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 (ABSTRACT)

The gene encoding the Dictyostelium replication protein A large subunit (DdRPA1) has been
cloned by screening of an EcoR I partial genomic library and a Hind III genomic sub-library.  The
complete nucleotide sequence, including the promoter region of the gene has been obtained by
sequencing.  Though the DdRPA1 protein has a size shift during development, 62 kDa in
undifferentiated cells and 81 kDa in differentiated cells; they are the products of the same gene.
Northern blot analysis revealed that the expression level of the DdRPA1 was constant throughout
differentiation and the size of mRNA is the same at all stages, corresponding to a 81 kDa protein.
Thus, it seems that the size change between the 62 kDa and 81 kDa is probably due to
posttranslational modification, most likely, proteolytic cleavage.  The transcription start site for
both sizes of DdRPA1 has been identified at 306 bp upstream of the coding sequence by primer
extension reaction.

A PCR fragment representing 27% of the gene encoding the DdRPA middle size subunit
(DdRPA2) has been generated by using the degenerate primers. This PCR fragment has been
cloned and sequenced. The mRNA for this subunit corresponds to a protein of about 35 kDa.  A
decrease of the DdRPA2 mRNA expression level during differentiation was found by comparison
between undifferentiated and differentiated cells.

In Dictyostelium, replication protein A is a heterotrimeric protein that can bind with specific DNA
sequences in a stage-dependent pattern.  These DNA sequences were identified as the cis-acting
regulatory sites in differentiation-related genes, including the glycogen phosphorylase 2 gene
(gp2).  Therefore, it is possible that DdRPA is not only a single-stranded DNA binding protein that
is used in multiple essential DNA metabolic processes, such as DNA replication, repair and
recombination in undifferentiated cells, but also involved in the transcriptional regulation process
during differentiation.



iii

Acknowledgments

I wish to express my sincerest gratitude to the many people who encouraged me forward in this
graduate study.  In particular, I would like to thank Dr. Charles L. Rutherford for giving me the
opportunity to work on such an interesting project in his laboratory.  His professionalism,
patience, and persistence have provided me an excellent example of how to be a scientist.
Appreciation is also expressed to my committee members:  Dr. Timothy J. Larson and Dr. Richard
A. Walker, for their guidance and wise advice.  

All the members in Dr. Rutherford’s lab:  Reyna Favis, Ian McCaffery, Laura Douglas, Chanpen
Chanchao, Bekir Col, Nikita Warty, and Elizabeth Brittle deserve more than simple gratitude for
their encouragement, interest, and especially their valuable criticisms and countless help.

My parents, Duanshao Wen and Weiyan Gong, and my sister Quan Wen, have always believed in
me and encouraged me through these years.  For their unending support, I will always be thankful.

Finally, I give my great appreciation to my husband, Bing Yang, who helped me in many ways
along the path to this goal.



iv

Table Of Content

CHAPTER 1. INTRODUCTION 1

CHAPTER 2. MATERIALS AND METHODS 4

2.1: Cell Culture 4

2.2: Analysis involving DNA 4
2.2.1: Isolation of genomic DNA 4
2.2.2: Touchdown PCR 4
2.2.3: A-T ligation 5
2.2.4: Transformation of XL1-Blue cells 5
2.2.5: Plasmid purification 5
2.2.6: Sequencing of DNA 5
2.2.7: Random primer method for radiolabeling of DNA 6
2.2.8: Southern-blot analysis 6
2.2.9: Screening an EcoR I partial genomic library 6
2.2.10: Inverse PCR 6
2.2.11: Enrichment PCR 7
2.2.12: Construction of a sub-genomic DNA library 7
2.2.13: Screening of the sub-genomic DNA library 7

2.3: Analysis involving RNA 8
2.3.1: Isolation of RNA 8
2.3.2: labeling the 5’ end of the primer with  [γ - 32P] ATP 8
2.3.3: Primer extension 8
2.3.4: Northern blot analysis 9
2.3.5: Reverse transcription PCR (RT-PCR) 9

CHAPTER 3. RESULTS 1 0

3.1: Purification of genomic DNA 1 0

3.2: Purification of total RNA 1 0

3.3: Cloning of the large subunit gene of RPA 1 1
3.3.1: PCR with degenerate primers (touchdown PCR) 11
3.3.2: Cloning of the touchdown PCR product 11
3.3.3: Sequencing of the cloned touchdown PCR product 11
3.3.4: Screening of an EcoR I partial genomic library 12
3.3.5: Sequencing of the EcoR I fragment 13
3.3.6: Genomic Southern blot analysis for the 62 kDa (81 kDa) subunit 13
3.3.7: Inverse PCR using the plasmid DNA from the EcoR I partial library 13
3.3.8: Enrichment PCR predicts an intron in the unknown C-terminal gene of the large subunit 14



v

3.3.9: Construction of a Hind III sub-genomic DNA library containing the C-terminal coding region of the
large subunit 15
3.3.10: Screening of the Hind III sub-genomic DNA library for the C-terminal coding region of the large
subunit 15
3.3.11: Sequencing of the screened plasmid 17

3.4: Characterization of the large subunit gene 1 7
3.4.1: Sequence analysis of the gene encoding the large subunit 17
3.4.2: Primer Extension to determine the start site of transcription 18
3.4.3: Sequence comparison of the large subunit 18
3.4.4: Northern blot analysis of the 62 kDa (81 kDa) gene 18

3.5: Partial cloning of the 35 kDa subunit 1 9
3.5.1: PCR with degenerate primers 19

3.6: Characterization of the gene encoding the 35 kDa subunit 2 0
3.6.1: Sequence comparisons of the 35 kDa subunit 20
3.6.2: Northern blot analysis of the 35 kDa subunit 20
3.6.3: Genomic Southern blot analysis of the 35 kDa subunit gene 20

CHAPTER 4. DISCUSSION 2 2

LITERATURE CITED 2 6

CURRICULUM   VITAE 3 1



vi

LIST OF FIGURES

(Figure 1.  The life cycle of Dictyotelium.  PDF,  1.3 Megabytes) 1
(Figure 2.  5’ deletion analysis of gp2 promoter.  PDF,  1.3 Megabytes) 2
(Figure 3.  RNase A digestion of purified genomic DNA.  PDF,  1.3 Megabytes) 10
(Figure 4.  Test for the presence of some known genes in the purified genomic DNA.  PDF,  1.3 Megabytes) 10
(Figure 5.  Restriction enzyme digestion of genomic DNA.  PDF,  1.3 Megabytes) 10
(Figure 6.  Determination of the concentration and purity of purified total RNA.  PDF,  1.3 MB) 11
(Figure 7.  Denaturing gel electrophoresis of total RNA.  PDF,  1.3 MB) 11
(Figure 8.  Test for genomic DNA contamination of the total RNA by reverse ranscriptase PCR of the gp2 gene.
               PDF,  1.3 MB) 11
(Figure 9.  Determination of the concentration and purity of purified total RNA from six different developmental

       stages.  PDF,  1.3 MB) 11
(Figure 10.  Denaturing gel electrophoresis of total RNA  from six different developmental stages.  PDF,  1.3 MB)11
(Figure 11.  Touchdown PCR with degenerate primers for the DdRPA1 gene.  PDF,  1.3 Megabytes) 11
(Figure 12.  Restriction enzyme digestion of the cloned DdRPA1 touchdown PCR fragment.  PDF,  1.3

         Megabytes) 11
(Figure 13.  DNA sequencing of the PCR fragment for the DdRPA1 gene.  PDF,  1.3 Megabytes) 12
(Figure 14.  Comparion between peptide sequence and derived DNA sequence for the DdRPA1 subunit.  PDF,  1.3

        Megabytes) 12
(Figure 15.  Map of the cloned touchdown PCR fragment for the DdRPA1.  PDF,  1.3 Megabytes) 12
(Figure 16.  Test of the EcoR I partial genomic DNA library for the presence 12 of the DdRPA1 genes

         by using PCR.  PDF,  1.3 Megabytes) 12
(Figure 17.  Restriction enzyme digestion of plasmid DNA from EcoR I partial library for the N-terminal region of

         the DdRPA1 gene.  PDF,  1.3 Megabytes) 12
(Figure 18.  Restriction enzyme digestion and Southern analysis of plasmids that were selected from the EcoR I

         partial library.  PDF,  1.3 Megabytes) 12
(Figure 19.  Map of the positive plasmid obtained from the EcoR I partial genomic library for the N-terminal region

         of the DdRPA1 gene.  PDF,  1.3 Megabytes) 12
(Figure 20.  DNA sequencing of the plasmid obtained from EcoR I partial library for the N-terminal region of the
           DdRPA1 gene.  PDF,  1.7 Megabytes) 13
[Figure 21.  Genomic DNA Southern analysis of the DdRPA1 gene.  PDF,  1.3 Megabytes 13
(Figure 22.  Outline for inverse PCR for the C-terminal region of the DdRPA1 gene.  PDF,  1.3 Megabytes) 14
(Figure 23.  Inverse PCR for the C-terminal region of the DdRPA1 gene.  PDF,  1.3 Megabytes) 14
(Figure 24.  Nested  PCR confirmation of inverse PCR fragment.  PDF,  1.3 Megabytes) 14
(Figure 25.  Southern analysis of the cloned inverse PCR product for the C-terminal region of the DdRPA1 gene.

         PDF,  1.3 Megabytes) 14
(Figure 26.  Inverse PCR with clr1 and Uva3  primers for the C-terminal region of the DdRPA1 gene.  PDF,  1.3

         Megabytes) 14
(Figure 27.  Restriction enzyme digestion  of the cloned inverse PCR fragmen.  PDF,  1.4 Megabytes) 14
(Figure 28.  Enrichment PCR predicts an intron in the C-terminal region of the DdRPA1 gene.  PDF,  1.3

         Megabytes) 14
(Figure 29.  Enrichment PCR with clr10 and oligo(dT) primers predicts of an intron in the C-terminal region of the

         DdRPA1 gene.  PDF,  1.3 Megabytes) 14
(Figure 30.  Outline for construction and screening of Hind III genomic DNA sub-library.  PDF,  1.3 Megabytes) 15
(Figure 31.  Southern analysis for construction of genomic sub-library.  PDF,  1.3 Megabytes) 15
(Figure 32.  Agarose gel purification of fractions of genomic DNA Hind III  fragments.  PDF,  1.3 Megabytes) 15
(Figure 33.  PCR assay of fractions of genomic DNA fragments from Hind III digestion.  PDF,  1.3 Megabytes) 15



vii

(Figure 34.  The arrangement of the colonies for screening of the Hind III genomic DNA sub-library.  PDF,  1.3
         Megabytes) 16

(Figure 35.  Plasmid mixtures purified from the Hind III genomic DNA sub-library.  PDF,  1.3 Megabytes) 16
(Figure 36.  PCR screening of the Hind III genomic DNA sub-library for the C-terminal region of the DdRPA1

         gene.  PDF,  1.3 Megabytes) 17
(Figure 37.  Restriction enzyme digestion screening of the Hind III genomic DNA sub-library.  PDF,  1.3
                 Megabytes) 17
(Figure 38.  PCR confirmation of the  positive plasmid with clr1, clr3 and clr2 primers for the C-terminal region of

         the DdRPA1 gene.  PDF,  1.3 Megabytes) 17
(Figure 39.  PCR confirmation of the positive plasmid with uva2 and uva3 primers for the C-terminal region of the

         DdRPA1 gene.  PDF,  1.3 Megabytes) 17
(Figure 40.  PCR confirmation of the positive plasmid with clr9,  clr10 and M13 reverse primers  for the  C-

         terminal region of the DdRPA1 gene.  PDF,  1.3 Megabytes) 17
(Figure 41.  Restriction enzyme digestion of the positive plasmid containing the C-terminal region of the DdRPA1

         gene.  PDF,  1.3 Megabytes) 17
(Figure 42.  Map of the positive plasmid containing the C-terminal region of the DdRPA1 gene.  PDF,  1.3

         Megabytes) 17
(Figure 43.  DNA sequencing confirmation of the positive plasmid containing the C-terminal region of the DdRPA1

         gene.  PDF,  1.3 Megabytes) 17
(Figure 44.  Complete sequence information of DdRPA1.  PDF,  1.3 Megabytes) 17
(Figure 45.  Identification of the  transcription start site of the gene encoding the DdRPA1 by  primer extension.

         PDF,  1.3 Megabytes) 18
(Figure 46.  Primer map for the DdRPA1 gene.  PDF,  1.3 Megabytes) 18
(Figure 47.  Comparison of the protein sequence between DdRPA1 and human RPA large subunit.  PDF,  1.3

         Megabytes) 18
(Figure 48.  Northern analysis of the DdRPA1 mRNA.  PDF,  1.3 Megabytes) 19
(Figure 49.  Northern Analysis of  the  expression level of the DdRPA1 mRNA during development.  PDF,  1.3

         Megabytes) 19
(Figure 50.  Standard for the Northern analysis of the DdRPA1 (Northern blot analysis of actin8 mRNA).  PDF,

         1.3 Megabytes) 19
(Figure 51.  DdRPA1 mRNA expression level.  PDF,  1.3 Megabytes) 19
(Figure 52.  PCR with degenerate primers for the DdRPA2 gene.  PDF,  1.3 Megabytes) 19
(Figure 53.  Restriction enzyme digestion of the cloned DdRPA2 PCR fragment.  PDF,  1.3 Megabytes) 19
(Figure 54.  DNA sequencing of a PCR fragment for the DdRPA2 gene.  PDF,  1.3 Megabytes) 20
(Figure 55.  Map of a cloned PCR fragment for the DdRPA2 gene.  PDF,  1.3 Megabytes) 20
(Figure 56.  Comparison between peptide sequence and derived DNA sequence for the DdRPA2.  PDF,  1.3

         Megabytes) 20
(Figure 57.  Northern analysis of DdRPA2 mRNA.  PDF,  1.3 Megabytes) 20
(Figure 58.  Southern analysis of genomic DNA  for the DdRPA2 gene.  PDF,  1.3 Megabytes) 21



1

Chapter 1. Introduction

One of the most remarkable characteristics of life on the earth is the enormous morphological
diversity, especially among the eukaryotes.  There are millions of species of eukaryotes organisms,
but according to the protein and nucleic acid sequences as well as their gross morphology, all
eukaryotes are related.  Most of the eukaryotes will go through the process of growth,
differentiation, and development in their transformation from fertilized egg to adult organisms.
How does a single zygote cell develop into a complex organism?  Discovering the truth of this
dramatic transformation process becomes a major challenge.  If we could find the details of the
developmental process for even one simple organism, we might discover the mechanisms that
would be universally applicable to most of the other more advanced multicellular organisms,
including human beings.

Dictyostelium discoideum (Dd) is a widely used experimental model for the study of organismal
development and cellular differentiation.  It is a cellular slime mold, belonging to the kingdom
protista.  Some evidence indicates that all the other complicated muticellular organisms are
independently evolved from protista (1).  Dictyostelium are small, easily observed under the light
microscope; they have a very simple body plan and only two cell types result from the
developmental process.  They are easily grown in the laboratory, and readily induced to undergo
the developmental process, with the time span of only twenty-four hours.  In addition,
Dictyostelium is suitable for genetic studies; they are haploid, and readily subjected to mutational
analysis.  All those valuable characteristics make this organism a good model system.

In nature, these organisms are usually found as unicellular amoebae.  They are independent and
free-living in this stage.  The major food source for the amoebae are the bacteria that are found in
the forest soil (2).  When the amoebae deplete their food source, the initially identical cells migrate
together to generate a multicellular organism.  At first, several thousand amoebae migrate toward
an aggregation center in response to the chemical attractant (cAMP) that they secrete (3).  After
several hours, they begin to differentiate into two distinct cell types: prestalk cells and prespore
cells, and form a slug-like structure which may migrate as a unit before settling down and
developing further.  Finally, a structure called fruiting body is formed; prestalk cells secrete
cellulose and become stalk cells while prespore cells form the spores that are at the top of the
fruiting body.  When nutrients again become available, each spore releases a free-living amoebae
(4), and the new life cycle begins (Fig. 1).

Which amoebae cell will become spore or which one will become stalk?  The fate of each amoebae
is determined depending on the stage of cell cycle it is in when differentiation begins.  It is known
that the free living Dictyostelium cells can go through the cell cycle without the G1 stage when
nutrients are provided.  At the time of induction (when nutrients are limiting), if the cells are at the
M, S or early G2 phase of their life cycle, they will finish the mitosis process before the
aggregation and later differentiate to prestalk cells.  However, if the cells are at the G2 phase, they

(Figure 1.  The life cycle of Dictyotelium.  PDF,  1.3 Megabytes)
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won’t be able to continue the mitosis process until the cells are aggregated, after the cell division;
these cells will become the prespore cells (5).

Studies of this development process at the molecular and cellular levels suggest that regulation of
gene expression is a major key to development.  Usually, genes are reversibly activated and
deactivated in response to some environmental factor, such as temperature, nutrient supply etc.
Longer-term changes in gene expression then will lead to differentiation (the divergence in
structure and function of different types of cells as they become specialized during the
development).  Each type of differentiated cell expresses a characteristic set of proteins employing
the appropriate subset of the genes.  In Dictyostelium, when differentiation is initiated, endogenous
stores of protein and RNA are  degraded (6).  The products are then used to synthesize
carbohydrate and stored as glycogen.  As differentiation continues, glycogen is degraded to
glucose, that in turn is a precursor for synthesis of the carbohydrate structural components such as
cellulose in the final differentiation state (7).  Thus, the regulation of glycogen levels becomes
crucial to successful completion of development.

Glycogen degradation is catalyzed by the enzyme glycogen phosphorylase (alpha-D-
glucosyltransferase EC 2.4.1.1).  Two forms of glycogen phosphorylase have been found in
Dictyostelium, Gp1 and Gp2.  Gp1 enzyme activity is maximal in amoebae stage, then decreases
throughout the subsequent stages of development (8).  On the contrary, Gp2 enzyme activity
increases during the differentiation.  It is believed that the Gp2 is required for differentiation.  Both
Gp1 and Gp2 are regulated at transcriptional level during development (9).  The gp2 promoter  has
been analyzed (Fig. 2) and some elements were found that regulate expression in response to
cAMP (cAMP plays a crucial role in the early stages of cellular aggregation).  

One of these elements is a heterotrimeric protein that specifically binds to certain sequence within
the  promoter (10).  The protein has been purified and separated by SDS-PAGE.  The size of the
large subunit was dependent on the developmental stage; 62 kDa in undifferentiated cells and 81
kDa in differentiated cells.  The other two subunits are 35 kDa and 18 kDa at both stages.  Several
internal peptides of the large subunit (both 62 kDa and 81 kDa) as well as the 35 kDa subunit have
been sequenced (the N-terminal was blocked).  A region of amino acid sequence of the 62 kDa and
81 kDa subunit are identical.  Protein purification at low pH resulted in loss of the 81 kDa band
that was characteristic of differentiated cells and the appearance of the band that had been observed
only in undifferentiated cells (62 kDa).  This result suggests that the size difference between the
different stages could caused by post-translational regulation.

Sequence comparison to Gene Bank indicated that this protein is the Dictyostelium homologue of
replication protein A (RPA), also known as replication factor A or single strand DNA binding
protein (SSB).  Since it was first described nine years ago, RPA has been found in several
eukaryotic and prokaryotic organisms (11-14).  RPA is a heterotrimeric protein with three
subunits: approximately 70, 30 and 14 kDa.  The three subunit structure is highly conserved
among different species, including human, calf thymus, Xenopus laevis, Drosophila,
Saccharomyces cerevisiae and the trypanosomatid (Crithidia fasciculata).  RPA binds to single-
strand DNA non-specifically with very high affinity and to double-strand DNA with much lower
affinity.  In some cases, the ratio between these two is over 100 fold (13, 15, 16).  It also shows
specific interaction with several different proteins, including replication proteins (17), repair
proteins (18-21), some transcriptional activators and tumor suppressors (22) (20, 23).  Replication
protein A is essential for DNA metabolism in the cell, including DNA repair, DNA replication and
recombination.  The expression level of RPA remains constant during the cell cycle (24).  Mutation

(Figure 2.  5’ deletion analysis of gp2 promoter.  PDF,  1.3 Megabytes)
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of any one of the three subunits is lethal (21, 25).  In yeast, RPA is found to bind to the upstream
elements of some genes, where it mediates both negative and positive control of the transcription of
several genes (26).

The large subunit of RPA has received the most attention of investigators in this field (14, 27-29).
It has been shown to contain three distinct domains.  The N-terminal of this subunit is reported to
be involved in the RPA-protein interaction.  The central part of this subunit, the DNA-binding
domain, is responsible for the essential function of RPA, to bind with single-stranded DNA or
damaged DNA.  The C-terminal of the subunit is highly hydrophobic and can directly interact with
the middle sized subunit (27).  It is reported that the small subunit and the middle size subunit must
form a complex as a precursor before they can bind to the large subunit and thus form the
holoprotein.  No direct contact between the large subunit and the small subunit has been reported.
The interaction between the C-terminal of the large subunit and the middle size subunit of the
small-middle subunit complex is necessary and sufficient for the heterotrimeric RPA complex
formation (14, 28, 30).

The middle size subunit is known to undergo phosphorylation and dephosphorylation when the
large subunit is bound to single-stranded DNA (31).  This phosphorylation can be induced by x-
ray or UV light in vivo , and may reflect the DNA damage repair function of RPA.  In vitro,
cyclin-dependent protein kinase, Cdc2, the enzyme that is essential in cell cycling, can
phosphorylate RPA at the same residue as occurs in vivo  (32).  The presence of single-stranded
DNA is required for the phosphorylation (29, 33).  ssDNA possibly can induce a conformational
change of the middle size subunit, making it more accessible for phosphorylation.

The role of the small subunit of RPA is not clear.  It is known that the small subunit is needed to
form a complex with middle sized subunit, and that complex is required for interaction with the C-
terminal region of the large subunit thus generating a mature and soluble RPA complex.

Comparison of the nucleotide sequence of the genes of the replication protein A from different
organism shows that the large subunit shares high level of homology and that the central and C-
terminal regions of this subunit are more conserved than the N-terminal region (34, 35).  The
middle and small subunits are far less conserved between species, suggesting the possibility that
they are the species-specific regulation elements of the RPA molecule.
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Chapter 2. Materials and Methods

2.1: Cell Culture

Vegetative cells of Dictyostelium discoideum, strain AX3K, were cultured in HL5 media,
containing 10 g glucose, 10 g Oxoid-peptone, 5 g Oxoid-yeast extract, 0.25 g
dihydrostreptomycin, 0.25 g disodium phosphate and 0.4 g monopotassium phosphate per liter
(36).  The cells were harvested at the density of  5 x 106  to 1 x 107 cell / ml.  

For developmental time points experiments, 108 cells were pelleted from HL5 media by
centrifugation at 1,300 x g for 3 min.  The supernatant was discarded, and the cell pellet was
washed twice with Milli Q water by centrifugation at 1,300 x g for 3 min.  The washed pellet was
then resuspended in 3 volume of MES-LPS buffer (20 mM KCl, 5 mM MgSO4 and 0.2 mM CaCl2
in 7 mM MES buffer (pH 6.5)).  The resuspension was evenly spread on a 47 mm GN-6 cellulose
ester based membrane (pore size 0.45 µm) supported by a 47 mm absorbent cellulose pad soaked
with MES-LPS buffer in a 6 cm diameter petri dish.  The cells were then incubated at 20°C for
various time periods.

2.2: Analysis involving DNA

2.2.1: Isolation of genomic DNA

Four liters of vegetative cells at a density of 8.9 x 106 cells / ml were pelleted from HL5 medium
by centrifugation at 1,300 x g for 3 min, then denatured by incubation overnight at 50°C with
digestion solution, containing 100 mM NaCl, 25 mM EDTA, 0.5% sodium dodecyl sulfate and
500 µg  / 108 cells of proteinase K in 10 mM Tris-HCl (pH 8.0) (37).  Genomic DNA was isolated
by repeated extraction with an equal volume of phenol : chloroform : isoamyl alcohol (25 : 24 : 1).
DNA was precipitated from the aqueous phase by adding 1 / 10 volume of 3 M sodium acetate and
2 volumes of absolute ethanol, then washed with 70% ethanol.  Finally, the purified genomic DNA
was incubated with RNase A (2 µg / µg genomic DNA in Milli Q water) for one hour at 37°C, then
extracted again with phenol : chloroform : isoamyl alcohol, and precipitated with ethanol (38).  The
genomic DNA was resuspended in Milli Q water and stored at -20°C (39).  The concentration of
the purified DNA was determined by the ethidium bromide dot method (39) with comparison to
Hind III-or Sty I-digested lambda DNA standard after ethidium bromide staining on an agarose
gel.

2.2.2: Touchdown PCR

A 50-µl PCR reaction contained 1 µg of genomic DNA (as template), 25 pmol of each degenerate
primer, 10 nmol each dNTP, 1.5 mM MgCl2, 50 mM KCl, in 10 mM Tris-HCl (pH 8.3).  The
PCR reaction was heated at 75°C for at least two and one half min, then 1 unit of Taq  DNA
polymerase was added to each reaction tube.  Mineral oil (about 40 µl) was layered on top.  The
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template was denatured at 94°C for two min.  Twelve cycles of  amplification were carried out,
with denaturation at 94°C for 30 sec, annealing at 56°C to 50°C for 30 sec and extension at 72°C
for 90 sec.  The annealing  temperature of the reaction was decreased 1°C every second cycle from
56°C to a “touchdown” at 50°C (40).  Then all reaction tubes underwent forty more cycles with the
annealing temperature at 50°C, followed by a final extension at 72°C for 10 min.  The reaction
tubes were stored at 4°C.  Ten microliters of the PCR reaction was then applied to an agarose gel,
and after electrophoresis was stained with ethidium bromide.

2.2.3: A-T ligation

Because more than 70% of PCR products have an unpaired dA at their 3’ end (added by Taq DNA
polymerase) (41),  a linearized  pPCR II vector that contains an unpaired dT at its 5’ end was used
for cloning of PCR products.  Alternatively, 5 µg circular pBluescriptII SK+ vector plasmid was
digested by a blunt end restriction enzyme EcoR V, extracted with phenol : chloroform : isoamyl
alcohol (25 : 24 : 1), then incubated with 0.1 µmol of dTTP and 5 units of Taq DNA polymerase in
PCR reaction buffer, containing 1.5 mM MgCl2, 50 mM KCl and 10 mM Tris-HCl (pH 8.3) at
72°C  for 1 hour (42).  Ligation of the insert and the vector was carried out at 16°C overnight.  

2.2.4: Transformation of XL1-Blue cells

Competent cells (XL1-Blue) were stored at -80°C.  The cells were thawed on ice, then ß-
mercaptoethanol (final concentration of  25 mM) and the ligation mixture were added.  The reaction
tube was  incubated on ice for 30 min, then the cells were heat-shocked at 42°C for 45 seconds and
chilled on ice for 10 min.  After one hour at 37°C, transformed cells were plated on LB-ampicillin
plates containing 100 µg X-gal and 500 µg IPTG.  The plates were incubated at  37°C for at least
16 hours, then transferred to 4°C for color development.  White colonies were selected as positive
(39).

2.2.5: Plasmid purification

Cells grown overnight (about 1.5 ml) were pelleted by centrifugation at 15,800 x g for 30 sec, then
resuspended in 200 µl ice cold 50 mM glucose, 10 mM EDTA in 25 mM Tris-HCl (pH 8.0).  Four
hundred microliters of freshly prepared 0.2 N NaOH, 1% SDS was then added to the
resuspension.  After 5 min incubation on ice, 300 µl 7.5 M NH4OAc and 12 µg RNase A were
added.  After centrifugation at 15,800 x g for 15 min, the supernatant was transferred to clean
tubes.  The DNA was precipitated by adding an equal volume of isopropanol, and incubation at
room temperature for 30 min.  The DNA pellet was washed with 70% ethanol, resuspended in 50
µl Milli Q water, and then stored at -20°C (39).

2.2.6: Sequencing of DNA

DNA sequence was performed by using the dideoxy (Sanger) method (43).  Double-stranded DNA
template was used.  Some samples were sequenced by automated sequencing at the University of
Virginia.  Sequence information was analyzed using the dnastar computer program.
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2.2.7: Random primer method for radiolabeling of DNA

The PCR product (50 ng) was diluted with Milli Q water to 9 µl, and heated at 100°C in a
thermocycler for 10 min.  After centrifugation at 15,800 x g for two sec at 4°C, the tube was
cooled on ice, then 0.5 mM each of dCTP, dGTP and dTTP, 2 µl hexanucleotide mixture and 50
µCi of  [α - 32P] dATP was added.  The reaction was started by addition of 2 units of  Klenow
fragment DNA polymerase.  The tube was incubated at room temperature overnight or 37°C for
one hour. Unincorporated  [α - 32P] dATP was removed by passing the reaction through a G-25
Biospin column.

2.2.8: Southern-blot analysis

RNase treated genomic DNA (10 µg) was digested with several restriction enzymes.  After
electrophoresis on an 0.8% agarose gel, the DNA was transferred to a nitrocellulose filter by
capillary  action overnight with 20 x SSC, then fixed on the filter by baking at 80°C for 2 hours
under vacuum.  Hybridization was carried out at 42°C overnight under stringent contains 6 x SSC,
1 x Denhardt’s solution, 0.1% SDS, 200 µg / ml herring sperm DNA containing 50% formamide,
and  [α - 32P] dATP labeled PCR product as the probe (10 ng / ml of hybridization solution,
approximately 108 cpm / µg).  The filter was washed in 0.1% SDS and 1 x SSC at room
temperature, then in 0.1% SDS and 0.25 x SSC at 42°C.  The air dried filter was exposed to
Kodak X-ray film overnight at -70°C (44).

2.2.9: Screening an EcoR I partial genomic library

A dilution series of an EcoR I partial genomic DNA library (prepared by Y. Yin) was carried out
before the screen.  The library cells were diluted 1:500 in LB-ampicillin media, then plated on
filters, and grown overnight at 37°C.  Replica filters were made and grown at 37°C overnight
while original cells were grown at room temperature.  The cells on replica filters were denatured in
0.5 N NaOH, neutralized in 1 M Tris-HCl (pH 7.5) and further neutralized in 1.25 M NaCl and
0.5 M Tris (pH 7.5) (45).  The filters were air-dried, then baked in a vacuum-oven at 80°C for 90
min.  Hybridization was carried out at 65°C overnight with  [α - 32P] dATP labeled PCR fragment
probe (10 ng / ml of hybirdization solution, approximately 108 cpm / µg),  1% BSA, 1 mM EDTA,
7% SDS and 200 µg / ml  herring sperm DNA in  0.5 mM Sodium phosphate (pH 7.2).  Filters
were washed with 0.5% BSA, 1 mM EDTA, 5% SDS and 40 mM Sodium phosphate (pH 7.2) at
room temperature,  then washed with 1 mM EDTA, 1% SDS and 40 mM Sodium phosphate (pH
7.2) at 65°C.    Autoradiography was done by exposing the filters to Kodak X-ray film.  Positive
colonies were picked from the original filters according to the signals on the replica filters.  Cells
were plated on LB plates, grown overnight at 37°C, then copied to filters.  The filters were
screened again, this time, single colonies were picked and grown in LB-ampicillin media.  After
plasmid purification, the DNA was subjected to Southern-blot analysis and sequencing.

2.2.10: Inverse PCR

Ten micrograms of a mixed plasmid preparation from the EcoRI partial genomic DNA library was  
digested overnight at 37°C by 50 units of  Hind III.  The DNA was extracted with phenol :
chloroform : isoamyl alcohol (25 : 24 : 1).  Self-ligation was carried out at 16°C overnight in a 100
µl ligation mixture containing 15 units of T4 DNA ligase, 6 µg  digested plasmid DNA, 10 mM
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MgCl2, 10 mM dithiothreitol, 1 mM ATP, 25 µg / ml bovine serum albumin in 50 mM Tris-HCl
(pH 7.5).  The ligated sample was then extracted with an equal volume of phenol : chloroform :
isoamyl alcohol and the aqueous phase was transferred to clean tubes.  The DNA was precipitated
with 1 / 10 volume of 3 M of sodium acetate and 2 volumes of 100% ethanol.  The DNA pellet was
collected by centrifugation and washed with 70% ethanol.  The DNA concentration was determined
by the ethidium bromide dot method.

The PCR was performed manually in reactions containing 100 ng of circularized DNA obtained as
described above, in the presence of  25 pmol of each primer and 10 nmol dNTPs, 1.5 mM MgCl2,
50 mM KCl in 10 mM Tris-HCl (pH 8.3).  After heating at 75°C for two and half minutes, 1 unit
of Taq DNA polymerase was added to the reaction tubes.  Forty cycles of PCR reaction was
carried out with denaturation for 30 seconds at 94°C, annealing for 30 seconds at 55°C and
extension for 90 seconds at 72°C.  The inverse PCR product was analyzed on a 0.8% agarose gel.

2.2.11: Enrichment PCR

Two rounds of amplification were involved in this PCR reaction;  the initial round was carried out
with only one gene-specific primer (46).  The 25-µl PCR reaction contained 1.5 mM MgCl2, 50
mM KCl, 5 nmol of each dNTP, 250 ng of genomic DNA and 12.5 pmol of primer clr1 or clr2 in
10 mM Tris-HCl (pH 8.3).  After heating at 75°C for two and half minutes, 1 unit of Taq DNA
polymerase was added to the mixture, then 50 cycles of PCR was performed with 30 seconds
denaturation at 94°C, 30 seconds annealing at 50°C and 2 minutes extension at 72°C.  The second
round of amplification began after adding 12.5 pmol of oligo(dT)15 and 1 unit of Taq DNA
polymerase.  Forty more cycles were carried out with 30 seconds denaturation at 94°C, 30 seconds
annealing at 50°C and 2 minutes extension at 72°C.  The reaction mixture was kept at 80°C
between the first round and the second round.

2.2.12: Construction of a sub-genomic DNA library

Ten micrograms of RNase-treated genomic DNA was digested overnight with 50 units of Hind III.
The DNA was ethanol precipitated and separated on a 0.7% agarose gel.  After electrophoresis, the
DNA fragments from 3 kb to 4 kb were separated into 6 fractions (according to the results of
Southern blotting) and then cut out from the gel.  DNA was purified from the agarose gel pieces by
using the Geneclean Kit.  PCR reactions with clr3 and clr2 as the primer pair were carried out to
estimate which fraction contained the C-terminal gene of the large subunit.  The fraction containing
the gene was used for ligation with the pBluescript vector at 16°C overnight.  The ligated DNA
was transformed into XL1-Blue competent cells, single white colonies were picked from the
transformation plates, and grown in LB-ampicillin media.  

2.2.13: Screening of the sub-genomic DNA library

Two hundred and twenty five single white colonies from the transformation plates were selected
and grown separately in culture tubes with 3 ml LB-ampicillin medium overnight at 37°C.  The
tubes were arranged into 15 rows and 15 columns (15 x 15), for a total of 225 tubes.  One hundred
microliters of cell culture was removed from each tube of a single row then was added to a pooled
“row tube”.  Similarly, 100 µl of cell culture from each tube of a single column was added to a
pooled “column tube”, giving a total of 15 pooled “row tubes” and 15 pooled “column tubes”.
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Minipreps were prepared on each of the 30 pooled tubes,  and restriction enzyme digestion analysis
was performed on these 30 purified plasmid mixtures.  In addition, the pooled tubes were sorted
into 5 rows and 6 columns, as described above, giving a total of 11 tubes.  PCR reactions on these
11 tubes were carried out by using clr1 and clr2 as the primers.

The 15 x 15 arrangement makes it possible to select one positive single colony from 225 colonies.
The positive colony was grown in LB-ampicillin media, then the plasmid was purified by using
maxiprep columns provided by Qiagen.  The plasmid DNA was verified by sequencing.

2.3: Analysis involving RNA

2.3.1: Isolation of RNA

Total RNA was isolated from different developmental time points (0, 4, 8, 12, 16 and 20 hr) by
the guanidinium thiocyanate method (47, 48).  Cells were washed from the surface of the
membrane with Milli Q water, then pelleted by centrifugation at 1,300 x g for 3 min.  Cells were
lysated by incubation with a denaturing solution, containing 4 M guanidinium thiocyanate, 0.1 mM
ß-mercaptoethanol 0.5% of N-lauroylsarcosine and 25 mM sodium citrate (pH 7).  The pH of the
solution was lowered to 4.0 by adding 2 M sodium acetate.  Total RNA was extracted by water-
saturated phenol and then with chloroform : isoamyl alcohol (49:1), precipitated with isopropanol,
and washed with 75% ethanol.  The RNA pellet was resuspended in RNase free water, and stored
at  - 70°C.  The total RNA concentration and purity was determined from the ratio of the
absorbencies at 260 nm and 280 nm.

2.3.2: labeling the 5’ end of the primer with  [γ - 32P] ATP

The reaction mixture contained 15 units of T4 polynucleotide kinase, 10 pmol of primer, 30 µCi of
[γ - 32P] ATP, 10 mM MgCl2 and 5 mM dithiothreitol in 70 mM Tris-HCl (pH 7.6).  After
incubation at 37°C for 1 hr, the enzyme was denatured at 65°C for 20 min.  The unincorporated [γ
- 32P] ATP was removed by passing  the sample through a G-25 Biospin column.

2.3.3: Primer extension

Ten microgram of  total RNA suspended in 10 µl nuclease-free water was mixed with 1 pmol of  [γ
- 32P] ATP-labeled primer in a RNase free tube in a total volume of 11.5 µl.  The mixture was
boiled for 2 min then cooled on ice.  Extension of the hybridized primer was carried out by
addition of 700 nmole of each dNTP, 50 units of Moloney murine leukemia virus (M-MuLV)
reverse transcriptase  and reaction buffer containing 8 mM MgCl2 and 10 mM dithiothreitol in 50
mM Tris-HCl (pH 8.3).  The final volume was 15 µl.  The  reaction mixture was incubated at
42°C for 30 minutes, then 10 µl of gel loading buffer, containing 95% formamide, 20 mM EDTA,
0.05% bromphenol blue and 0.05% xylene cyanol was added.  The extension product was
analyzed on a 6% polyacrylamide sequencing gel (49).  



9

2.3.4: Northern blot analysis

Total RNA ( 4 - 10 µg depending on the experiment) was loaded into each lane of an agarose/
formaldehyde gel (50).  After electrophoresis at 100 V for 3 hr, the RNA was transferred to a
nitrocellulose filter by capillary action overnight, then fixed on the filter by baking at 80°C for 2
hours. Hybridizations were under stringent conditions of 50% formamide, 6 x SSC, 1 x
Denhardt’s solution, 0.1% SDS  and 200 µg herring sperm DNA at 42°C overnight.  Probes were
made from PCR products, labeled by the random primer method.  Hybridized filters were washed
in 0.1% SDS and 2 x SSC at room temperature, then in 0.1% SDS and 0.2 x SSC at 42°C.
Autoradiography was done by exposing the filters to Kodak X-ray film at -70°C (51).

2.3.5: Reverse transcription PCR (RT-PCR)

One  microgram of total RNA, resuspended in nuclease free water (ranging from 0.63 µl to 1.2 µl)
was heated at 90°C for 5 minutes, then put on dry ice for 1 minute.  After the RNA thawed on ice,
50 pmol of oligo(dT)15  primer and AMV / Tfl buffer was added.  Incubation was carried out at
4°C for 15 minutes.  A mixture was prepared containing 10 nmol of each dNTP, 50 pmol of each
gene-specific primer, 5 units of AMV reverse transcriptase and 5 units of Tfl DNA polymerase in
AMV / Tfl buffer, in a final volume of  50 µl.  First strand cDNA was synthesized by incubation at
48°C for 45 min;  then 40 cycles of normal PCR was carried out with denaturation at 94°C for 30
seconds, annealing at 55°C for 30 minutes and extension at 72°C for 30 seconds.  Products were
analyzed on an 0.8% agarose gel.
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Chapter 3. Results

3.1: Purification of genomic DNA

In order to clone the large and middle sized subunits of replication protein A, genomic DNA was
purified from undifferentiated cells.  After incubation with varied amounts of RNase A (range from
10 ng -2 µg / µg genomic DNA), the genomic DNA could be seen as a broad band at 6,000 bp and
higher on an ethidium bromide stained agarose gel (Fig. 3).  No degradation of the genomic DNA
was found.  The band below 500 bp was the RNA, as indicated by the loss of this band when
incubated with different amounts RNase (Fig. 3, lane 3 - 8).  In order to determine if the genomic
DNA contained sequences of known genes, PCR reactions with varied primer pairs (for different
genes) were carried out.  All PCR reactions produced bands of the expected size (Fig. 4).  Several
different restriction enzymes were used to digest the newly purified genomic DNA, producing
variable size fragments on the ethidium bromide stained gel (Fig. 5).

3.2: Purification of total RNA

In order to determine the mRNA size of replication protein A large and middle subunit , total RNA
was purified from both undifferentiated and differentiated (slug) cells.  The concentration of RNA
was measured on a spectrophotometer at 260 nm.  The purity of the RNA was tested by comparing
the ratio of the absorbencies at 260 and 280 nm; the ratio for RNA from both stages was larger
than 1.8 indicating no genomic DNA contamination (Fig. 6).  From a denaturing gel, the 17S
rRNA band could be seen in both RNA samples, but the 26s rRNA band in RNA purified from
undifferentiated cells was not present (Fig. 7).  No degradation of RNA or contamination with
genomic DNA was found on the denaturing gel.  Also, RT-PCR was carried out using primers
corresponding to sequences from the Dictyostelium glycogen phosphorylase-2 (GP2) gene (Fig.
8).  Primers designed to bridge an intron were used, so that the PCR product using genomic DNA
as template could be compared to RNA as template.  The RT-PCR product using RNA as template
was approximately 450 bp, while from genomic DNA as template was 580 bp.  Thus, the RNA
sample contained mRNA for GP2 and was not contaminated with enough DNA to produce the
genomic PCR product.

For northern analysis of mRNA expression, total RNA was purified from 0, 4, 8, 12, 16 and 20
hr developmental time point cells.  The concentration and the purity of the RNA was measured by a
spectrophotometer (Fig. 9).  In all time points the A260 / A280 ratio was 1.9 to 2.0.  From the
denaturing gel, both 26S rRNA and 17S rRNA was seen in all samples (Fig. 10).

(Figure 3.  RNase A digestion of purified genomic DNA.  PDF,  1.3 Megabytes)
(Figure 4.  Test for the presence of some known genes in the purified genomic 

DNA.  PDF, 1.3 Megabytes)
(Figure 5.  Restriction enzyme digestion of genomic DNA. PDF,  1.3 Megabytes)
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3.3: Cloning of the large subunit gene of RPA

3.3.1: PCR with degenerate primers (touchdown PCR)

In order to obtain a probe with which to screen a library for the RPA gene, PCR amplification was
attempted.  Because the location of the peptide sequence was unknown, two pairs of degenerate
primers (81-1 ↔ 81-2c  or 81-2  ↔ 81-1c) were used.  Genomic DNA served as the template.
Because conventional PCR did not yield a product, touchdown PCR had to be carried out.  A PCR
product of 800 bp was amplified when the primer pair 81-2 (sense) and 81-1c  (antisense) was
used (Fig. 11).

3.3.2: Cloning of the touchdown PCR product

The PCR product was removed from a low melting agarose gel and passed through a PCR
purification column as described in Methods and Materials.  After ligation with the pPCR II vector,
the plasmid was transformed into XL1-Blue competent cells.  BamH I and EcoR I single
digestions were carried out after plasmid purification to determine presence of an insert (Fig. 12).
BamH I linearized the plasmid as indicated by the 4,700 bp band.  Three bands were present in
EcoR I single digested sample; the 3,900 bp band was the pPCR II vector; the 800 bp insert was
separated into two bands of 600 bp and 200 bp.  I found later that one EcoR I site was present in
the touchdown PCR product.

3.3.3: Sequencing of the cloned touchdown PCR product

In order to determine if the cloned touchdown PCR product represented a segment of the
Dictyostelium RPA, the insert was sequenced and compared to RPA sequences from other
organisms.  Both T7 and M13 reverse primer were used in sequencing the cloned PCR product

(Figure 6.   Determination of the concentration and purity of purified total 
RNA.  PDF,  1.3 MB)

(Figure 7.    Denaturing gel electrophoresis of total RNA.  PDF,  1.3 MB)
(Figure 8.   Test for genomic DNA contamination of the total RNA by reverse 

ranscriptase PCR of the gp2 gene.  PDF,  1.3 MB)
(Figure 9.   Determination of the concentration and purity of purified total RNA 

from six different developmental stages.  PDF,  1.3 MB)
(Figure 10.  Denaturing gel electrophoresis of total RNA  from six different 

developmental stages.  PDF,  1.3 MB)

(Figure 11.  Touchdown PCR with degenerate primers for the DdRPA1 gene.  
PDF, 1.3 Megabytes)

( Figure 12.  Restriction enzyme digestion of the cloned DdRPA1 touchdown 
PCR fragment.  PDF,  1.3 Megabytes)
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(Fig. 13).  These sequences revealed an open reading frame without introns (introns are easily
identified in Dictyostelium  because of their high A/T-rich sequence).  That the PCR product
represent the gene for the 62 kDa (81 kDa) subunits was confirmed by translating the DNA to
amino acid sequence, then comparing with the known internal peptides sequences (Fig. 14).  Not
only were the primer sequences found, but also the transcribed sequence 3’ to the primers matched
the protein sequence from the original peptide sequence.  In addition, one EcoR I site (GAATTC)
was found about 200 bp away from the 5’ end of the PCR product (Fig. 15), thus explaining the
EcoR I digestion pattern shown in Fig. 12.

3.3.4: Screening of an EcoR I partial genomic library

The 800 bp PCR product was 32P labeled, and used as a probe to screen an EcoR I partial library.
Before the screening, PCR was carried out on the library cells to test that the partial library
contained the large subunit gene(s).  Three out of five library tube mixtures gave a positive signal
(Fig. 16).  After the screening, a total of twenty plasmids with the same restriction enzyme
digestion pattern were selected as positive.  All of them had two EcoR I fragments of about 2,000
bp and 1,000 bp inserted into pBluescript II vector (Fig. 17).  Some of the positive plasmids were
subjected to Southern blot analysis using the PCR product as the Probe.  I found that only the
2,000 bp fragment contained the known DNA sequence, because it hybridized with the PCR
product probe (Fig. 18).  All of the 20 positive plasmids selected from the EcoR I partial library
contain the  1,000 bp insert, most likely because this insert is linked to the 2,000 bp fragment on
the genome.  From the results of EcoR I digestion of the 800 bp PCR product, part of the gene
was not included in this plasmid (Fig. 19).

(Figure 13.  DNA sequencing of the PCR fragment for the DdRPA1 gene.  PDF,  
1.3 Megabytes)

(Figure 14.  Comparion between peptide sequence and derived DNA sequence 
` for the DdRPA1 subunit.  PDF,  1.3 Megabytes)

(Figure 15.  Map of the cloned touchdown PCR fragment for the DdRPA1.  PDF,  
1.3 Megabytes)

(Figure 16.  Test of the EcoR I partial genomic DNA library for the presence
of the DdRPA1 genes by using PCR.  PDF,  1.3 Megabytes)

(Figure 17.  Restriction enzyme digestion of plasmid DNA from EcoR I partial 
library for the N-terminal region of the DdRPA1 gene.  PDF,  1.3 
Megabytes)

(Figure 18.  Restriction enzyme digestion and Southern analysis of plasmids 
that were selected from the EcoR I partial library.  PDF,  1.3 
Megabytes)

(Figure 19.  Map of the positive plasmid obtained from the EcoR I partial 
genomic library for the N-terminal region of the DdRPA1 gene.  
PDF,  1.3 Megabytes)
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3.3.5: Sequencing of the EcoR I fragment

Both sense and antisense gene-specific primers for the large subunit (clr1 and clr2) were used for
sequencing.  Only the sense primer clr1 gave positive sequence information. Thus, the plasmid
from the EcoR I partial library contains the N-terminal region of the large subunit (Fig. 20).
Several sequencing primers were then designed for complete sequencing of the insert (Fig. 47).
The DNA was sent to the University of  Virginia for automated sequencing (see below).

Analysis of the sequence revealed about 1,200 bp of an open reading frame, and about 700 bp of
very A/T-rich sequence.  This region is either a large intron (introns in Dictyostelium  are about
200 bp average size) or the promoter of the large subunit gene.

3.3.6: Genomic Southern blot analysis for the 62 kDa (81 kDa) subunit

Genomic DNA was digested overnight by Acc I, BamH I, EcoR  I, Hind  III, Kpn I, Not  I, Pst  I
and Xho  I (see Fig. 5), then analyzed by Southern blotting using the 800 bp PCR product of the
62 kDa (81 kDa) subunit as the probe (Fig. 21).  Two fragments with sizes of about 2,000 bp and
6,500 bp in the EcoR  I digested sample were found hybridizing with the probe; this result
confirmed the previous finding that an EcoR I site is present in the PCR fragment.  The 2,000 bp
fragment appeared to be the insert that hybridized with PCR probe when screening the EcoR I
partial library as described above (only based on the size identity).  Hind III digested genomic
DNA showed a positive signal at 3,600 bp region.  A fragment of about 3,000 bp was found in
Kpn  I digested sample.  No fragment smaller than 5,000 bp hybridized with probe in any of the
other restriction enzyme digested samples.

3.3.7: Inverse PCR using the plasmid DNA from the EcoR I partial library

From the genomic Southern blot, I found that one Hind III fragment could hybridize with the
probe.  The size of this fragment was about 3,600 bp (compared to the molecular weight standard
on an agarose gel).  From the known N-terminal DNA sequence obtained from the positive
plasmid that was selected from the EcoR I partial library, one Hind III site was found about 1,400
bp away from the 3’ EcoR I site; thus the other Hind III site must be represented in the 6,500 bp
EcoR I fragment.  Because more than 85% of the gene (encoding the N- terminal region of the
large subunit) was included in the 2,000 bp EcoR I fragment, only about 500 bp of the C-terminal
sequence remained to be determined.  Therefore, the inverse PCR product should encode the
complete C-terminal region of this subunit (Fig. 22).  Two gene specific primers that span the

(Figure 20.  DNA sequencing of the plasmid obtained from EcoR I partial 
library for the N-terminal region of the DdRPA1 gene.  PDF,  1.7 
Megabytes)

(Figure 47.  Primers map for the DdRPA1 gene.  PDF,  1.3 Megabytes)

(Figure 5.  Restriction enzyme digestion of genomic DNA.  PDF,  1.3 
Megabytes)

(Figure 21.  Genomic DNA Southern analysis of the DdRPA1 gene.  PDF,  1.3 
Megabytes)
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EcoR I site were used to insure the plasmid containing both 2,000 bp and 6,500 bp EcoR I
fragment exists in the partial library (see Fig. 14).  After digestion of the plasmids from  the EcoR I
partial library with Hind III, self-ligation was carried out, and then the ligated product was used for
PCR analysis.  One band of about 2,250 bp was obtained using the inverted PCR procedure (Fig.
23).  To confirm that this fragment contained the region of interest, I used Nested-PCR (Fig. 24),
Southern blot analysis (Fig. 25) and inverse PCR with different primers (Fig. 26).  All of them
confirmed that this fragment was the region of interest.  The inverse PCR product has been cloned
(Fig. 27), but no sequence information has yet been obtained from this construct, for as described
below the same fragment was obtained by another method.

3.3.8: Enrichment PCR predicts an intron in the unknown C-terminal gene of the
large subunit

As a further attempt to obtain the C-terminal region, I used enrichment PCR with either clr1 or clr3
as the gene specific primer, and polyT as the enrichment primer.  The predicted product size for
clr1-polyT was about 1,300 bp or 1,100 bp for clr3-polyT. However the products obtained from
the enrichment PCR were 300 bp smaller than the predicted size (Fig. 28).  Because the polyT
primer used in the enrichment PCR procedure could bind to any A rich sequence, I predicted there
was an intron in the unknown sequence.  To test this hypothesis, a new primer was designed
corresponding to the region just preceding the unknown sequence, and was used for the
enrichment PCR.  Two bands of about 350 bp and 750 bp were found (Fig. 29). Because an
introns of Dictyostelium are about 100 bp to 200 bp long, the results suggested the presence of the
intron and that it was located about 350 bp away from the known sequence.

(Figure 14.  Comparion between peptide sequence and derived DNA sequence 
for the DdRPA1 subunit.  PDF,  1.3 Megabytes)

(Figure 22.  Outline for inverse PCR for the C-terminal region of the DdRPA1 
gene.  PDF,  1.3 Megabytes)

(Figure 23.  Inverse PCR for the C-terminal region of the DdRPA1 gene.  PDF,  
1.3 Megabytes)

(Figure 24.  Nested  PCR confirmation of inverse PCR fragment.  PDF,  1.3 
Megabytes)

(Figure 25.  Southern analysis of the cloned inverse PCR product for the C-
terminal region of the DdRPA1 gene.  PDF,  1.3 Megabytes)

(Figure 26.  Inverse PCR with clr1 and Uva3  primers for the C-terminal region 
of the DdRPA1 gene.  PDF,  1.3 Megabytes)

(Figure 27.  Restriction enzyme digestion  of the cloned inverse PCR fragmen.  
PDF,  1.4 Megabytes)

(Figure 28.  Enrichment PCR predicts an intron in the C-terminal region of the 
DdRPA1 gene.  PDF,  1.3 Megabytes)

(Figure 29.  Enrichment PCR with clr10 and oligo(dT) primers predicts of an 
intron in the C-terminal region of the DdRPA1 gene.  PDF,  1.3 
Megabytes)
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3.3.9: Construction of a Hind III sub-genomic DNA library containing the C-
terminal coding region of the large subunit

Genomic DNA was singly digested by Hind III or EcoR I or double digested by Hind III and
EcoR I (Fig. 30).  Southern-blot analysis was carried out using the 800 bp touchdown PCR
product as the 32P labeled probe (Fig. 31).  Double bands were expected from the EcoR I single as
well as the EcoR I and Hind III double digested DNA samples.  As predicted, the EcoR I single
digestion resulted in one band of 2,000 bp and the other about 6,500 bp (Fig. 31 A, lane 3).  The
2,000 bp band contained the N-terminal coding sequence of the large subunit gene which I had
already obtained from the EcoR I partial DNA library, and the 6,500 bp band contained the C-
terminal coding sequence.  The EcoR I and Hind III double digestion produced two bands of about
700 and 3,000 bp (Fig. 31 A, lane 4).  According to the known sequence information of the large
subunit, the distance between Hind III and EcoR I site is 712 bp (the lower band), and, therefore,
the 3,000 bp band contained the C-terminal coding sequence.  For the Hind III single digested
DNA sample, one band with the size of 3,600 bp was found (Fig. 31, lane 1).

Hind III single digestion was chosen for the construction of the sub-genomic library, because: (1)
compared to the 6,500 bp EcoR I band, this fragment was easier to clone into pBluescript II
vector, and (2) only one restriction enzyme digestion was involved.  After digestion with Hind III
and electrophoresis on a 0.7% agarose gel, genomic DNA fragments ranging from 3,000 bp to
4,000 bp were cut into six fractions (Fig. 32).  PCR reactions using primers clr3 and clr2 revealed
that fraction V contained the highest level of the fragment of interest (Fig. 33).  Those fragments in
fraction V were ligated to Hind III-digested pBluescript II vector, then transformed into XL1-Blue
competent cells.

3.3.10: Screening of the Hind III sub-genomic DNA library for the C-terminal
coding region of the large subunit

Two hundred and twenty five single colonies were selected and arranged into 15 columns and 15
rows (Fig. 34).  Plasmid minipreps were prepared from the 15 pooled column tubes and 15 pooled
row tubes as described in Methods and Materials.  After the purification, the 30 plasmid
preparations were subjected to Hind III digestion.  Fig. 35 shows that the 2,900 bp vector band
was the most abundant band on the gel, and insert sizes ranged from 3,000 bp to 4,000 bp.
However the majority of the inserts obtained were approximately 3,500 bp.

PCR reactions with clr1 (sense) and clr2 (antisense) as the gene specific primer were carried out on
the 30 purified plasmid mixtures.  Only column #O did not have a PCR product band at the
expected 800 bp, the other columns and all the rows gave a positive PCR product band (Fig. 36).
Therefore, at least one positive colony was present in each row or column except column #O.  For

(Figure 30.  Outline for construction and screening of Hind III genomic DNA 
sub-library.  PDF,  1.3 Megabytes)

(Figure 31.  Southern analysis for construction of genomic sub-library.  PDF,  
1.3 Megabytes)

(Figure 32.  Agarose gel purification of fractions of genomic DNA Hind III 
fragments.  PDF,  1.3 Megabytes)

(Figure 33.  PCR assay of fractions of genomic DNA fragments from Hind III 
digestion.  PDF,  1.3 Megabytes)
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the secondary screening of this sub-library, row #6, containing single colonies #75 to #90 was
selected (Fig. 34); each single colony was grown and subjected to plasmid purification (total 15
reactions).  Restriction enzyme digestion with Hind III as well as Hind III and EcoR I double
digestion were used for the screening.  Colony  #83 had the correct digestion pattern (Fig. 37).

After a MAXIprep of the plasmid from colony #83 (named pXW6) was obtained, the plasmid was
subjected to several different PCR reactions.  In one reaction, two gene specific primer pairs were
used, clr1 (sense) ↔ clr2 (antisense) and clr3 (sense) ↔ clr2 (antisense); both reactions produced
the expected fragments (Fig. 38).  If the PCR reaction was carried out by using two gene specific
primers, one of which was known to be absent in this construct, no product was found in the #83
plasmid (Fig. 39).  The orientation of the insert was identified by using one sense direction gene
specific primer (clr9 or clr10) and M13 reverse or T7 vector primer to perform PCR reactions.  No
band was found when T7 was the vector primer.  PCR products at the size of 2,500 bp or 2,400
bp were found when clr9 ↔ M13 reverse primer or clr10 ↔ M13 reverse primer were the primer
pairs, respectively.  The known distance between clr9 and clr10 is 100 bp, and they are about
2,000 bp away from the C-terminal Hind III site (Fig. 40 and see Fig. 30).

BamH I, Hind III or EcoR I single digestion as well as Hind III and EcoR I double digestions
were performed to further validate the newly cloned insert as the 3’ sequence (Fig. 39).  BamH I
linearized the plasmid, yielding a single band at about 6,000 bp.  Two bands about 3,600 bp and
2,900 bp appeared in both Hind III or EcoR I single digested samples.  Hind III digestion
separated the vector and the insert while the EcoR I digestion cut the insert into two parts with sizes
of 712 bp and 2,900 bp.  The vector was still linked to the 712 bp insert, and appeared as a band
of 3,600 bp.  Two bands were seen when the plasmid was digested with EcoR I and Hind III:
2,900 bp and 712 bp.  The distance between the EcoR I site and the Hind III site within the large
subunit was 712 bp, as predicted from the known sequence.  Two bands share the same size of
2900 bp, the vector and part of the insert (Fig. 42).

 (Figure 34.  The arrangement of the colonies for screening of the Hind III 
genomic DNA sub-library.  PDF,  1.3 Megabytes)

(Figure 35.  Plasmid mixtures purified from the Hind III genomic DNA sub-
library.  PDF,  1.3 Megabytes)
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3.3.11: Sequencing of the screened plasmid

Sequencing reactions with clr1 or clr4 primer were performed, and both confirmed the fragment as
the C-terminal coding region.  Further sequencing of this plasmid revealed an extremely A/T-rich
region approximately 300 bp away from the clr10 sequencing primer.  An intron splicing site
“     G     AAT” was found (Fig. 43).

3.4: Characterization of the large subunit gene

3.4.1: Sequence analysis of the gene encoding the large subunit

Sequences of the N-terminal region that were obtained from the EcoR I partial genomic DNA
library were fused with the C-terminal region as derived from Hind III sub-genomic DNA library
(Fig. 44).  An open reading frame of 2,028 bp was observed.  The first ATG (start codon for
translation) appeared after more than 700 bp of an A/T-rich sequence.  An oligo A run (seven
residues) was found directly upstream of the first ATG codon for translational initiation.  This is a
typical structure at the translational start site of Dictyostelium  genes. Introns in Dictyostelium are
very A, T rich, but typically contain about 100 bp to 200 bp.  Thus, this A, T rich region is
probably the promoter region of the large subunit.

(Figure 36.  PCR screening of the Hind III genomic DNA sub-library for the C-
terminal region of the DdRPA1 gene.  PDF,  1.3 Megabytes)

(Figure 37.  Restriction enzyme digestion screening of the Hind III genomic 
DNA sub-library.  PDF,  1.3 Megabytes)

(Figure 38.  PCR confirmation of the  positive  plasmid with clr1, clr3 and clr2 
primers for the C-terminal region of the DdRPA1 gene.  PDF,  1.3 
Megabytes)

(Figure 39.  PCR confirmation of the positive plasmid with uva2 and uva3 
primers for the C-terminal region of the DdRPA1 gene.  PDF,  1.3 
Megabytes)

(Figure 40.  PCR confirmation of the positive plasmid with clr9,  clr10 and M13 
reverse primers  for the  C-terminal region of the DdRPA1 gene.  
PDF,  1.3 Megabytes)

(Figure 41.  Restriction enzyme digestion of the positive plasmid containing the 
C-terminal region of the DdRPA1 gene.  PDF,  1.3 Megabytes)

(Figure 42.  Map of the positive plasmid containing the C-terminal region of 
the DdRPA1 gene.  PDF,  1.3 Megabytes)

(Figure 43.  DNA sequencing confirmation of the positive plasmid containing 
the C-terminal region of the DdRPA1 gene.  PDF,  1.3 Megabytes)

(Figure 44.  Complete sequence information of DdRPA1.  PDF,  1.3 Megabytes)
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3.4.2: Primer Extension to determine the start site of transcription

To locate the transcription start site, total RNA from both undifferentiated and differentiated (slug)
stage was used as template for the reverse transcriptase reaction.  Primer extension with a primer
near the first ATG produced a band at the same position for RNA from both stages;  the band was
about 300 bp upstream of the ATG.  A second primer was used to confirm the location of the
transcription start site.  This reaction terminated at same location as did the first primer (Fig. 45).
Thus the transcription start site for the gene encoding the 62 kDa (81 kDa) subunit was identified at
a position 306 bp upstream  of the first ATG.  Though the size of the large subunit peptide is
different between differentiated and undifferentiated cells, they share the same transcription start
site (Fig. 46).

3.4.3: Sequence comparison of the large subunit

Sequence comparison to GenBank indicates that the 62 kDa (81 kDa) subunit has high homology
(54.9%) with the large subunit of human replication protein A (huRPA70).  The central part of the
sequence was more conserved than the N-terminal or the C-terminal region (Fig. 47).  The only
proteins producing high-scoring segment pairs from a search of GenBank were those of the large
subunit of replication protein A from several species.

3.4.4: Northern blot analysis of the 62 kDa (81 kDa) gene

In order to determine the size of the mRNA for the large subunit, the same amount of total RNA
purified from both undifferentiated and differentiated (slug) cells was separated on a denaturing gel
along with a RNA standard marker.  Half of the gel was stained with ethidium bromide, the other
half was transferred to a filter.  The 800 bp PCR fragment was used as probe.  I found that the
mRNA coding for this subunit is the same size at the two stages, despite the fact that the size of the
peptide is different between the two stages.  The size of the mRNA is about 2,550 nt according to
the RNA standard and the two rRNA bands as observed on the stained part of the gel (see Fig. 7
and 48).  According to the size of the protein, 81 kDa, and the calculation equation, (81,000 / 110)
x 3, I estimate that about 340 bp sequence is nontranslated sequence.

To determine the mRNA expression level during development, 4 µg total RNA purified from
different developmental time points were subjected to northern blot analysis (Fig. 49).  The same
membrane was reprobed using a Dictyostelium actin8 probe (Fig. 50).  The intensity of the bands
on both films were compared by using “NIH image macro plot software”.  It has been reported that
the expression level of actin8 mRNA is constant throughout development, then decreased
dramatically at 20 hr (about 25.6 fold comparing to 12 hr expression) (52).  The 12 hr actin8
reading was set as the standard, and the readings in other time point samples were compared to this

(Figure 45.  Identification of the  transcription start site of the gene encoding the  
DdRPA1 by  primer extension.  PDF,  1.3 Megabytes)

(Figure 46.  Primer map for the DdRPA1 gene.  PDF,  1.3 Megabytes)

(Figure 47.  Comparison of the protein sequence between DdRPA1 and human 
RPA large subunit.  PDF,  1.3 Megabytes)
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value.  The difference between the readings in each sample was considered as experimental error.
The error rate for each sample was determined by using the equation: error rate = (sample reading
in other time points) / (sample reading at 12 hr).  On the RPA probed film, the 12 hr reading was
also set as the standard, and each sample in other time points was compared to the 12 hr reading.
The expression level of RPA during the development was estimated using the equation: the
expression level = [ (RPA sample reading in other time points) / (RPA sample reading at 12 hr) ] /
error rate.  According to this calculation, the mRNA of the large subunit was expressed at a
constant level during development (Fig. 51).  In addition, the size of the mRNA of the large
subunit is the same during development (Fig. 49).

3.5: Partial cloning of the 35 kDa subunit

3.5.1: PCR with degenerate primers

PCR amplification of the 35 kDa subunit was attempted using genomic DNA as the template and
degenerate primers as designed from the peptide sequence.  Different combinations of sense and
antisense primers, as well as varied annealing temperature, were tested.  A PCR product about 260
bp was obtained when the annealing temperature was 50°C and 35-3  (sense) and 35-2c
(antisense) primers were used (Fig. 52).  The PCR product was purified from a low melting
agarose gel and passed through a PCR purification column.  After ligation with the pPCR II
vector, the plasmid was transformed into XL1-Blue competent cells.  EcoR I digestion was carried
out after plasmid purification to determine presence of an insert (Fig. 53).

Both T7 and M13 reverse primer were used in sequencing the cloned 260 bp PCR product (Fig.
54).  These sequences revealed an open reading frame without introns (Fig. 55).  That the PCR
product represented a portion of the gene encoding the 35 kDa subunit was confirmed by
translating DNA sequences to amino acid sequences, then comparing with the known internal
peptides sequences (Fig. 56).

(Figure 7.     Denaturing gel electrophoresis of total RNA.  PDF,  1.3 MB)
 (Figure 48.  Northern analysis of the DdRPA1 mRNA.  PDF,  1.3 Megabytes)

(Figure 49.  Northern Analysis of  the  expression level of the DdRPA1 mRNA 
during development.  PDF,  1.3 Megabytes)

(Figure 50.  Standard for the Northern analysis of the DdRPA1 (Northern blot 
analysis of actin8 mRNA).  PDF,  1.3 Megabytes)

(Figure 51.  DdRPA1 mRNA expression level.  PDF,  1.3 Megabytes)

(Figure 52.  PCR with degenerate primers for the DdRPA2 gene.  PDF,  1.3 
Megabytes)

(Figure 53.  Restriction enzyme digestion of the cloned DdRPA2 PCR fragment.  
PDF,  1.3 Megabytes)
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3.6: Characterization of the gene encoding the 35 kDa subunit

3.6.1: Sequence comparisons of the 35 kDa subunit

Sequence comparison of the 260 bp PCR product to GenBank indicated that low identity was
found to the middle size subunits of RPA in most species.  Because the sequences of middle size
subunit of those species are also not conserved, the 35 kDa sequence is possibly species-specific.

3.6.2: Northern blot analysis of the 35 kDa subunit

A mRNA band of about 1,250 nt was found for the middle size subunit (Fig. 57).  According to
the size of the protein (35 kDa) and the calculation equation: (35,000 / 110) x 3, I estimate there is
approximately 295 bp nontranslated sequence present in the mRNA. The expression level of
mRNA for the middle size subunit in the undifferentiated cells was much higher than in the
differentiated cells.  Conversely, Northern blot analysis on the large subunit showed that the
mRNA expression level for the large subunit was constant throughout the differentiation stages
(see Fig. 49).  The Northern blot membrane used in Fig. 48 and Fig. 57 was the same one, the
only difference of these two analysis was the radioactive labeled probes.  Thus, the loss of the 35
kDa mRNA band in the undifferentiated cells appears to be valid.  Although more detailed analysis
of the 35 kDa mRNA should be performed as shown in Fig. 49 and 50 for the large subunit, I
tentatively conclude that the 35 kDa gene is expressed at high levels in undifferentiated cells, but
down regulated in the differentiated cells.

3.6.3: Genomic Southern blot analysis of the 35 kDa subunit gene

Genomic DNA was digested with Acc I, BamH I, EcoR I, Hind III, Kpn I, Not I, Pst I and Xho I
(see Fig. 5), and probed using the 35 kDa subunit PCR fragment.  Only the Acc I digested sample
contained two fragments that hybridized with the probe.  The size of the small fragment was about
1,050 bp, while the large one was more than 5,000 bp (Fig. 58).  The orientation of these

(Figure 54.  DNA sequencing of a PCR fragment for the DdRPA2 gene.  PDF,  1.3 
Megabytes)

(Figure 55.  Map of a cloned PCR fragment for the DdRPA2 gene.  PDF,  1.3 
Megabytes)

(Figure 56.  Comparison between peptide sequence and derived DNA sequence 
for the DdRPA2.  PDF,  1.3 Megabytes)

(Figure 57.  Northern analysis of DdRPA2 mRNA.  PDF,  1.3 Megabytes)
(Figure 48.  Northern analysis of the DdRPA1 mRNA.  PDF,  1.3 Megabytes)
(Figure 49.  Northern Analysis of  the  expression level of the DdRPA1 mRNA 

during development.  PDF,  1.3 Megabytes)
(Figure 50.  Standard for the Northern analysis of the DdRPA1 (Northern blot 

analysis of actin8 mRNA).  PDF,  1.3 Megabytes)
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fragments is unknown at this point.  This result confirmed that an Acc I site was present in the
PCR fragment.

(Figure 58.  Southern analysis of genomic DNA  for the DdRPA2 gene.  PDF,  1.3 
Megabytes)

(Figure 5.    Restriction enzyme digestion of genomic DNA.  PDF,  1.3 
Megabytes)
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Chapter 4. Discussion

Previous work in this lab identified a protein(s) with a stage-dependent pattern that specifically
bound to the cis-acting elements upstream of the coding sequence of the glycogen phosphorylase 2
gene (gp2) .  In addition, 5’ deletion analysis of the promoter region of gp2 revealed a 100 fold
decrease in expression of a luciferase reporter gene as one of the two repeated “TAG” boxes was
deleted and a further 100 fold decrease if the two “C” boxes were also deleted (53).  The “C”
boxes, with identical sequences of ACCCACT, have been reported elsewhere as cis-acting
regulatory sites in Dictyostelium prespore genes.  Therefore, it is noteworthy that these cis-
elements most likely not only affect the basal level of expression of the gp2 gene, but also the
optimal expression of this gene during differentiation.  Hence, characterization of the proteins
binding to the cis-elements of the gp2 promoter is important to understand the regulation of the
differential expression of the gene.

DNA sequence analysis of the large subunit revealed a more than 90% A and T region upstream of
the coding sequence.  The first ATG following that region was assumed to be the translational start
site, because:  (1) more than 700 bp of A/T-rich sequence is upstream of this ATG, a fragment that
is much longer than an average intron in Dictyostelium; (2) a polyA-run is directly upstream of this
ATG, a common structure for the translational start site in Dictyostelium; (3) protein sequence can
be derived from the DNA sequence following this ATG, in the correct reading frame and without
stop codons.  The transcriptional start site was determined by primer extension reaction; a single
start site at -306 bp upstream of the ATG translational start site was determined.  Another A/T-rich
region appeared at 2029 bp downstream of the translational start site, where only 9 bp out of 230
bp are a G or C.  This region was suspected as an intron because:  (1) it is 230 bp long, the introns
in Dictyostelium are around 200 bp or less; (2) the sequence “TGTAGAT” is found just 5’ of the
A/T-rich region and is similar to the consensus Dictyostelium splice junction (54); (3) if the coding
region terminated at 2029 bp, 200 bp of coding sequence would be missing from the C-terminal
coding region according to the mRNA size and the known coding sequence of RPA from other
organisms.  The first stop codon “TGA” appeared at 2205 bp downstream of the translation start
site.

The “C” box sequence (29 bp double-stranded oligonucleotide including the “C” box) of the gp2
promoter has been used in affinity column purification of the gp2 promoter binding protein (10).
The purified protein consisted of three subunits of 18, 35 and 62 kDa in undifferentiated cells, or
18, 35 and 81 kDa in differentiated cells.  The middle sized subunit (35 kDa) and large sized
subunit (both 62 and 81 kDa) were subjected to protein sequence analysis.  Due to the fact that the
N-termini of all subunits were blocked, these proteins were subjected to proteolytic cleavage
(treated with V8 or trypsin ) prior to sequencing.  N-terminal sequence of several internal peptides
of each subunit was obtained.  Two of the peptides from the 62 and 81 kDa subunits basically
contained identical N-terminal sequences of the internal peptides.  This was the first suggestion that
the two polypeptides were the same subunit of different molecular weights in different stages.  Six
pairs of degenerate primers were designed based on the obtained amino acid sequences (four pairs
for the 35 kDa peptide and two pairs for the large subunit) and used for synthesis of PCR
amplified probes to screen appropriate genomic libraries.  The sequence encoding the large subunit
was cloned and substantially characterized.  Deduced protein sequence of this subunit from the
DNA sequence was similar to that of the heterotrimeric replication protein A (RPA) in other
organisms.  Thus, this newly found gp2 promoter binding protein is considered to be the
Dictyostelium homologue of replication protein A (DdRPA).  This is the first time that replication
protein A has been described in Dictyostelium.  In this study, the complete gene sequence
(including promoter) encoding the 62/81 kDa subunit has been cloned as well as about 27% of the
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gene encoding the 35 kDa subunit.  As described in “Results”, the size of the expressed mRNA for
each gene has been determined at undifferentiated and differentiated stages.  The mRNA
expression level of the gene encoding the large subunit has been determined and compared at
different developmental time points.  The transcriptional start site of the gene encoding the 62 (81)
kDa subunit has been identified.

The structure of RPA is conserved from species to species.  It is a heterotrimeric protein containing
three subunits having average sizes of 70, 35 and 14 kDa (13, 14, 55).  In Dictyostelium, the large
subunit (DdRPA1) has a size shift during the developmental course; it is 62 kDa in undifferentiated
cells and 81 kDa in differentiated cells (56).  The middle subunit of RPA in Dictyostelium
(DdRPA2) is 35 kDa while the small subunit (DdRPA3) is 18 kDa.  The entire nucleotide sequence
of the large subunit was obtained from two separate but overlapping genomic clones.  The N-
terminal region, including more than 50% coding sequence and the complete promoter sequence,
was contained in an EcoR I-EcoR I genomic fragment.  The C-terminal coding region was cloned
from a Hind III-Hind III fragment and contained the remainder of the coding sequence and an
intron.  For the middle size subunit, part of the nucleotide sequence was obtained from a
degenerate PCR product.  This product was A-T ligated into a pPCR II vector in a position so that
the insert could be easily separated from the vector by using EcoR I digestion.

The large subunit of the replication protein A in Dictyostelium has a size shift that is not found in
other organisms.  I believe that the two different size large subunits are the products of the same
gene, and the size change during differentiation is due to posttranslational modification.  The
reasons are: (1) they share identical polypeptide sequences according to the internal peptide
sequence; (2) PCR with the degenerate primers designed according to both polypeptide sequences
only gave one distinct band; (3) the size of the mRNA for both size subunits is the same: 2,600 nt,
corresponding to 81 kDa. The 81 kDa DdRPA1 was found in differentiated cells but not in the
undifferentiated cells. However, the expression level of the mRNA encoding the 81 kDa DdRPA1
was constant throughout these stages.  No mRNA of a size corresponding to the 62 kDa was
found to hybridize with the specific probe.  In addition, a pH dependent size change from 81 kDa
to 62 kDa has been previously observed in vitro  (56); it seems likely, that the 81 kDa peptide is the
precursor for the 62 kDa RPA1 in the undifferentiated cells.  The data presented in this thesis rules
out the possibility that phosphorylation is the cause for the size shift, one of the possibilities
suggested by Khampong (56).  Phosphorylation can only slightly increase the apparent size of a
protein on a SDS-PAGE.  In Fig.  46, the mRNA of the large subunit contains 2,600 nt,
corresponding to a protein of 81 kDa, so that the 62 kDa subunit must be the product of a
modification other than phosphorylation.  It is reasonable to predict that enzymatic cleavage is the
cause of the size change, but which segment of the 81 kDa is removed is not clear.  From the
derived amino acid sequence of the large subunit, the N-terminal 173 amino acids (19 kDa, the
peptide size needs to be cleaved in order to produce the 62 kDa subunit) is composed of more than
50% of positively charged but only 5% negative charged amino acids.  This region may be a DNA
binding domain or used for interaction with the acidic activation domains of other transcription
factors.  In fact RPA is known to interact with VP16, GAL6 and p53 in humans or yeast (23, 26,
57).  Long stretches of glutamine (Q) (120-135) are present in the N-terminal sequence, but the
function of these residues is unknown.  The composition of the 173 amino acids in this C-terminal
(from 563 to 735) is very similar to that in the N-terminal;  basic amino acids are in the majority.
But there are two detailed differences between these two terminal sequences:  (1) no long stretch of
glutamine (Q) can be found in the C-terminal; and (2) at the beginning of the C-terminal (563 to
607), about 50% are nonpolar amino acids, with 8 out of total 11 negatively charged (acidic) amino
acids in the C-terminal are inserted among those nonpolar residues.  It is possible that the C-
terminal has two different functional domains, an upstream one that interacts with other proteins
through hydrophobic forces while the downstream sequence could bind to DNA or other
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negatively charged proteins.  For the sequence between the two terminals, a long stretch of
asparagine (N) (169-201) can be seen.  Similar sequences have been described in some other
proteins found in Dictyostelium  (58, 59); the function of these is unknown, but it has been
suggested that those sequences were responsible for protein folding, because adjacent asparagine
residues are easier to fold than the sequences that do not contain multiple stretches of the single
amino acid sequence.  For the sequence from 202 to 553, twelve cysteine (C) residues were found,
especially at residue 537 to 552 and the arrangement of those cysteines resembles a C4 zinc finger
motif, indicating that this part may be involved in DNA binding.

High level of homology between different RPA homologues has been reported (12-14).  The gene
for the large subunit shows the highest conservation while the genes for the middle and small
subunit show significantly weaker homology.  Comparison of DdRPA1 to RPA large subunits
from several other eukaryotic organisms revealed that DdRPA1 shares a similar level of identity
with the human RPA large subunit (25.6%), Xenopus laevis RPA70 (25.2%) or yeast RPA70
(21.3 %).  From the comparison between the DdRPA1 and huRPA70, the N-terminal region was
found to be significantly less conserved than the central and C-terminal regions, and this is the
same among other organisms.  The N-terminal region of the RPA large subunit is reported to
interact with some proteins, such as transcription factors and also can bind to DNA at low salt
stringency.  In humans, the N-terminal 170 amino acids of RPA70 could be deleted without losing
RPA’s replication function (27).  All eukaryotic RPAs analyzed have very similar central regions.
The sequences of this region are about 23.7% identical in the Dictyostelium and human protein,
and most differences are conservative substitutions.  A putative zinc finger motif sequence can be
identified in this region.  In human, the central region is responsible for DNA binding, so the
primary function of this domain in DdRPA1 may also be binding of DNA.  The C-terminal of the
human RPA70 was reported to bind with other subunits of the RPA to form the RPA complex.  It
is extremely hydrophobic and responsible for the insolubility of RPA1 alone in the solution.  In the
DdRPA1, the beginning of the C-terminal sequence is similar to the huRPA70 C-terminal
sequence, but for the sequence after 616, more than 100 amino acids of DdRPA1 show little
similarity with huRPA70, and it is not due to frame shifts since the other two reading frames
containing stop codons.  The size difference between DdRPA1 (81 kDa) and huRPA70 (70 kDa) is
11 kDa,  and the extra sequence appears to be located at this C-terminal.

Low identity was found when comparison was made of the middle size subunit of Dictyostelium
replication protein A (DdRPA2) to the middle size subunit of RPA in other organisms.  Because
the protein sequence of the middle subunit from all other organisms is also not conserved, this
subunit may be specific in different species.

Based on the results of Khampong (56), and those presented in this thesis, I highly suspect a pH
dependent proteolytic cleavage reaction is responsible for the size shift of the large subunit in
Dictyostelium.  Possibly, an N-terminal sequence of the 81 kDa peptide is cleaved at the
undifferentiated stage.  It is possible to delete 170 amino acids from this end without losing the
replication function of RPA70 in humans (27).  On the contrary, if the C-terminal 173 amino acids
were deleted, the RPA1 lost its subunit interaction domain, making it unable to bind with RPA2
(27).  The interaction between RPA1 and RPA2 is required for the formation of mature RPA
complex that is essential for the replication function of RPA.  A possible model for the expression
and modification of the DdRPA1 in vivo would include the following.  In the undifferentiated
cells, RPA1 is constantly expressed as a 81 kDa precursor in the cytoplasm.  The acidic
environment of the cytoplasm (60-65) causes the exposure of a proteolytic cleavage site on the N-
terminal of the 81 kDa protein.  The long stretch of asparagine (N) residues may serve as a
cleavage signal or in response to the acidic environment, the polypeptide folds at this location that
exposes the cleavage site, making it accessible to a protease.  Alternatively, a pH-dependent
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protease (acidic pH activated) in the cytoplasm cleaves the N-terminal 19 kDa of this precursor,
producing the 62 kDa protein.  In the differentiated cells, a basic cytoplasm (60-65) may cause
newly synthesized RPA1 to undergo a conformational change by which the proteolytic cleavage
site will be folded inside the protein, and thus the protease can no longer contact the cleavage site.
Alternatively, the protease may be pH-sensitive, and may be inhibited under basic conditions.

The specificity of the binding between the RPA and the “C” box sequence (cis-elements of gp2
gene) raises the intriguing possibility that RPA may be involved in transcriptional events.  The size
shift of the RPA1 during differentiation may play a important role for the regulation of the
transcription function of RPA.  It is possible that in undifferentiated cells, RPA functions as a
single-stranded DNA binding protein associated with other proteins and is used in multiple
essential DNA metabolic processes, such as DNA replication, repair and recombination.  At this
stage, the large subunit undergoes posttranslational modification, producing the 62 kDa in which
the N-terminal has been cleaved.  This 62 kDa  subunit binds to the 35 kDa RPA subunit (and the
18 kDa subunit), and the holoprotein is transported into the nucleus.  RPA1 within the RPA
complex can bind to the single-stranded DNA at the replication origin or damaged DNA, to
perform those normal functions.  But when differentiation is induced, or cells are under stress, the
function of the RPA may be altered and concomitantly DNA replication in the cell ceases.  The
alteration of function of the RPA may due to the extra domain at the N-terminal.  The basic charged
N-terminal domain of RPA1 81 kDa raises the possibility that RPA may directly bind to DNA
sequences at the cis-acting site, such as the “C” box sequence.  Or it may operate as a complex
with other factors, such as acidic transcription factors, or bind to the DNA sequence adjacent to the
cis-acting sequence, serving as a docking site for other factors.  It is unlikely that RPA is the sole
component of the transcriptional regulation system.  It is not rare to see some factors that function
in both replication and transcription participate in different complexes that vie for these activities.  It
is also possible that RPA1 may be associated with other proteins that are involved in gp2
transcriptional regulation, and may not need to bind to RPA2-RPA3 sub-complex to become
functional.  If so it would explain why the mRNA level of the large subunit is constant during
development while that of the middle subunit decreases during cell differentiation.  

In order to fully understand the functions of replication protein A at different developmental points,
further experiments could be done as follows:  (1) complete cloning of the 35 kDa subunit; (2)
purification the 18 kDa small subunit and cloning of the gene; (3) co-expression the three RPA
subunits in bacteria; (4) production of antibodies for the three subunits; (5) western analysis to
identify the cleavage sequence of the 81 kDa subunit; (6) mutational analysis of the RPA1.
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