenneanns 45
Plasmid CONSIIUCHON .....vttiiitiii i 45
Copy number of pVTL2 vector in AX3Kcells .......ccooviiiiiiiiiiiiiiiiini, 47
@) o Tod 11 T T 1 3 PPN 49

Chapter 5: A Blue/White Selectable Cloning Vector (pNBL) With the Facility for the

Generation of Defined, Sequential Deletions Within a Nucleic Acid Sequence " ........... 53
ADSITACE . ..ttt e 53
INtrodUCHION ... 54
RESUILS . ... 56
MethOdS. .....oviiii 57

Creation Of PNBL ....ooiitii e 57
CONCIUSIONS . ..ottt et et e aes 58

Chapter 6: Knock-Out Strategies For Glycogen Synthase...............c.cooeviiiiiinin. 62
ADSITACT ..ottt et 62
INOAUCHION .. ..oviiiiiiiii e 63
MEthOAS. ..o e 65

Transformation (CaPO,) of Dictyostelium Cells...............cccoiviviininiinnnnnnn.. 65
RESUILS ...t e 66
N0 (1 14T~ PP 67

Chapter 7: Green Fluorescent Protein...........co.ooiiiiiiiiiiiiiiiiiiiiiii e 72
ADSITACE . ..ottt e 72
INrOdUCHION ....vniniii e 73
Methods/RESUILS ..ot 74



List of Figures

F1G. 1-1: ASEXUAL REPRODUCTION IN DICTYOSTELIUM DISCOIDEUM .. ......cucviviiiiiininneennas 5
FiG. 2-1: GLYCOGEN METABOLISM DURING DEVELOPMENT .....ccoutiiiteiiineeeneaaannnnenn. 24
FiG. 2-2: GLYCOGEN PHOSPHORYLASE AND GLYCOGEN SYNTHASE REGULATION THROUGHOUT
|D)2A% 21 00) 2, 131 VPO 25
FiG. 2-3: AMPLIFICATION OF GLYCOGEN SYNTHASE USING DEGENERATE PRIMERS. ............... 26
FiG. 2-4: GENOMIC SOUTHERN BLOT USING 600 BP GLYCOGEN SYNTHASE SPECIFIC PROBE.... 27
F1G. 2-5: DELETION CONSTRUCTS OF GLYCOGEN SYNTHASE. . ... evevutirrterrenrreeeesrsnsnnees 28
FIG. 2-6: CODING REGION OF DICTYOSTELIUM GLYCOGEN SYNTHASE......oiviiiieineeeaannnnnss 29
FIG. 2-7: RTPCR OF TOTAL RN A ... .t e ee e 30
FIG. 2-8: AMINO ACID COMPARISON OF DICTYOSTELIUM, HUMAN MUSCLE, RAT LIVER, AND THE
TWO FORMS OF S. CEREVISIAE GLYCOGEN SYNTHASES.. ... cetiiiiiiieeiieiiereereanrannnnss, 31
FIG. 2-9: DELETIONS OF THE GLYCOGEN SYNTHASEPROMOTER. .....ccviutierieeiiirnnnenacennnns 32
FIG. 2-10: OTHER LUCIFERASE CONSTRUCTS. .. ...t tuttettentteneenneeaneennseanaeeiseeansesensenn 33
FIG. 3-1: ENRICHMENT-MEDIATED PCR AMPLIFICATION OF AN UNKNOWN DNA FRAGMENT THAT
FLANKS A KNOWN SEQUENCE.. . . .11t tenttteteernnasennseaaseseanseseseeeennerenseeeesnnsens 39
FiG. 3-2: ETHIDIUM BROMIDE STAINING OF PCR AMPLIFICATION PRODUCTS. ..........ceuunn.... 40
FIG. 3-3: DERIVED AMINO ACID SEQUENCE OF ENRICHMENT-MEDIATED PCR PRODUCT COMPARED
TO HUMAN MUSCLE GLYCOGEN SYNTHASE. . . .+ttt tteettentsenseenseeseenseennseanneearsennnss 41
FIG. 4-1: STRUCTUREOFTHEPVTL2 VECTOR. .........ccevvvinvinnnnnn.. e, 50
FIG. 4-2: SOUTHERN ANALYSIS OF THEPVTL2 VECTOR. ......couviiiiiiiiiieiiieeniieineennenns 51
FIG. 4-3: COPY NUMBER OF THEPVTL2 VECTOR. .....evuviiiiiiiiiieiiteniienaieensenaneennanns 52
FiG. 5-1: ConsTRUCTION OF PNBL/MULTIPLE CLONING SITEOFPNBL.......................... 59
FIG. 5-2: SCHEMATIC OF DELETIONS CREATED WHEN RESTRICTION ENZYMES ARE USED SINGLY OR
1IN @017 12] 137N § (0 A USSR 60
FIG. 5-3: VERIFICATION OF DELETIONS USING RESTRICTION ENZYMES..........cccvvvvvinninn... 61
FIG. 6-1: GLYCOGEN SYNTHASE KNOCKOUT VECTOR. ......cocitiiiiiiiiiiiieiiiieeaiineeeaneaens 69
FIG 6-2: PROMOTERLESS KNOCKOUT VECTOR.. ......utiiinitiiiteeeeiieseiiteeeiieeeeeannreaannenns 70
FIG. 6-3: PCR ON WHOLE DICTYOSTELIUM CELLS. ........eutiitieettaeeeenneaneaeineaiieaanaans 71

Fi1G. 7-1: MAP OF GFP REPORTER VECTOR PNV . 1.ttt eee et eeiiiereeens 76



Chapter 1: Introduction

Dictyostelium discoideum as a Model System

The development of a multicellular organism from a single nondifferentiated cell
requires a highly specific and complex series of biochemical processes. Because all cells in
an organism start with the same genetic information, the differential expression of genes is
critical for development. There are several cellular regulatory mechanisms that control how
different proteins are expressed. The major control points occur at the level of
transcription, translation, protein stability, mRNA stability and localization. Control of
translation occurs on two different levels, on a general level of protein synthesis and the
translational control of individual gene products. Examples of global translational control
include mRNAs s that are sequestered and unavailable for translation in the unfertilized egg.
In embryos there is a large store of mRNA that is quiescent until fertilization when the cell
undergoes a tremendous pulse of protein synthesis (Bracht et al. 1963; Craig and
Piatigorsky 1971; Rogers and Gross 1978). When an organism is exposed to elevated
temperatures heat shock genes are expressed. One of the mechanisms for this control is at
the level of translation. During heat shock the amount of protein translation is reduced
while the amount of heat shock mRNA translation increases (Storti et al. 1980; Manrow

and Jacobson 1987).

There are examples of specific genes being regulated at the level of translation. In yeast
the enzyme that controls sterol biosynthesis, HMG-CoA reductase 1, is controlled at the
level of translation (Demster-Dink et al. 1994). One of the suggested mechanisms of
translational control is secondary structure prior to the initiation codon. A poly (A) tract
has been implicated in heat shock protein control (Darnell et al. 1990). Interestingly, it is

not unusual to find a long stretch of (A)s directly upstream of Dictyostelium initiation

Introduction 1



codons (Steel and Jacobson 1991). Dictyostelium glycogen synthase has a run of twenty-
one (A)s directly upstream of the ATG (see Chapter 2). Because of the large number of
Dictyostelium genes that have (A)s prior to their initiation codons, one might predict a large
number of Dictyostelium genes to be regulated at the level of translation. Although only a
small percentage of Dictyostelium genes have been examined at the level of translational

regulation, to date no strong correlation has been established (Steel and Jacobson 1991).

Cells can control protein activity through degradation or post-translational modification.
Glycogen synthase is controlled by phosphorylation in other organisms (See Chapter 2).
The HMG-CoA reductase 2 enzyme in yeast is controlled by degradation; when the end
products of the sterol pathway are plentiful, HMG-CoA reductase 2 becomes unstable

(Hampton and Rine 1994).

One of the most important control mechanisms available to a cell is the initiation of
transcription. Our laboratory has shown that glycogen phosphorylase-1 and 2 are regulated
at the transcriptional level during development (Rogers et al. 1992; Rutherford et al. 1992).
The glycogen phosphorylase 2 gene is expressed in response to exogenous cAMP, a
Dictyostelium morphogen (Sucic et al. 1993). The use of reporter genes is one way to
study the transcriptional regulation of a gene. The use of the luciferase reporter system to
study transcriptional regulation of glycogen synthase is discussed in Chapter 2. The
development of a extrachromosomal reporter vector is discussed in Chapter 4. The
development of glycogen synthase knock-out mutants should facilitate the study of the

levels of control other than transcription (See Chapter 6).

Recent research has shown that the signals that control a cell's fate may rely on a
relatively small number of overlapping pathways and that signals are generally shared by
different organisms (Wolpert 1994). This developmental control system is further
complicated in that the temporal exposure to these signals may play a role in the cell's

response to a signal. Previous signals may prime some genes to respond when exposed to
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a second signal (Katz and Sternberg 1992; Maruta and Burgess 1994). Neighboring cells
may send additional signals so that the final developmental fate of a cell is a complex

interaction of a limited number of signals.

Analysis of developmental regulation is simplified by the use of model systems. The
knowledge learned from studying simpler organisms can be extrapolated to higher systems.
Dictyostelium has become a model system for studying the molecular events associated

with cellular differentiation and development because of its relative simplicity.

Dictyostelium has two alternative life cycles, an asexual and sexual life cycle. The
sexual life cycle is difficult to produce under laboratory conditions. The asexual life cycle
is readily induced and has many advantages that make Dictyostelium an ideal system to
study development. During asexual development one initial cell type, vegetative amoebae,
differentiates into two distinct cell types, spore and stalk cells. An important feature of the
asexual life cycle is the division of growth and development into two separate phases. The
asexual amoebae feed and multiply as separate organisms and then develop as a social
multicellular organism. This separation of growth and development is a marked difference
from most other organisms in which growth is tightly linked to morphogenesis (Sussman
and Brackenbury 1976). An understanding of the signals regulating development in a
model system such as Dictyostelium will help facilitate the understanding of other

developmental systems.

The Life Cycle of Dictyostelium discoideum

Cellular slime molds were discovered in 1869 by Brefeld (Brefeld 1869).
Dictyostelium discoideum is a cellular slime mold normally found in the leaf mulch of
temperate forests (Raper 1935). Dictyostelium exists as haploid, single-celled, vegetative

amoebae which are genetically, morphologically and biochemically identical (Raper 1940;
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Bonner 1952). The amoebae can be readily triggered to undergo differentiation by
transferring them to a minimal medium (Fig. 1-1). One cell type undergoes aging and
programmed death while the other cell type starts the life cycle over again. Following
nutrient depletion, the amoebae begin to emit cAMP which triggers a chemotactic response
and migration of the cells to aggregation centers. Approximately 12 hours after nutrient
depletion, the amoebae form a multicellular cell mass or slug. For the first time in the
developmental cycle, two distinct cell types are detectable (Bonner 1952; MacWilliams and
Bonner 1979). The cells in the anterior portion of the slug eventually give rise to the stalk
of a mature fruiting body. For this reason these anterior cells are called prestalk cells. The
cells in the posterior portion of the slug eventually form the spore cells and, therefore, are
called prespore cells. In the final stage the stalk cells die while the spore cells germinate
and continue the cycle. Dictyostelium provides one of the simplest models of cellular
differentiation. The easily-triggered, well-characterized, and rapid differentiation of

Dictyostelium make it an ideal system to study gene expression during differentiation.
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Chapter 2: Cloning of Glycogen Synthase and
Promoter Analysis Using The Luciferase Reporter

System

Abstract

The glycogen synthase gene was cloned, by library screening, in order to study its
regulation. A Dictyostelium glycogen synthase specific probe was created using PCR
amplification. This 600 bp fragment of Dictyostelium glycogen synthase was amplified
using degenerate primers designed to conserved regions of glycogen synthases from other
organisms. A Dictyostelium EcoRI genomic library was constructed and screened, using
the 600 bp PCR product, for the glycogen synthase gene. Eight clones containing 3.5 kb
of genomic DNA were obtained containing 1.3 kb of upstream noncoding region and 2.2
kb of coding region. Sequencing of genomic clones revealed the presence of three introns
that contain Dictyostelium consensus splice sites. The results from rtPCR confirmed the

existence of the three introns.

The transcriptional regulation of glycogen synthase was tested using various promoter
deletions fused to the luciferase gene. Using the luciferase system a putative promoter
element has been identified. Additional luciferase constructs were made to identify the

specific nucleotides involved in transcription of the glycogen synthase gene.

Cloning of Glycogen Synthase and Promoter Analysis Using The
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Introduction

The utilization of glycogen is one of the key events that occurs during the development
of Dictyostelium. Experiments have shown that the amount of glycogen in a Dictyostelium
amoeba prior to development correlates with its final developmental fate. Those cells that
contain higher amounts of glycogen tend to form spore cells, while cells that have lower
amounts of glycogen tend to form stalk cells (Inouye and Takeuchi 1982). During the early
stages of development, glycogen is the only polysaccharide present (White and Sussman
1963; Ashworth and Watts 1970). In Dictyostelium, protein degradation, rather than
glycogen metabolism, provides energy for differentiation, while glycogen breakdown
provides glucose units that are required for the synthesis of mucopolysaccharide in spores
and for the synthesis of cellulose cell walls in both spore and stalk cells (Fig. 2-1) (Wright
et al. 1968; Marshall et al. 1970; Gustafson and Wright 1972; Loomis 1975). As
multicellular development commences, glycogen is degraded and the breakdown products
serve as precursors for cellulose, mucopolysaccharide, and trehalose, all of which
accumulate and together account for about 13% of the dry weight of the fruiting body

(Sussman and Sussman 1969).

The enzyme that initiates glycogen degradation, glycogen phosphorylase, has been well
defined in Dictyostelium. Glycogen phosphorylase has been shown to be due to the
activity of two separate gene products, the genes for which have been cloned by this
laboratory (Rogers et al. 1992; Rutherford et al. 1992). One form of this enzyme, GP1, is
expressed early in development and decreases as development proceeds (Rutherford and

Cloutier 1986; Cloutier and Rutherford 1987; Brickey et al. 1990). The second enzyme,

Cloning of Glycogen Synthase and Promoter Analysis Using The
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GP2, is expressed in later stages of development and persists through terminal

differentiation (Fig. 2-2) (Rutherford et al. 1992).

The enzymatic reaction that controls the synthesis of glycogen, and therefore a great

majority of the other carbohydrates synthesized during development, is glycogen synthase.

Glycogen synthase (EC 2.4.1.11) catalyzes the formation of a-1,4 glycosidic bonds

adding glucose monomers to the growing chain of glycogen. In Dictyostelium, as in some
other organisms, there are two forms of glycogen synthase, glucose 6-phosphate
dependent (D) and glucose 6-phosphate independent (I) (Wright and Dahlberg 1967,
Hames et al. 1972). While the total I+D activity remains constant, the D form is prevalent
in aggregation and early slug stages and the I form is predominant in later stages (Fig. 2-2)
(Wright et al. 1968; Wright et al. 1973). It is unknown if the shift from one form of
glycogen synthase to the other is the result of differential expression of multiple gene
products or the modification of a single gene product. There are examples of both types of
control in other organisms. In mammals, glycogen synthase is a single gene product and is
converted by kinase and phosphatase between the D and I forms depending on the
metabolic needs of the organism (Cohen 1986). In yeast, the two different forms of
glycogen synthase are the products of two different genes (Farkas et al. 1990; Peng et al.
1990). In Dictyostelium the method of regulation, differential expression to multiple gene
products or the covalent modification of a single gene product, has not been ascertained.
Attempts to convert one form of Dictyostelium glycogen synthase to the other through
phosphorylation have failed; this failure could indicate the presence of two different gene
products (Brickey 1988). However, low stringency hybridization of Southern blots argues
against the presence of a second gene. Previous attempts to study the regulation of
glycogen synthase have centered on the purification and characterization of either the D or I

activities. During purification the proteins became increasingly unstable, preventing
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purification to homogeneity (Saunders and Wright 1977; Brickey 1988). Itook an
alternative approach and studied the gene by molecular cloning. The gene encoding
glycogen synthase was cloned from genomic DNA using library screening (see Results)
and enrichment PCR (Chapter 3). We have studied the transcriptional regulation of the
glycogen synthase gene through the use of the luciferase reporter system. I report in this
chapter the analysis of a series of promoter deletion constructs that identified a putative
regulatory sequence within the promoter of glycogen synthase. The construction of the

reporter vector is detailed in Chapter 4.
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Methods

Probe Construction

A 600 bp probe was amplified from genomic DNA using the polymerase chain

reaction (PCR) and degenerate primers designed to conserved regions of yeast glycogen

synthase. Amplification was performed in a 100 pl reaction mixture containing 1 pg of

Dictyostelium genomic DNA, 200 uM each of dATP, dCTP, dGTP and dTTP, 50 pmoles
of Primer 1 (S’GATTT(GT)GT(CT)Y(AC)G(AT)GGTCA(CT)TT 3’), 50 pmoles of Primer
2 (5'(AG)TAACCCCATGGTT(CG)AT(AG)ATA 3'), 50 mM KCl, 2.5 mM MgCl», 10

mM Tris-HCl, pH 8.3, and 2.5 Units Tag DNA Polymerase (Boehringer Mannheim,
Indianapolis, IN) with a DNA Thermal Cycler (Perkin Elmer, Norwalk, CT). The PCR

cocktail was overlaid with 100 pl mineral oil, then denatured at 94°C for 2 min.. Thirty

amplification cycles were carried out as follows: 94°C for 45 sec, 37°C for 45 sec, and
72°C for 2 min with a 10 min final extension step at 72°C. The PCR fragment was
subcloned into the Smal site of pBluescript II SK* (Stratagene, La Jolla, CA) and
sequenced.

To construct a probe, the 600 bp PCR fragment was agarose gel-purified using the
Geneclean system (Bio101, Vista, CA) and labeled with [o**P] dATP (3000 Ci/mmole;

DuPont New England Nuclear) using the Random Primed DNA Labeling Kit (Feinberg
and Vogelstein 1983) (Boehringer Mannheim).

Genomic Library Construction

Cloning of Glycogen Synthase and Promoter Analysis Using The 10
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Genomic DNA (1 pug) from Dictyostelium AX3K cells was partially digested with 1

unit EcoRI for 10 min at 21°C. The degree of digestion was quantified by gel

electrophoresis. The partially-digested genomic DNA was ligated to 100 ng of EcoRI-
digested and Calf Intestinal Alkaline Phosphatase (CIAP)-treated vector pBluescript IT SK*

using T4 DNA Ligase at 12°C for 16 hours. Transformation of E. coli XL1-Blue cells

(Stratagene) was performed using the calcium chloride transformation procedure

(Sambrook et al. 1989).

To screen for glycogen synthase clones, a total of 50,000 colonies were transferred
onto BA-S NC supported-nitrocellulose membranes (Schleicher and Schuell, Keene, NH)
according to the manufacturer's recommendations. The membranes were prehybridized

(50% deionized formamide, 5X SSPE, 2X Denhardt's solution, 0.25% SDS, and 150

ug/ml denatured salmon sperm DNA) at 42°C for 2 hours, and hybridized with the 600 bp
PCR derived probe described above, for 16 hours at 42°C in (50% deionized formamide,
5X SSPE, 2X Denbhardt's solution, 0.25% SDS, and 150 pg/ml denatured salmon sperm
DNA) . The membranes were washed 2 times in 2X SSC/0.2% SDS at 42°C for 30 min

each, then twice in 1X SSC/0.1% SDS at 60°C for 30 min. The membranes were then

exposed to XAR-5 Scientific Imaging Film (Eastman Kodak Company; Rochester, NY)

and the positive clones selected.

Deletion Construction

Exonuclease III/mung bean nuclease deletions (Stratagene) were created according

to the manufacturer's protocol. Clones 1-7 and 7-1 were chosen because they contain
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genomic fragments in opposite orientations relative to the multiple cloning site (MCS) of
pBluescript IT SK*. A total of 35 ug of each clone was digested with Clal. The Clal

overhang was protected with deoxy-thioderivatives then digested with HindIIl. The DNA
was then digested with exonuclease III for various time points. Room temperature
digestions were used causing exonuclease III to digest ~ 125 bp/min (Fig 2-5). Six time
points were chosen for each orientation 2, 4, 6, 8, 10 and 12 min. This should have
created a 600 bp overlap. A total of 10 colonies were selected from each time point and 2-
6 different clones/time point were sequenced (nucleic acid sequencing/methods). The
regions of the glycogen synthase gene that remained beyond the range of vector-specific

primers were sequenced by using gene specific primers.

Luciferase Constructs

All promoter constructs were made from the glycogen synthase genomic clone
described above. Deletions D1, DS, D6 and D7 were constructed using an exonuclease-
III/mung bean deletion kit (Stratagene). All of the exonuclease-III/mung bean deletions
were amplified by PCR from pBluescript II SK+ using a 5' primer (T7 primer) and an
internal primer LGS2(5'CCCCAAGCTTATGTTGAATTTGGTGTTCC3'), located
downstream of the ATG and including 28 nucleotides of the glycogen synthase coding
region. Deletions D2, D3 and D4 were constructed by using primer LGS2 and promoter-
specific primers. After ligation of the promoter fragments into the HindIII site of the
pVTL2 vector (Chapter 4; Yin et al. 1994), the constructs were in frame with the
luciferase gene. The orientation and frame of all promoter constructs were verified by

sequence analysis.

Luciferase assay

Cloning of Glycogen Synthase and Promoter Analysis Using The
Luciferase Reporter System
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Transformed cells were grown in HLS5 +5 pg/ml G418 to a density between 103-

106 cells/ml. The transformed cells (1X10°) were centrifuged, washed in 10 ml water,

then resuspended in 3 vols. of suspension buffer (30 mM glycyl-glycine pH 8.3;

containing 5 ug/ml each of PMSF, pepstatin, and leupeptin). Cell extracts were prepared

by freezing the cells at -80°C for 15 min, then thawing them at room temperature. After
centrifugation at 14,000 X g for 15 min, 5 pl of supernatant and 100 pl reaction mix (0.54
M glycyl-glycine pH 8.3, 4 mM MgCl,, 2.1 mM ATP) were placed in a Berthold
luminometer (Lumat LB9501) for quantification. The luminometer was programmed to

inject 100 pl of 0.6 mM luciferin into the reaction cocktail and to record units of luciferase

activity. Protein was measured by the Bradford method (Bradford 1976), The specific

activity of luciferase is expressed as units of activity per mg of protein.

Transformation

For the genomic library and the subcloning of the 600 bp probe, the transformation
of E. coli XL1-Blue cells (Stratagene) was performed using the calcium chloride
transformation procedure (Sambrook et al. 1989). All other E. coli transformations were

electroporated using a Gene Pulser (Bio Rad Laboratories, Inc., Hercules, CA) in 0.1 cm

cuvettes (960 uFD Capacitance Extender, 200 € Pulse Controller, 25 uFD Pulser at 1.8
Kvolts).

Transformation of DNA into Dictyostelium discoideum cells was achieved by
calcium chloride precipitation as previously described (Nellen et al. 1984) or by

electroporation. Cells were harvested at densities ranging from 105 to 109 cells/ml. A total

of 1-3x107 cells, in HL5, were chilled on ice for 15 min with periodic swirling, pelleted

Cloning of Glycogen Synthase and Promoter Analysis Using The
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and washed in chilled electroporation buffer (10 mM Na,HPO4-NaH,PO, pH 6.1

containing, 50 mM sucrose). The washed cells were resuspended in 0.8 ml electroporation

buffer along with 30 pg transforming DNA. Electroporation was performed in 0.4 cm

cuvettes (3 LFD capacitance, 1.0 Kvolts and the pulse controller set at 200 2). Ten min

after electroporation, the cells were plated in a culture dish containing HL5 media.

Following overnight incubation in HLS, 20 ug G418/ml was added; G418 resistance was

conferred by the pVTL2 vector (Chapter 4). The cells were grown in the presence of
G418 for two days before they were plated along with G418 resistant E. coli cells (B/R
cells) on DM plates (2% glucose, 1% Oxoid peptone, 1.5% Bacto agar, 3 mM Na,HPOy,

10 mM KH,POy,) containing 70 ug G418/ml (Podgorski and Deering 1980; Hughes et al.

1992). The appearance of plaques on the bacterial lawn indicated the presence of

transformed cells. The transformed cells were then assayed for luciferase activity.

Cloning of the 3' Fragment of Glycogen Synthase:

The Enrichment-PCR cloning of the 3' end of the Dictyostelium glycogen synthase

(DGS) gene is described in detail in Chapter 3.

Nucleic Acid Sequencing:

Single- or double-stranded DNA was prepared by standard methods (Sambrook et
al. 1989). All DNA preparations were sequenced by the chain termination method (Sanger
et al. 1977) according to the sequenase protocol (Sequenase Version 2.0 Sequencing Kit;
United States Biochemical, Cleveland, OH) using either vector primers (-20, -40, T3 or T7

promoter) or DGS-specific primers.
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Sequencing Kit; United States Biochemical, Cleveland, OH) using either vector primers (-

20, -40, T3 or T7 promoter) or DGS-specific primers.

RNA Extraction

RNA was extracted from vegetative amoebae using a modification of the phenol-
chloroform technique (Spudich 1987). Cells (2 X 107) were frozen and thawed in 50 mM
Tris (pH 8.4) and 2% SDS. The cell suspension was extracted 3 times with an equal
volume of phenol-chloroform. Sodium acetate (pH 4.7) was added to the last extraction to
a final volume of 0.4 M to exclude DNA from the aqueous phase. The resulting aqueous
phase was mixed with 2.5 volumes of ethanol for 2-3 hours. The precipitated RNA was

collected by centrifugation and resuspended in 10 mM HEPES, 1 mM EDTA.

rtPCR
An aliquot of total RNA was suspended at 100 ng/ul for use in rtPCR (Brenner et al.

1989). Three hundred ng of total RNA were added to each reverse transcriptase reaction

(10 mMoles 3' Primer, 2.5 x PCR buffer, 2.5 mM dNTP, 2.5 U AMV RT, 20 U RNasin)

at 42°C for 1 hour. The reactions were boiled for 5 minutes to inactivate the reverse

transcriptase and held at 4°C. The cDNA was synthesized using the same PCR conditions

described in Chapter 2/Methods.
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Results

Probe construction

A Dictyostelium glycogen synthase specific probe was created using PCR
amplification. Degenerate primers were designed to match conserved amino acid regions of
other glycogen synthases. These primers were used in a Polymerase Chain Reaction
(PCR) to amplify a 600 base pair fragment from Dictyostelium genomic DNA (Methods)
(Fig. 2-3). The PCR fragment was subcloned into the Smal site of pBluescript IT SK* and
sequenced completely. The deduced amino acid sequence indicated that the fragment
encoded glycogen synthase (data not shown). Southern analysis showed that the 600 bp
fragment gave a specific signal when used as a probe against Dictyostelium genomic DNA
(Fig. 2-4). A restriction map was created using restriction sites found on the PCR
fragment. The restriction mapping showed that there was an EcoRlI site upstream of the

PCR fragment. The EcoRlI sites were used to clone the glycogen synthase gene.

Molecular cloning of Glycogen Synthase

The DGS gene was cloned using genomic library screening. An EcoRI genomic
Dictyostelium library was constructed using pBluescript II SK* as the cloning vector. In
order to obtain a representative sample of the Dictyostelium genome, a total of 50,000
colonies were probed with the PCR amplified glycogen synthase fragment (Methods).
Eight positive clones were purified from the partial library and verified by sequencing. The
orientation of the inserts was determined by restriction digestion and sequencing (data not

shown) (Methods). All inserts yielded a 3.5 kb genomic fragment that included 1.3 kb of
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upstream non-coding sequence and 2.2 kb of coding sequence. The remaining coding
region was cloned using enrichment PCR (Chapter 3). The isolated clones produced a
restriction map that matched the pattern of hybridizing bands observed on a genomic DNA
Southern blot. In order to facilitate the sequencing of the genomic clones, various nested
deletions were created using the exonuclease III/mung bean nuclease system (Fig 2-5;
Methods). To determine copy number of the glycogen synthase gene, genomic DNA was
digested with various restriction enzymes and then analyzed by Southern blotting using the
600 bp PCR probe. Each digest produced the expected bands, indicating that glycogen
synthase is present as by a single-copy gene (Fig. 2-4). Genomic Southern blots were
probed at low stringency, with increasingly stringent washes. The blots all showed high
background hybridization, however, in no case did the probe hybridize with an alternative

glycogen synthase gene (data not shown).

Identifying the start site of transcription can help identify the upstream noncoding
regions that are important in the transcriptional regulation of a gene. In order to determine
the start site of transcription, hot primer extension was used (Sambrook et al. 1989). Hot
primer extension shows that the start site of transcription was about 300 bp upstream of the
ATG codon. Due to the extremely A-T rich nature of the noncoding regions of
Dictyostelium genomic DNA it was impossible to design a primer that would identify the

precise sequence involved in transcriptional initiation.

The genomic clones encoding Dictyostelium glycogen synthase were sequenced
(Methods), and analyzed. The genomic sequence and deduced primary amino acid
sequence are shown in Fig. 2-6. The coding region is split by three introns forming four
open reading frames that encode a protein of 775 amino acids, with a predicted molecular
mass of 87 kD. The introns are flanked by consensus or near-consensus Dictyostelium

intron splice sites (Datta and Firtel 1987; Grant et al. 1990; Loomis and Fuller 1990). The

Cloning of Glycogen Synthase and Promoter Analysis Using The 17
Luciferase Reporter System



presence of the three introns was confirmed by rtPCR (Fig. 2-7, Methods). Fig. 2-8
shows the degree of similarity and identity between the deduced amino acid sequences of
glycogen synthase from various organisms. Dictyostelium glycogen synthase is 41.8
percent identical to human, 40.3 percent identical to rat, 40.4 percent identical to yeast
YGS|, and 40.1 percent identical to yeast YGS2, with a large amount of divergence at the
amino and carboxyl termini (Browner et al. 1989; Bai et al. 1990; Farkas et al. 1990;
Farkas et al. 1991).

Glycogen Synthase Promoter Analysis

The transcriptional activity of the glycogen synthase promoter was studied through
the use of reporter genes. The nucleotide sequence of the glycogen synthase promoter is
shown in Fig. 2-9A. In order to study the promoter activity of the glycogen synthase gene
the 5' non-coding region of glycogen synthase and various deletions were placed upstream
of a luciferase reporter gene (Fig. 2-9A). The promoter deletions were ‘fused in-frame with
the luciferase gene. The full-length glycogen synthase promoter/luciferase fusion extends
from 1314 upstream to 28 bp downstream of the ATG (construct DFL in Fig. 2-9). This is
assumed to be the full length promoter because of the presence of a short reading frame
ending prior to deletion D1. The luciferase activity resulting from constructs DFL and D1
showed constant activity during development (data not shown). This constant level of
luciferase activity agrees with the constitutive mRNA levels (data not shown). It should be
added, however, that the in vivo stability of the luciferase protein has not been well
established in Dictyostelium. As seen in Fig. 2-9B, deletion of 485 bp (D1) and 654 bp
(D2), from the 5' end resulted in a reduction to 89% and 60% of the full length promoter
luciferase activity, respectively. An additional deletion of 67 bp, (deletion D3), abolishes

luciferase activity. Further deletions, D4-D7, failed to restore luciferase activity. These
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results suggest that a putative regulatory element lies within the 67 bp between deletion D2
and deletion D3. Within this 67 bp fragment there is a G-C box
(CCCAACCAACCAGTG). This type of G-C rich sequence has been implicated in the

regulation of other Dictyostelium promoters (Datta and Firtel 1988; Pears and Williams

1988).

Discussion

The comparison of functionally similar proteins can help to elucidate regions that
are important for regulation. Regions of high similarity can represent active sites or
important regulatory functions. Regions of low similarity can be either nonessential or
sites of unique regulatory function. The predicted molecular weight of Dictyostelium
glycogen synthase (87 kD) is larger than that reported in other organisms; the added size of
the Dictyostelium enzyme is due primarily to unique sequences near the amino and carboxy
termini. It has been suggested that the conserved central region is responsible for catalysis
and allosteric regulation while the amino and carboxyl termini are involved in covalent

regulation of the protein (Farkas et al. 1990).

- The UDPG binding site appears to be conserved in Dictyostelium; Lys-318 and the
sequence surrounding Lys-61 (KVGG) correspond to sequences that have been implicated
in UDPG binding in other organisms (Raper 1935; Furukawa et al. 1990; Roach 1990).
Other sites are conserved at the amino acid level, in Dictyostelium glycogen synthase,
including numerous phosphorylation sites. Extensive studies of rabbit muscle glycogen
synthase have shown its conversion from the G6P dependent form to G6P independent
form of the enzyme is catalyzed by cAMP-dependent protein kinase (cAMPdPK)
(Soderling et al. 1970; Soderling et al. 1977), as well as other protein kinases including
casein kinases and phosphorylase kinase (DePaoli-Roach et al. 1979; Huang et al. 1983).
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Seven potential cAMPAPK sites (R/KXXS) are present in Dictyostelium glycogen
synthase, Ser-16, Ser-403, Ser-433, Ser-457, Ser-578, Ser-642, Ser-646. Based on the
recognition sequence for glycogen synthase kinase-3 (GSK-3) (SXXXS(P)) (Fiol et al.
1988), 8 putative GSK-3 sites can be located in the Dictyostelium sequence, six of which
are clustered between amino acids 640 and 660. Of these six glycogen synthase kinase
sites, four are arranged in tandem so that the phosphorylation of one creates a new GSK-3
site. This type of hierachal protein phosphorylation has been observed in glycogen

synthases in other organisms (Roach 1990).

The physiological relevance of these putative phosphorylation sites is unknown.
Attempts have been made to force the conversion of glycogen synthase D to glycogen
synthase I with phosphatases and kinases (Brickey 1988). None of the treatments
employed resulted in loss of glycogen synthase I activity that could be relieved by the
addition of G6P. However, this lack of conversion of the two forms does not rule out
phosphorylation as a method of regulating glycogen synthase activity but only shows that it
does not occur under the conditions of the assay. Initial investigations of rabbit muscle
glycogen synthase indicated that several factors must be included in conversion reaction
mixtures (Friedman and Larner 1963); these factors may differ for the Dictyostelium

enzyme and may explain the inability to convert the enzyme.

The glycogen synthase 3' coding region contains numerous CAA repeats varying
from seven to ten repeats, a total of 40 repeats within 300 bp. The CAA repeats are
translated in all three reading frames in glycogen synthase producing the amino acids
asparagine, glutamine or threonine (Fig. 2-6). Similar CAA repeats have been found in
other Dictyostelium genes, including the enzymatically complementary protein glycogen
phosphorylase-2 (Rutherford et al. 1992). CAA repeats are found in both coding and non-

coding regions of Dictyostelium genes and transposons (Kimmel and Firtel 1985; Andre et
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al. 1988; Shaw et al. 1989; Grant and Tsang 1990). There are examples of CAA repeats
being associated with proteins in other organisms (Davidson and Posakony 1982) and
various regulatory functions have been proposed, yet no definitive function has been
assigned to these CAA repeats. We are currently attempting to disrupt the DGS gene
through double homologous recombination, and if successful, we should be able to employ
various modified enzyme constructs to ascertain the function of these CAA repeats

(Chapter 6).

Control of a gene expression at the level of transcription is one way that cells
control the overall activity of the enzyme. The presence of a G-C rich element between D2
and D3 provides an obvious candidate for a transcriptional regulatory element.
Dictyostelium genomic DNA is highly A-T rich. The protein coding regions of genes are
approximately 30-40% G-C (Kimmel and Firtel 1982), while the noncoding flanking
regions are only 5-20% G-C (Jacobsen et al. 1974). A protein has been identified that
binds to regions of high G-C content called the G-box binding factor (GBF), and has been
implicated in transcriptional regulation of a large number of coordinately regulated genes in
Dictyostelium (Schnitzler et al. 1994). The GBF gene is transcribed around 4 hours into
development. The effect of deleting the first G-C element in glycogen synthase results in
total loss of luciferase activity in vegetative amoebae, that is, at a stage of development in
which GBF is not present. Thus, GBF is not involved in the basal transcription of the
glycogen synthase gene. These findings suggest an additional G-C binding factor or other
factor is expressed in vegetative amoebae. Two palindromic G-C boxes downstream of D3
have been identified (Fig. 2-9). The role of these two palindromic G-C boxes in the

transcriptional regulation of DGS has not been ascertained.

We are using the pVTL2 vector to further characterize the glycogen synthase

promoter (See Fig. 2-10). The G-C box located at the 5' end of promoter deletion D2 has
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been studied further by mutation of specific sites in this G-C box. Preliminary screening of
some of these mutants has not shown an effect on promoter activity (data not shown).
Other Dictyostelium transcription factors, such as GBF, have highly degenerate specificity
and this might account for the lack of a dramatic effect of point mutations on luciferase
activity (Schnitzler et al. 1994). Constructs GF1-2 and GF1-3 are more promising; in
these constructs this G-C box was placed on the 5' end of the deletions D3 and D4 to
determine whether the G-C box is necessary and sufficient to restore activity to these
inactive constructs (Fig. 2-10). Preliminary data indicate that the addition of the G-C box
to D4 is sufficient to restore activity (Data not shown). These results, suggest that the G-C

box is important to the transcriptional regulation of the glycogen synthase promoter.

The results that are presented in this chapter indicate that a single gene encodes
Dictyostelium glycogen synthase. Southern blotting of genomic DNA showed single
bands of hybridization. Low stringency hybridization did not reveal the presence of a
second gene that possessed similarity to DGS, but instead led to an increase in the overall
background binding to the probe. In addition, partial purification of the protein did not
result in separation of the I and D forms of the enzyme, although the instability of the
activity precluded purification to homogeneity. Finally, "enrichment PCR" (Williamson
and Rutherford 1994), a procedure that utilizes a gene specific primer and a non-specific
poly T primer that binds to non-coding regions resulted in amplification of a single

fragment of DNA.

Although these results are compelling with regard to the presence of a single DGS
gene, they must be viewed in the context of similar studies of the Dictyostelium glycogen
phosphorylase enzyme (Rutherford and Cloutier 1986; Rogers et al. 1992; Rutherford et al.
1992). The early literature on glycogen synthase and glycogen phosphorylase described

analogous properties of the enzymes. Both glycogen synthase and glycogen
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