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ABSTRACT

E2F-1 is one of a family of tranécription factors known to be involved
in cell cycle regulation at the G1/S phase transition. Several proteins
intimately involved in DNA synthesis are regulated by the E2F transcription
factor family. Tt is believed that the presence of free E2F-1 in mammalian
cells is required to activate transition of cells through the G1-S restriction
pointof the cell cycle. Stable clones from CHO K1 cells transfected with an
expression vector for human E2F-1 were created. All of the clones expressed
significantly higher amounts of E2F-1 than control cells as determined by
Western analysis.  Several clones were further studied by confocal
microscopy and Southern analysis. Both of these studies also provide
evidence for the expression of cloned E2F-1 in these CHO cells. CHO K1:E2F-
1 cells are able to proliferate in well-defined medium completely free from
proteins or serum and flow cytometric analysis of CHO K1:E2F-1 cells
indicates a prolonged S-phase compared to CHO cells grown by bFGF
stimulation and by cyclin E overexpression. Two-dimensional gel
electrophoresis (2DE) of CHO cellular proteins reveals increased expression
of 236 spots indicating significant regulatory effects for cloned E2F-1 in CHO
cells. These 2DE results also suggest new routes to identification of gene
products regulated by a particular transcription factor. Expression of cloned
E2F-1 is an important means for bypassing the serum requirement of

mammalian cell culture. Metabolic engineering of cell cycle regulation
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bypasses exogenous growth factor requirements, addressing a priority

objective in economical, reproducible, and safe biopharmaceutical

manufacturing.



ix

TABLE OF CONTENTS

Acknowledgements iii
Abstract vii
Table of Contents ix
List of Abbreviations xii

Chapter One: Overview and Motivation 1
1.1 Cell Culture and the Biotechnologist_ ... ... 2
1.2 Motivation. ... 5
1.3 The Scope of This Thesis_ ... . .. . ... 7
14 References. . .. . ... 8
1.5 TableS . oo 10
16 FAGUIES. e 11

Chapter Two: Background: Serum, The Cell Cycle,

and Cancer 13
2.1 Essential Concepts. ... 14
22  Cycdlin E Appears to Mediate bEGF Stimulation ... .. . 16
23  References. . . ... 19

24 FAGUICS e, 22



Chapter Three: Deregulated Expression of Cloned
Human E2F-1 Enables Growth of Chinese Hamster

Ovary Cells in Serum- and Protein-Free Media

31 Abstract
32  Introduction. ...
3.3  Materials and Methods,___.__........ . .
34  Results and DiscussiOn.....................ccooioiioiieeeeeeeee)
35 References. ... . ...,
3.6 Tables o)
3.7  Figures e

Chapter Four: Two-Dimensional Gel Electrophoresis
Analysis of Chinese Hamster Ovary Cell Culture:

Growth Stimulation

4.1 Abstract ...
42 IntroductiOn. ...
43  Materials and Methods .. ...
44  Results and DiSCuSSION........_...........cccooooiiiiiioieieeeeeeeen
45 References. ... . ... ...,
4.6 Tables. ... .o oo
47 BIGUT@S e

Chapter Five: Conclusions and Future Prospects

R TN CES e



Xi

Appendix One: Mechanical Precision in Two-
Dimensional Electrophoresis Can Improve Protein
Spot Positional Reproducibility
ALT ADBSEACt e

AL 2 IntrodUCt O e,

A1.3 Materials and Methods e

Al1.4 Results and DisScUSSION. e,

AL5 Ref@IeNCES e

A6 TableS e,

AL7 FBiGUI@S ... e

Appendix Two: Sponge-Like Electrophoresis Media:
Mechanically Strong Materials Compatible With Organic
Solvents, Polymer Solutions and Two-Dimensional
Electrophoresis

A2 L ADSTACE

A2, 2 IntrodUCtioN. e

A2.3 Materials and Methods . e

A24 Results and DisCUSSION e

A2.5 Concluding Remarks ... ... ...

A2.6 RefOTOICOS e

A27 FAGUIES. oo

94
95
96
100
107
111
116
117

124
125
127
132
138
145
148
152



APS
bFGF
BME
CDI
CDK
CHAPS

CHO
CSF
DMF
DOTAP

DTT
ECL
FCS
IEF
IPG
NP-40
PBS
PBST
PDA
pRb
PTFE

xii

LIST OF ABBREVIATIONS

ammonium persulfate

basic fibroblast growth factor

2-mercaptoethanol

cyclin dependent kinase inhibitor

cyclin dependent kinase

3-([3-chol-amido-propyl)-dimethyl-ammonio]-1-propane
sulfonate

Chinese hamster ovary

cerebrospinal fluid

dimethylformamide

N-[1-(2,3-Dioleoyloxy) propyl]-N,N,N-trimethyl-
ammoniummethylsulfate

dithiothreitol

enhanced chemilluminescence

fetal calf serum

isoelectric focusing

immobilized pH gradients

Nonidet P-40

phosphate-buffered saline

phosphate-buffered saline plus Tween 20

piperazine diacrylamide

retinoblastoma gene product

polytetrafluoroethylene



PVDF
REF
SDS-PAGE

TBS
TBST
TEMED
t-PA
2DE

xiii

polyvinylidene difluoride

rat embryo fibroblast

sodium dodecyl sulfate polyacrylamide gel
electrophoresis

tris-buffered saline

tris-buffered saline plus Tween 20

N,N,N',N'-tetramethylethylenediamine

tissue plasminogen activator

two-dimensional electrophoresis



CHAPTER ONE

Introduction



The path of the righteous man is beset on all sides by the inequities of the
selfish and the tyranny of evil men. Blessed is he who, in the name of
charity and good will, shepherds the weak through the valley of the
darkness. For he is truly his brother’s keeper and the finder of lost children.
And I will strike down upon thee with great vengeance and furious anger
those who attempt to poison and destroy my brothers. And you will know I
am the Lord when I lay my vengeance upon you.
-Quentin Tarantino, 1995

1.1  Cell Culture and the Biotechnologist

The production of biopharmaceuticals by animal cell culture is a
multibillion-dollar-a-year industry that employs physicians, biologists,
managers, and chemical engineers. Knowledge of fundamental principles
of chemical engineering is required for the effective production of
pharmaceuticals whether by chemical synthesis, purification from natural
sources, or recombinant protein production. The existing knowledge base of
the molecular biology of living organisms is expanding from basic research
in biology, biotechnology, and the Human Genome Initiative.
Consequently, recombinant protein production is becoming an increasingly
important means for pharmaceutical production. Table 1 (from Peto et al.
1994) gives some examples of recombinant protein products derived from

animal cell culture.

Chemical engineers have an important niche in the realm of

recombinant protein production in both scale up and downstream



processing.  Further, armed with expertise in molecular biology, genetic
engineering, and biochemistry, the chemical engineer is prepared to discern
where potential problems may arise in cell culture and to address these
problems at many different levels. An illustrative but incomplete list of
these problems includes the creation of novel lead compounds, the design
of new instrumentation to study biological systems, the metabolic
engineering of new organisms better suited for recombinant protein

production, the purification of a desired compound, and quality control.

This thesis work begins to address a problem fundamental to
recombinant protein production by a particular mammalian cell culture
system: the Chinese hamster ovary (CHO) cell (Puck et al. 1958). This
particular cell type has been investigated in many research and industrial
laboratories. Among the reasons for its use as a model system are its
relatively fast growth rates, high cloning efficiency, ease of transfection and

gene amplification, and satisfactory post-translational processing.

One of the most important elements of a CHO cell culture system is
the growth medium used. The discovery that mammalian cells could be
cultured in_vitro led to attempts at defining the components necessary for
sustained growth. Early attempts at media definition culminated in the
basal medium of Eagle (1955). Other attempts at creating a defined medium
include CMRL 1066 of Parker et al. (1957), 199 of Morgan et al. (1950), and
Ham's F12 (1965). There are many characteristics of the medium which are

important not only for maintaining growth, but also for optimizing growth



rates; these include pH, buffering capacity, osmolality, temperature,
viscosity, and surface tension and propensity for foaming. However, all of
the above "defined" media must be supplemented with between 5% and
20% serum (typically fetal calf serum) to obtain growth of cells in culture at
any pH, temperature, etc. The importance of basal medium is thus reduced
due to the presence of the serum, whose many growth promoting
components ultimately stimulate proliferation. = Even after years of
exhaustive research into matching specific cell lines to a particular medium
(without serum), the choice of medium is often empirical and requires

serum (Freshney 1994, p. 83).

Serum is derived from the approximately 8 percent of cows which
come to slaughter bearing a calf. The blood serum from these calves is
extracted and pooled into lots of several liters each. Because these calves are
in development, their serum contains large amounts of growth factors and
hormones which promote growth and development. It is estimated that a
single fetus yields approximately 200mL of serum (Hodgson 1991). The

serum is then sterilized and filtered before being subject to quality control.

The demand for serum for cell culture worldwide is about 486,000
liters annually worth over $100,000,000 (Hodgson 1993). Of this total, about
half is used in the United States and about 65% is consumed by companies
involved in human and animal healthcare for the production of various
biopharmaceuticals (Hodgson 1993). The world market can supply some

500,000 liters per year of serum; however, the supply source can greatly affect



the demand for a particular serum. For example, in countries where cattle
are known to be infected with prion-borne diseases such as bovine
spongiform encephalopathy, serum cannot be exported for use in research
because the agents causing these diseases are transmissible and resistant to
typical inactivating methods such as ethanol, formaldehyde, hydrogen
peroxide, gamma irradiation, and heat (Hodgson 1990). Therefore, the cost
of serum is related to the source. Serum from New Zealand, for example, is
approximately $350 per liter while serum from France and Germany, which
cannot be used for production in the US, retails for approximately $200 per

liter (Hodgson 1991).

1.2 Motivation

Elimination of serum and other animal-derived proteins from
mammalian cell culture processes is a current priority for biopharmaceutical
manufacturing and would be a great convenience for biological research.
The cell culture process is relatively slow and expensive and often requires
the use of fetal calf serum in the medium in order to effect mitogenic
stimulation of the cultured cells. Unfortunately, the addition of fetal calf
serum to the culture medium carries a risk of contamination by viruses,
mycoplasma, and other undefined infectious species such as prion agents.
Heat inactivation of serum can inactivate many but not all of these

infectious contaminants. Moreover, minute amounts of various other



animal proteins present in a production system can cause allergenic

reactions in individuals treated with the particular biopharmaceutical.

The addition of serum also complicates process consistency and
downstream processing. Serum is an undefined mixture of various growth-
modulating components (see Figure 1). While the addition of serum
generally enhances the overall growth rate of cells, the high batch-to-batch
variability requires extensive testing to verify similar growth characteristics.
An important example of the effect of changing the serum source comes
from the production of tissue plasminogen activator (t-PA) at Genentech. A
switch in serum batches between roller bottle production and suspension
culture resulted in a change in protease activity which shifted the ratio
between the one- and two-chain forms of t-PA. This, in turn, changed the
dose requirement and side-effect profile (Hodgson 1991). The undefined and
complex nature of serum also makes purification of the desired product

protein a difficult and expensive task.

It is clear from the problemé mentioned above that the removal of
animal blood serum from production-based cell culture systems is an
important and pressing problem in biotechnology. = One method for
addressing this problem is to select mutants capable of growth in a serum-
and/or protein-free environment. However, this is a long and highly
variable process that necessarily results in cell lines with unknown
genotypes. A more rational approach to the creation of serum- and protein-

free growing cells is to engineer the cell's metabolism in such a way as to



bypass the intracellular signals that halt the cell cycle's progression when no

serum is present.

1.3 The Scope of This Thesis

Contemporary biotechnology is a field that combines two related but
complementary research areas. The first area involves the creation of new
organisms and systems for use as a technology while the second emphasizes
the engineering of new and improved instrumentation for the study of
biological systems. Metabolic engineering is a subset of the former wherein
rational genetic engineering manipulations are made to improve cell
functions (Bailey 1991) and thus address process limitations. Often the
ability to perform such manipulations comes directly from developments in
molecular biology, genetics, and biochemistry. This thesis addresses a
limitation involved in the production of biopharmaceuticals. The tools of
genetics and molecular biology were used to make a rational manipulation
of cellular metabolism: Chinese hamster ovary cells were transfected with
an expression vector for E2F-1, a subunit of a transcription factor, E2F,
known to be intimately involved in the regulation of the cell cycle. By
overexpressing cloned E2F-1 in CHO cells, cell proliferation was activated on

media completely free from protein and serum.



This thesis also benefitted from research in the area of
instrumentation for the study of biological systems. Principles learned and
experiments done in the improvements of two-dimensional electrophoresis
(2DE) of proteins (see Appendix 1 and Appendix 2) have lent themselves
well to the study of cell cycle regulatory proteins (see Chapter 4). As a result
of these studies and mathematical modelling (Hatzimanikatis et al. 1995),
E2F-1 was chosen from among a subset of potential cell cycle regulatory
proteins (see Chapters 2 and Chapter 4) as the particular gene to
constitutively overexpress and thus create a cell line capable of growth on

protein-free media (see Chapter 3).
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1.5 Tables

Examples of vaccines, therapeutic and diagnostic products on the market (as

of December 1993) made using animal cell technology.

Vaccines:
rabies
polio
rubella

hepatitis-A

Therapeutics: Indication:

tissue plasminogen activator acute myocardial infarction
erythropoietin anemia, cancer, AIDS

factor VIII hemophilia A

DNAse cystic fibrosis

diagnostic monoclonal antibodies diagnosis of disease including

colorectal and ovarian cancer

imaging
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1.6 Figures

Figure 1. Silver stained two-dimensional gel (2DE) of fetal calf serum from
Life Technologies. This representative figure shows the complex nature of
the protein content of fetal calf serum that is typically used in the culture of
mammalian cells. Many of the components have unknown effects on the
growth of cells in culture. The methods for 2DE are given in Chapter 4.
Acidic proteins are to the left and basic proteins are to the right. Higher
molecular weight species are at the top and lower molecular weight species

are at the bottom.
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Figure 1
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CHAPTER TWO

Background:
Serum, The Cell Cycle, and Cancer
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2.1 Essential Concepts

The primary function which serum serves in cell culture is to
provide growth factors which are necessary to induce cell proliferation.
Growth factors activate proliferation and regulate differentiation of
mammalian cells through surface receptor-binding and subsequent signal
transduction cascades which ultimately lead to DNA synthesis and cell
division (reviewed in Nurse 1994, Sherr 1994, Heichman and Roberts 1994,
King et al. 1994, Hunter and Pines 1994). Deregulated expression of some of
the controlling molecules—from surface receptors to cell cycle regulators-
correlates with tumorigenicity and cancer (reviewed in Hartwell and Kastan
1994, Marx 1994, Cross and Dexter 1991). While the detailed biochemical
pathway between a particular external stimulus and the corresponding
progression through a cell-cycle transition remains obscure for many growth
factors, progression through the cell cycle is known to be regulated by cyclin-
dependent kinases (Nurse 1994). Figure 1 (adapted from Hunter and Pines
1994) is a schematic representation of the interactions of several of the key

proteins which control progression through the cell cycle.

The proteins from Figure 1 most relevant to this work are those
which play a role during the G1 phase. As depicted, growth factors send
signals to the cell cycle regulatory machinery via signal transduction
cascades that involve proteins such as Ras, Raf, Myc, Fos, and Jun, all of
which have been implicated in cancer. Many of the known growth factor

signal transduction cascades unite in modulation of D-type cyclin-cyclin
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dependent kinase (cdk) complex activity. Activated cyclin D-cdk complexes
are able to phosphorylate the retinoblastoma gene product (pRb) which is
bound to an inactive transcription factor, E2F. Upon hyperphosphorylation
of pRb, E2F dissociates and is free to initiate transcription of targeted genes.
Many of these genes are known to be involved in DNA synthesis including
thymidine kinase, dihydrofolate reductase, and cdc2 (LaThangue 1994, see
also Chapter 3). As the cells complete the cell cycle, pRb becomes
dephosphorylated and is able to complex with free E2F thus blocking entry
into another S phase. pRb is a known tumor suppressor, and D-type cyclins
and their cdk partners are also involved in tumorigenesis. When the cyclin
E-cdk2 complex is functional, it can bind to pl07 and E2F, and this
interaction also acts to release free E2F at the end of the G1 phase (Lees et al.

1992).

Beyond this basic level of control are cyclin-cyclin dependent kinase
inhibitors (cdi's) which have also been implicated in cancer. p16 blocks the
activation of D-cyclin-cdk complex which consequently blocks
phosphorylation of pRb and the onset of S phase. p21, another oncogenic
product, can inhibit cyclin E-cdk2 activity and is a target of p53. p21
transcription is activated by wildtype p53 but not mutant p53. 70% of
colorectal cancers, 50% of lung cancers, and 40% of breast cancers carry p53

mutations (Culotta and Koshland 1993).

It is evident from the mechanism described above that cell cycle

biology, cancer research, and growth factor research are fields that intersect at
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the biomolecular level. Therefore, it should be noted that studies of the
control of proliferation necessarily address problems in cancer research such
as the development of new therapeutics, and problems in
biopharmaceutical manufacturing such as serum removal from cell culture

systems.

2.2 Cyclin E Appears to Mediate bFGF Stimulation in Chinese
Hamster Ovary Cell Culture (Source: Renner, Lee, Hatzimanikatis,

Bailey, and Eppenberger, in press, 1995)

Previous studies have suggested that some of the complex
physiological changes that are regulated by mitogenic stimulation are
mediated by the action of cyclins. D-type cyclins were shown to be induced
by colony-stimulating factor 1 in mouse macrophage cells (Matsushime et al.
1994). Human diploid fibroblasts and Rat-1 fibroblasts transfected with an
expression vector for human cyclin E exhibited a smaller decline in the
percentage of S phase cells than did untransfected controls following
transfer to medium with low serum concentration (Ohtsubo and Roberts
1993). In this study cells mitogenically stimulated by different growth factors
for cyclin E expression were analyzed, a cell line for cyclin E overexpression

was engineered, and the resulting phenotype was investigated.
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The effects of insulin and basic fibroblast growth factor (bFGF) on the
ability of Chinese hamster ovary (CHO) K1 cells to proliferate and on the
morphology of these cells were studied. CHO cells were selected because
they are widely used in the manufacture of protein therapeutics, they have
been very well characterized as a cultured cell system, and they can be
cultured in a completely defined, protein-free basal medium supplemented

only with a single growth factor.

CHO K1 cells, which normally cannot proliferate in serum-free basal
medium, were directly transferred from Ham's F12 Medium supplemented
with 10% fetal calf serum (FCS) to the CHO cell line-specific basal medium
FMX-8 supplemented with either 20ng/mL bFGF or Ilpg/mlL insulin.
Proliferation continued following such a transfer without a significant
reduction in specific growth rate for at least seven days. In contrast, the
population ceased to proliferate following transfer to unsupplemented
FMX-8. After four days of growth in FMX-8 medium supplemented with
bEGF, high levels of endogenous cyclin E expression could be detected by
immunoblot analysis. Only low level cyclin E expression could be detected
by the same assay in cultures growing by insulin-stimulation (Renner et al.

1995).

CHO K1 cells in serum-containing medium exhibit a spread,
epithelial sheet-like morphology with extensive cell-cell contacts. In the
serum-free medium, the morphology of these cells was affected by the type

of mitogenic stimulation.  Cells stimulated with insulin showed a
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morphology similar to serum-stimulated cells (Figure 2i). After three days,
cells growing in medium supplemented with bFGF showed an altered,
rounded-up cell morphology and a loss of cell-cell contacts (Figure 2ii). At
the end of the culture period, a considerable number of cells completely

detached and grew in suspension.

To test whether cyclin E might be one of the cell cycle regulators
important for proliferation and altered morphology due to bFGF
stimulation, the effect of exogenous bFGF stimulation on morphology was
simulated by expression of recombinant human cyclin E in CHO K1 cells.
The ¢cDNA for human cyclin E was expressed using the vector pRc:cycE
constructed from the pRc/CMV vector (Invitrogen). CHO K1 cells were
transfected by Lipofection (Gibco). One day after transfection, the cells were
transferred to the serum- and protein-free FMX-8 medium. The
populations transfected with pRc:icycE continued to proliferate on basal
media, and cell clones with a rounded-up cell shape could be observed.
Instead of forming cell-cell contacts and the typical epithelial sheet-like
shape of the original cell line, cyclin E transfectants grew as single cells with
a morphology indistinguishable from that of untransfected cells grown in

basal medium supplemented with bFGF (Figure 2iii).

In the first four weeks following transfection, cells were diluted at
ratios of 1/2 to 1/5 per week; later, this cell line could be split 1/40 per week.
This cell line, designated CHO Kl:cycE, expresses cyclin E without bFGF

stimulation in FMX-8 alone as well as in FMX-8 supplemented with bFGF or
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insulin or both together (Renner et al. 1995). Addition of insulin did not

revert the morphological phenotype of CHO Kl:cycE cells.

The experiments presented provide strong evidence for a key role of
cyclin E in the growth phenotype of CHO cells. The similarity of the growth
and morphology of CHO cells transfected with cloned cyclin E to the
response of the cells stimulated by bEGF suggests that cyclin E plays a pivotal
role in mitogenic stimulation by bFGF. These results clearly indicate that
cyclin E is a major determinant of growth factor response and the contact
behavior of CHO K1 cells. Cyclin E deregulation, as observed in many
tumor cells (Keyomarsi and Pardee 1993), might therefore be an important

element in the process of cellular transformation.
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2.4 Figures

Figure 1. Schematic depiction of the phases of the cell cycle and the
interactions of several key cell cycle regulatory proteins. Those proteins
which have been implicated in cancer are shaded. This figure is adapted

from Hunter and Pines 1994.

Figure 2. CHO K1 cells stimulated with insulin (2i) have a spindle shape
morphology. CHO K1 cells stimulated with bFGF (2ii) have a round cell
morphology and no cell-cell contacts. CHO Kl:cycE cells (2iii) have the same
morphology as CHO K1 bFGF-stimulated cells.
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Figure 2
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CHAPTER THREE

Deregulated Expression of Cloned Human E2F-1
Enables Growth of Chinese Hamster Ovary Cells in

Serum- and Protein-Free Media

Source: K. Lee, A. Guerini, and J. Bailey (1995).
The material in this chapter is being prepared for

submission to Biotechnology and Bioengineering.
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3.1 Abstract

E2F is a transcription factor involved in cell cycle regulation at the
G1/S phase transition. Several proteins that are known to be intimately
involved in DNA synthesis are regulated by the E2F transcription factor
family. It is believed that the presence of free E2F in mammalian cells
activates proliferation of cells through the restriction point at the G1/S
phase transition of the cell cycle. Cloned human E2F-1 from Nalm 6 cells (a
pre-B leukemia cell line) was subcloned into pRc/CMV and transfected into
Chinese hamster ovary (CHO) cells. Ten stable transfectants isolated from
CHO cells cultured under neomycin resistance selection pressure were
isolated for further study. All of the clones expressed significantly higher
amounts of E2F-1 than control cells as determined by Western analysis.
Several clones were further studied by confocal microscopy and Southern
analysis. Both of these studies also provide evidence for the expression of
cloned E2F-1 in these cells. CHO KI1:E2F-1 cells are able to proliferate on
well-defined serum- and protein-free basal medium and have a prolonged
S-phase compared to CHO K1 cells stimulated to grow by bFGF or by cyclin E
overexpression. Thus, expression of E2F-1 may be an important means for

bypassing the serum requirement of mammalian cell culture.
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3.2 Introduction

The elimination of animal serum from Chinese hamster ovary
(CHO) cell culture is a pressing challenge facing contemporary
biopharmaceutical production (see Chapter 1). Metabolic engineering of cell
cycle regulation provides a potential route for bypassing the cellular
requirement for serum in cell culture by enabling growth on basal media.
This route has been paved by recent advances in cell cycle and cancer
biology, which have resulted in a clearer understanding of the basic
mechanisms that control cell cycle progression. Much of the current
research activity is focused on the E2F family of transcription factors which
are known to be directly involved in the G1/S phase transition checkpoint

(LaThangue 1994).

The E2F transcription factors are a heterodimeric family of proteins
consisting of one member of the E2F (e.g., E2F-1) family and a corresponding
member of the DP (e.g., DP-1) family. To date, four members of each of the
E2F and DP families have been identified (Beijersbergeb et al. 1994, Dimri et
al. 1994, J. Lees et al. 1993, Ivey-Hoyle et al. 1993). Of the subunits studied,
only the expression of E2F-1 mRNA appears to be regulated during the cell
cycle while all the others identified are constitutively expressed (LaThangue
1994). Human E2F-1 was cloned from Nalm 6 cells (Helin et al. 1992) and
the complete cDNA sequence of 2517 base pairs is given in Figure 1 while
the complete 437 base amino acid sequence derived from the cDNA is given

in Figure 2. The gene product has a predicted size and isoelectric point of 47
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kDa and 4.63 pH units, respectively; but E2F-1 migrates at approximately 50
kDa by SDS-PAGE (Helin et al. 1992) and 4.6 pH units by isoelectric focusing
(see Chapter 4).

It was subsequently shown that the E2F transcription factor is a DNA
binding protein that recognizes the duplicated sequence element: 5' TTT
CGC GC within the E2 promoter (Nevins 1992). Furthermore, it has been
shown that a single E2F site can confer regulation to a test promoter and that
E2F binding sites are in the promoters of several key genes required for
DNA synthesis including c-myc, dihydrofolate reductase, B-myb, cdc2,
thymidine kinase, DNA polymerase o, cyclin A (Nevins 1992, Krek et al.
1993, LaThangue 1994) and E2F-1 itself (Neuman et al. 1994, Krek et al. 1994).
Many of the E2F-site-regulated genes are transcribed in a periodic fashion
during cell cycle progression, typically being induced during late G1 or S
phase, a profile that parallels the appearance of transcriptionally active E2F-1

(LaThangue 1994).

These observations, in conjunction with the observations that E2F is
complexed with the underphosphorylated form of the retinoblastoma gene
product (pRb) and that E2F accumulates in its free form at late G1 phase, lead
many to believe that the free form of E2F-1 is transcriptionally active and
that an insufficient amount of free E2F-1 prevents progression into S phase
(Fagan et al. 1994). If this is true, then the internal cellular signals which
regulate the amount of free E2F-1, and hence control passage through the

G1/S checkpoint (the "restriction point") of the cell cycle, can be bypassed by
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deregulated expression of the E2F-1 gene product. Therefore, proliferation
of mammalian cells can proceed on medium free from serum, provided the
basal medium contains the necessary precursors for growth. These
observations motivate E2F-1 overexpression in CHO cell culture with the

goal of obtaining serum- and protein-free growth.

Other studies of the effects of E2F-1 expression also suggest a potential
role for bypassing external cellular growth signals. It is observed that an
increasing growth rate for a culture of cells correlates with increasing
(normalized) levels of E2F-1 expression (see Chapter 4). Mathematical
modelling of the interactions among some of the cell cycle regulatory
molecules also suggests that increased expression of the active form of E2F
can lead to proliferation in cells that are arrested because of low levels of
active E2F (Hatzimanikatis et al. 1995b, Hatzimanikatis et al. 1995a).
Moreover, Johnson et al. (1993) have demonstrated that E2F-1
overexpression can lead to a single round of S-phase progression in
quiescent rat embryo fibroblast (REF-52) cells while Singh et al. (1994)
showed that E2F-1 overexpression results in neoplastic transformation in rat
embryo fibroblasts. Taken together, these results and observations raise the
following question: Can the growth factor requirements in CHO cell culture

be bypassed by engineering expression of cloned E2F-1?
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3.3 Materials and Methods

Cell Culturing.
CHO K1 cells (Puck et al. 1958) were cultured on FMX-8 (F. Messi)
media supplemented with 10% fetal calf serum (FCS, Life Technologies).

Vectors.

pBSKBP3B (see Figure 3) was a gift of K. Helin. pBSKBP3B is a
plasmid of 4540 base pairs encoding the entire RBP3 cDNA (encodes E2F-1).
This plasmid was digested with HindIIl and Xbal, both of which cleave at
unique sites resulting in fragments of 1622 and 2918 base pairs. The shorter
of these fragments, containing the entire cDNA, was isolated in a 0.8% low
melting agarose gel and was inserted into pRc/CMV, a 5542 base pair vector
from Invitrogen (see Figure 4) which uses the enhancer/promoter
sequences from the immediate early gene of human cytomegalovirus
(CMYV). pRc/CMV contains unique HindIIl and Xbal sites in the polylinker.
After ligation, the resulting vector, pRc/E2F, contained 7070 base pairs (see
Figure 5) with the RBP3 cDNA (encoding for E2F-1) in the proper
orientation downstream of the CMV promoter and just after the T7
promoter. This vector also contained a gene encoding neomycin resistance
for antibiotic selection as well as a T3 promoter for culture in Escherichia
coli. Escherichia coli DH50. was transformed with the vector and the
resulting plasmid DNA was purified and used for mammalian cell

transfection.
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Creation of stable transfectants.

Spg of plasmid DNA were transfected into CHO K1 cells using
DOTAP (N-[1-(2,3-Dioleoyloxy) propyl]-N,N,N-trimethyl-
ammoniummethylsulfate, Boehringer) Detergent Delivery System
according to manufacturer's instructions. Cells were initially maintained in
FMX-8 media supplemented with 10% FCS. After five days, the cells were
exposed to 400pg/mL neomycin in addition to the 10% FCS in order to select
for transfected cells. Ten days after neomycin selection pressure was exerted,
all CHO K1 control cells died. At this time, the surviving cells were diluted
into two 24-well plates, one cell per well, and were cultured with
conditioned media and 400pg/mL neomycin for continued selection
pressure. The cells were maintained for 20 more days and fresh media and
neomycin were added every three days. Finally, ten single clones were
selected and preserved for further analysis. The E2F-1 overexpressing clones

are designated CHO K1:E2F-1.

Western analysis.

Samples of the ten clones were grown and analyzed for E2F-1
expression by SDS-PAGE and Western blot. 1mg of protein from each clone
(prepared as described in Materials and Methods, Chapter 4) in addition to
CHO K1 cellular protein was loaded onto a 20cm slab gel. Bio-Rad SDS-
PAGE broad range standards were used for reference and stained with
Coomassie blue. The 12%T gel with 6%T stacking gel was run at 40mA for

six hours and blotted to Immobilon P PVDF membrane (Millipore) for three
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hours at 200mA. Western stain was performed as described in Materials and
Methods, Chapter 4, and the Amersham ECL enhanced chemilluminescence

kit was used for detection.

Fluorescence activated cell sorting.

One of the clones was grown in the presence of unsupplemented
FMX-8 medium (which is serum- and protein-free) and isolated for FACS
analysis of cell cycle phase distributions. The cellular DNA was stained with
propidium iodide according to the method of Ormerod (Ormerod 1990, page
73). FACS analysis was courtesy of Dr. W. Minas, and data was analyzed
with the aid of Multiplus Cell Cycle Analysis Software (Phoenix Flow

Systems, San Diego, California) running on a PC.

Confocal microscopy.

Some of the clones were stained with E2F-1 antibody (Pharmingen
catalog number 14971A) labelled with Texas Red in addition to fluorescein-
conjugated phalloidin which binds to cellular actin. Confocal microscopy

was performed by P. David and Prof. H. Eppenberger.

Southern Analysis.
Southern analysis of genomic DNA was performed with the
digoxigenin (DIG) labelling kit from Boehringer according to manufacturer's

instructions.
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3.4 Results and Discussion

After transfection, ten stable clones were selected for further analysis.
The total cellular extract from each of these clones was analyzed for the
presence of E2F-1 by Western stain and compared with untransfected wild
type CHO K1 cells. Figure 6 depicts the immunoreactive bands at 50 and 52
kDa with a more faint band at 51 kDa. It is known that E2F-1 migrates as a
series of bands by SDS-PAGE due to heterogeneous phosphorylation (Peeper
et al. 1995). All ten of the tested clones expressed more E2F-1 than the CHO
K1 untransfected cells (lane 11). Faint bands of endogenous E2F-1 are visible
in lane 11 on the original film. Clones number 2 and 5 (lanes 2 and 5)
expressed the largest amount of cloned E2F-1 protein, but they exhibited
slightly slower doubling times-30 hours for these clones, 24 hours for the

others.

To further verify the production of E2F-1 in some of the clones, cells
were stained for actin and E2F-1 and subject to confocal microscopy (Figures
7i and 7ii). The red dots are E2F-1 immunoreactive protein. It is clear from
these figures that E2F-1 appears to be sublocalized. Although the images do
not outline the nucleus, the size of the stained dots is far smaller than
expected from an entire nucleus. It is likely that the observed E2F-1 is
sublocalized in nucleosomes (H. Eppenberger, personal communication).
Nucleosomes are highly-ordered structures containing DNA that is packed

together, the packing being mediated by histone H1. It is known that
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transcription of genes by RNA polymerase proceeds without disruption
through nucleosome packing (Alberts et al. 1989, page 500). Further analysis
of the subnuclear localization of E2F-1 might show that E2F regulated genes
are topographically located in specific regions of the chromosome.
Additionally, one expects some E2F-1 stain to localize at ribosomes where
the E2F-1 mRNA is translated before being imported into the nucleus.
Because of the nature of confocal microscopy, each image in Figure 7
represents only a cross-section of the cells. Thus, not all of the E2F-1 present
in a (three-dimensional) cell can be visualized in a particular cross-section.
Indeed, data from other cross-sections of these same cells depict E2F-1
protein in cells which do not stain for E2F-1 in the cross-sections seen in

Figures 7i and 7ii.

We used Southern analysis to verify the stable integration of the E2F-
1 ¢cDNA into the genome of the host cell. Figure 8 depicts these results for
clones 5 and 10. Lane 1 is CHO K1:E2F-1 (clone 5), lane 2 is clone 10, lane 3 is
an untransfected control (a smile-shaped artifact is visible), and lane 4 is a
positive control. Comparison with Figure 6 reveals that the expression
level of a cloned protein does not necessarily have a direct relation with the
number of copies of cDNA integrated into the host genome. This is a

common feature of genetically engineered mammalian cell lines.

FACS analysis of these cells was done to estimate the length of the cell
cycle subphases. E2F-1 stimulated CHO K1 cells are compared to cyclin E

stimulated and bFGF stimulated CHO K1 cells, all growing under protein-
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free conditions (see Table 1). The length of each subphase was calculated
according to the homogeneous daughter model of Slater et al. 1977. The
E2F-1 expressing cells spend the longest time in S phase. NIH3T3 cells stably
expressing E2F-1 also show increased numbers of cells in S phase (Logan et
al. 1994). An abundance of early S phase genes resulting from increased E2F-
1 transcription could increase the average length of S phase. Interestingly,
the length of the Gl phase is not shortened by E2F-1 upregulation which

apparently contradicts the idea that free E2F-1 initiates the onset of S phase.

The most extensive testing of protein-free growth was done on clone
number 10. These CHO KI1:E2F-1 cells are capable of growth on FMX-8
media completely free from protein and serum (see Figure 9). These cells
have a flat morphology in 0% serum which is similar to NIH3T3 cells
constitutively expressing E2F-1 and grown in 0.5% serum (Logan et al. 1994).
Figure 10 shows CHO K1 cells grown by stimulation by insulin, bFGF, and
cyclin E expression, for comparison. CHO KI:E2F-1 cells grown in the
presence of 400pg/mL neomycin and 10% FCS could be transferred directly
into FMX-8 media alone; clones could also be split from lower percentages of
FCS into 0% FCS (i.e., protein-free medium) or from 0% FCS into 0% FCS
(i.e., protein-free into protein-free medium) at ratios of 1/5, 1/10, or 1/50.
Furthermore, these cells could be transferred into FMX-8 containing varying
amounts of neomycin with no observable effects on growth ina protein-free
environment. These cells have a more elongated-cell morphology than
typical CHO K1 cells grown in the presence of 10% FCS. However, this

morphological observation may be a direct result of the transfection of these



36

cells. Further experiments on the other clones may reveal some insights

into this morphological change.

The CHO KI1:E2F-1 cells proliferated when plated at various seeding
densities. In all cases tested, control CHO K1 cells invariably died. However,
growth after three days in the presence of low serum (0.1%-1%) revealed
drastically enhanced growth properties of the CHO KI1:E2F-1 cells as
compared to CHO K1 cells (see Figure 11). While the CHO K1:E2F-1 cells
grew to very high cell densities on FMX-8 + 0.5% FCS (Figure 11 top), CHO

K1 cells struggled to maintain viability (Figure 11 bottom).

These striking results complement the results obtained by Singh et al.
(1994) with at least two important differences. First, the cell type used here
has been extensively studied and serves as an important model system for
recombinant production strains whereas REF-1 cells are arguably a better
model for studies of the fundamental biochemistry of the cell cycle. Second,
CHO KI:E2F-1 cells proliferate on basal medium without any additional
growth factors, protein, or serum. The REF-1 cells could be maintained in
the presence of 0.1% FCS, but not in a protein-free environment. The
limitation inherent in serum-based studies, such as by Singh et al. 1994,
makes it difficult to draw any conclusions about the effects of growth
resulting from metabolic engineering. As discussed in Chapter 1, results
obtained in the presence of serum are rife with ambiguity which

underscores the need for removal of serum from cell culture systems.
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3.6 Tables

Table 1. The duration of the cell cycle subphases (G1, S, and G2-M) is given
in hours (+ 0.1 hours) for CHO K1 cells stimulated to grow by bEGF, cyclin E
overexpression, and E2F-1 overexpression in a serum-free environment.
The length of the cell cycle subphases was calculated based on the
homogeneous daughter model of Slater et al. for the doubling time of the

cells which was 24 hours in all cases.

Duration of G1 Duration of S Duration of G2-M

(hours) (hours) (hours)
CHO K1 + bFGF 13.9 5.3 4.8
CHO Kl:cycE 14.4 6.9 2.7

CHO K1:E2F-1 13.9 8.8 1.2
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3.7 Figures

Figure 1. The complete cDNA sequence of RBP3, the gene encoding E2F-1,

as cloned from Nalm 6 cells by Helin et al.

Figure 2. The complete amino acid sequence of RBP3 (E2F-1) as determined

from the cloned cDNA sequence.

Figure 3. Graphic depiction of plasmid pBSKBP3B (4540 base pairs) which
contains the entire cDNA sequence of E2F-1, encodes for ampicillin
resistance in Escherichia coli and has both T7 and T3 promoters. Note the
unique restriction sites of HindIIl and position 689 and Xbal at position 2311

which are used for subcloning.

Figure 4. Graphic depiction of plasmid pRc/CMV (5542 base pairs) from
Invitrogen. The plasmid has a multicloning site downstream from the
enhancer/promoter sequences from the immediate early gene of human
cytomegalovirus (CMV) which results in constitutive expression of cloned
gene products. Note the HindIIl and Xbal restriction sites present in the

multicloning site (positions 890 and 984, respectively).

Figure 5. Graphic depiction of plasmid pRc/E2F (7070 base pairs) which
encodes for RBP3 (E2F-1) behind the CMV promoter.
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Figure 6. SDS-PAGE analysis of CHO K1:E2F-1 clones. The figure depicts the
anti-E2F-1 immunoreactive bands at 50 and 52 kDa (a fainter band at 51 kDa
is also visible). The sizes were determined by comparison with Bio-Rad
SDS-PAGE standards (data not shown). Lanes 1 to 10 are the CHO K1:E2F-1
clones with clone identification number equal to the lane number (from 1-
10) and lane 11 (far right) is a CHO K1 untransfected cell line for control. All
ten clones express far greater amounts of immunoreactive E2F-1 than the
control. Faint bands of endogenous E2F-1 are visible in lane 11 on the

original film.

Figure 7. Confocal microscopy image of CHO K1:E2F-1 cells. The red areas
are E2F-1 immunoreactive protein and the green is anti-actin. The confocal
microscopy is courtesy of P. David and Prof. H. Eppenberger. Figure 7i
depicts clone number 10 (see Figure 6) and Figure 7ii depicts clone number 5

(see Figure 6).

Figure 8. Southern analysis of CHO K1:E2F-1 (clones 5 and 10). Lane 1 is
clone 5, lane 2 is clone 10, lane 3 is an untransfected control, and lane 4 is a
positive control. The original cDNA is 1622 base pairs in length. The probes
were labelled with the DIG labelling kit from Boehringer. Clone 10 has
more cDNA integrated than clone 5 although clone 5 expresses more of the
protein (see Figure 6). This discrepancy is typical of cloned gene expression
in mammalian cell culture systems. The dark patches (e.g., lane 1) and

smiles (e.g., lane 3) are experimental artifacts which arise during detection.
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Figure 9. Culture of CHO KI1:E2F-1 cells growing on FMX-8 basal media

without any additional protein or serum added.

Figure 10. CHO K1 cells stimulated with insulin (i) have a spindle shape
morphology. CHO K1 cells stimulated with bFGF (ii) have a round cell
morphology. CHO Kl:cycE cells (iii) also have a round cell morphology.

Figure 11. A comparison of CHO KI:E2F-1 cells (top) and CHO K1
untransfected cells (bottom) grown in the presence of 0.5% serum after three
days (no antibiotic selection pressure). Note the enhanced growth properties

of the transfected cells as compared to the control cells.
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ggaattcecgtggcegggactttgcaggcageggcggecgggggeggageyg
ggatcgagccctecgeccgaggectgecgecatgggecegegecgecgecge
cgcctgtcaccecgggecgecgegggecgtgagegtcatggecttggecggg
gcccctgecgggecggeccatgegegecggecgetggaggecctgectecgggge
cggcgcgcetgecggetgectcgactectegecagatecgtecatecatectecgecg
cgcaggacgccagcgccceccgeccggecteccaccggecccgeggecgecccgec
gccggcecccctgecgaccctgacctgetgetecttegecacaccgcaggegcce
ccggeccacacccagtgegecgeggeccgegcetecggeecgeccgecggtga
agcggaggctggacctggaaactgaccatcagtacctggeccgagagcagt
gggccagctcggggcagaggccgccatecaggaaaaggtgtgaaatcecccece
gggggagaagtcacgctatgagacctcactgaatctgaccaccaagecgcet
tcctggagectgetgageccacteggctgacggtgtegtcgacctgaactgg
gctgccgaggtgctgaaggtgcagaagcecggcgcatctatgacatcaccaa
cgtccttgagggcatccagetcattgeccaagaagtccaagaaccacatcec
agtggctgggcagceccacaccacagtgggegtcecggeggacggcttgagggg
ttgacccaggacctccgacagectgcaggagagecgagcagcagctggacca
cctgatgaatatctgtactacgcagectgegectgectcectecgaggacactyg
acagccagcgectggectacgtgacgtgtcaggaccttegtagcattgca
gaccctgcagagcagatggttatggtgatcaaagececcctecctgagaccca
gctccaagcecgtggactcttcggagaactttcagatcteccttaagagea
aacaaggcccgatcgatgttttecctgtgecctgaggagaccgtaggtggyg
atcagccctgggaagaccccatcccaggaggtcacttectgaggaggagaa
cagggccactgactctgccaccatagtgtcaccaccaccatcatcteccc
cctcatcecctcaccacagatcccageccagtctectactcagectggagcaa
gaaccgctgttgteccecggatgggcagectgegggctececgtggacgagga
ccgcecctgtecececegetggtggecggecgactegetectggagcatgtgeggg
aggacttctccggectectecectgaggagttcatcagectttecccacce
cacgaggccctcgactaccacttcggectecgaggagggcgagggcatcag
agacctcttcgactgtgactttggggacctcaccceccectggatttetgac
agggcttggagggaccagggtttccagagtagctcaccttgtctectacag
ccctggageccectgtecetggecgtecteccagectgtttggaaacatt
taatttatacccctcectectectgtetecagaagettectagetectggggtet
ggctaccgctaggaggctgagcaagccaggaagggaaggagtctgtgtgg
tgtgtatgtgcatgcagcctacacccacacgtgtgtaccgggggtgaatg
tgtgtgagcatgtgtgtgtgcatgtaccggggaatgaaggtgaacataca
cctetgtgtgtgcactgcagacacgccccagtgtgtccacatgtgtgtge
atgagtccatctctgcgegtgggggggctctaactgecactttcggeectt
ttgctcgtggggtceccacaaggcccagggcagtgectgecteccagaatet
ggtgctctgaccaggccaggtggggaggctttggctggctggagcgtgtag
gacggtgagagcacttctgtcttaaaggttttttctgattgaagctttaa
tggagcgttatttatttatcgaggectetttggtgagectggggaatcag
caaaaggggaggaggggtgtggggttgataccccaactecctctaccett
gagcaagggcaggggtccctgagetgttcttctgecccatactgaaggaa
ctgaggcctgggtgatttatttattgggaaagtgagggagggagacagac
tgactgacagccatgggtggtcagatggtggggtgggccctctccagggg
gccagttcagggcccagetgeccececccaggatggatatgagatgggagagg
tgagtgggggaccttcactgatgtgggcaggaggggtggtgaaggecctce
cccagcccagaccctgtggtcectectgecagtgtectgaagegectgecte
cccactgcectectgcecccacccecteccaatetgecactttgatttgettectaac
agctctgttccectectgetttggttttaataaatattttgatgacgttaa
aaaaaggaattcgatat
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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CHAPTER FOUR

Two-Dimensional Gel Electrophoresis Analysis of
Chinese Hamster Ovary Cell Culture:

Growth Stimulation

Source: K.H. Lee, M.G. Harrington, and ]J.E. Bailey (1995).
The material in this chapter is being prepared for

submission to Biotechnology and Bioengineering.
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4.1 Abstract

Two-dimensional electrophoresis (2DE) of proteins was used to study
the effects of various growth-promoting agents on Chinese hamster ovary
(CHO) cell culture. 10% fetal calf serum (FCS), basic fibroblast growth factor
(bFGF), insulin, cloned cyclin E, and cloned E2F-1 were used to stimulate
proliferation of CHO cells on protein-free FMX-8 medium. The varying
expression level of cyclin E in response to different mitogenic stimulation—
higher for FCS-stimulated, lowest for insulin-stimulated growth-suggests
an important role in cell cycle regulation. E2F-1 expression levels are
highest for bFGF- and FCS-stimulated cultures, and deregulated expression
of this protein enables proliferation on protein-free medium (see Chapter 3).
2D gel analysis of cloned E2F-1 overexpressing cells supports the functional
efficacy of human E2F-1 in CHO cells and suggests several experiments for
identifying E2F-regulated components.  Gel-to-gel comparison of CHO
protein patterns resulting from different combinations of growth-
stimulation suggests that the presence of serum in cell culture activates the
expression of a variety of proteins, many of which are not obligatory (in

high levels) for proliferation.
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4.2 Introduction

Currently, there is widespread interest in the study of the
mammalian cell cycle (Heichman and Roberts 1994, Sherr 1994, Nurse 1994,
Hunter and Pines 1994) particularly as it relates to cancer (Hartwell and
Kastan 1994, Cantley et al. 1991, Marx 1994). Many of these studies focus on
elucidation of the biochemical steps involved in deregulated growth
(Ohtsubo and Roberts 1993, Singh et al. 1994). Such research relies heavily
on interdisciplinary approaches including the use of molecular biology,
genetics, medicine, and biochemistry. = These studies begin with the
identification of proteins involved in controlling these cellular mechanisms
because metabolic engineering of particular regulatory molecules can bypass
the need for serum in cell culture (Renner et al. 1995; Chapter 3). Therefore,
an understanding of the basic biochemical mechanism which drives the
mammalian cell cycle would provide an alternative route to engineering

cells capable of growth on media free from growth factors.

Two-dimensional gel electrophoresis (2DE) of proteins (O'Farrell
1975) is an analytical method which can be used to study growth factor
stimulation and possibly elucidate critical steps in the associated biochemical
mechanism of cell proliferation control. This method is unique among
contemporary analytical techniques in its ability to resolve complex
mixtures of proteins into individual components. With two orders of
magnitude (Harrington and Merril 1988) greater resolution than

conventional protein analytical methods, typical 2D gels can separate
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thousands of proteins into a unique pattern of "spots”" based on the
composition of the starting material. —Therefore, this method potentially
allows one to study the expression, synthesis, etc., of the entire cellular

protein composition at a given moment for a defined biological system.

When 2D gel technology is coupled in series to downstream
micropreparative technologies, such as peptide sequencing (Aebersold et al.
1987, Vandekerckhove et al. 1993) and/or mass spectrometry (Aebersold
1993), one has the power to characterize fully the protein changes that occur
inresponse to a particular stimulus. Qualitative changes in the expression
as well as post-translational modifications can be characterized by protein

stain, radiolabel and double label techniques (Harrington et al. 1991b).

In an attempt to gain further insight into the expression of particular
proteins, Chinese hamster ovary cells (CHO, Puck et al. 1958) were grown
under different conditions. It is difficult to draw meaningful conclusions
from cells cultured on varying percentages of serum despite the enhanced
growth rates observed. Alternatively, in an attempt to utilize a particularly
well-defined cell culture system, CHO cells were grown on the protein-free
FMX-8 medium supplemented with a single, defined growth factor. A study
of the expression levels of cell cycle regulatory proteins in response to
various types of growth stimulation has proven to be an effective
foundation for cloned gene expression resulting in desired phenotypes

(Renner et al. 1995).
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CHO K1 cells were stimulated to grow on protein-free FMX-8
medium (Dr. F. Messi, Cell Culture Technologies) by the addition of 10%
serum, basic fibroblast growth factor (bFGF), insulin, transfection with a
vector for human cyclin E expression (CHO Kl:cycE), transfection with a
vector for human E2F-1 expression (CHO K1:E2F-1), and a combination of
cyclin E overexpression and basic fibroblast growth factor. While it is
already known that expression of particular cloned cell cycle genes can lead
to growth under low serum and protein-free conditions (Ohtsubo and
Roberts 1993, Renner et al. 1995, Singh et al. 1994; Chapter 3), 2D gel analysis
can identify alternative candidates as targets for metabolic engineering that
may or may not be cell cycle regulatory molecules in order to achieve
particular growth phenotypes. In particular, metabolic engineering of these
other proteins or their associated pathways may lead to cell lines with
characteristics particularly well suited for the production of a given
recombinant protein in low serum, serum-free, or protein-free media. The
expression of some important cell cycle regulatory proteins is studied and
significant qualitative changes in the expression of proteins from CHO cell

extract will be discussed.

4.3 Materials and Methods

Two-dimensional electrophoresis of proteins - general.
Although two-dimensional electrophoresis of proteins is finding

increasing uses as an analytical technique, there are still several technical
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issues which need to be addressed in order to run accurate, reproducible
experiments. Recent attempts to overcome some of the technical challenges
inherent in current 2D gel technology are discussed in Gorg et al. 1988,
Appendix 1, Appendix 2, and Simpson et al. 1992. Many of the "solutions"
discussed in these studies are applied directly in this analysis both in practice

as well as in principle.

Preparation of samples.

Cells were cultured in FMX-8 medium which is a protein-free basal
medium for the culturing of Chinese hamster ovary (CHO) cells. The
medium or the cells were supplemented with growth factors or cloned
genes in order to obtain growth. CHO K1 cells were maintained in FMX-8
medium supplemented with 10% fetal calf serum (FCS) from Life
Technologies. Basic fibroblast growth factor (bFGF) obtained from Life
Technologies was supplemented at 20ng/mL for both CHO K1 and CHO
Kl:cycE cells; while insulin from Sigma was supplemented at 1.0pg/mlL.
CHO Kl:cycE cells were a gift of W. Renner (Renner et al. 1995). CHO
K1:E2F-1 cells were derived by stable transfection of CHO K1 cells with an

expression vector containing the full cDNA for E2F-1 (Chapter 3).

Cells were counted and then harvested at between 40% and 80%
confluence from T-125 flasks. The cells were dissociated from the culture
flask with the aid of Sigma protein-free dissociation agent (catalog number
(C5914) and washed three times in phosphate-buffered saline solution (PBS)

pH 7.4 before the pellet was sonified in a Branson 450 sonifier in a solution
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of 10mM Tris-HCl pH 6.8, 2% 2-mercaptoethanol (BME), and 1% Nonidet P-
40 (NP-40). The final volume for sonication was estimated based on the
number of cells and adjusted to two million cells per 50uL. The 50pL
aliquots of cells were sonified on ice at 100% output for 2 minutes to release
cellular proteins and shear nucleic acids. The samples were then frozen at

-80°C until use.

Prior to sample loading, the 50uL sample pellet was suspended in
133uL. of 9M urea, 2% BME, 2% NP-40, and 0.8% BioLyte pH 3-10 carrier
ampholytes (Bio-Rad). 10 - 15pg of total protein was loaded per gel
Subsequent to sample preparation the protein concentration was

determined as described below.

Protein concentration assay.

The concentration of protein samples was obtained with the aid of the
Bio-Rad Protein Concentration Assay Kit (catalog number 500-0002) which is
a slightly modified version of the Bradford dye binding assay (Bradford
1976). Control samples containing serial dilutions of bovine serum albumin
in 9M urea, 2% BME, 2% NP-40 and 0.8% BioLyte pH 3-10 were used as a
standard. For each sample, the protein concentration was determined twice
and the results were averaged. The concentration of samples was further
verified by the Total Protein Assay performed on a Beckman Synchron

CX5CE autoanalyzer as per manufacturer's instructions.
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Isoelectric focusing.

Several immobilized pH gradients (IPGs) were tested for the
separation of CHO K1 samples in order to determine the optimum first
dimension separation for this particular sample type. After the defined pH
gradient was chosen, it was used for all subsequent studies. For CHO cells
the 18cm pH 3-10 linear IPG gradient (precast) from Pharmacia was used.
The IPG combines exceptional reproducibility with ease of use and
improved handling as compared to more traditional carrier ampholyte tube
gels (for related discussions see Appendices 1 and 2). These IPG strips were
rehydrated overnightin a solution containing 8M urea, 0.5% Nonidet P-40,
1.5%  3-([3-chol-amido-propyl)-dimethyl-ammonio]-1-propane sulfonate
(CHAPS), 0.385% BioLyte pH 3-10 carrier ampholytes (Bio-Rad), 0.116%
Servalyte pH 3-10 carrier ampholytes (Serva), and 0.2% DTT.

Electrodes from the Multiphor II unit (Pharmacia) were placed on top
of filter paper presoaked in either 0.5mM NaOH (cathode) or 6mM H3POy
(anode) and blotted dry before being placed on the IPG gel. Kerosene oil
(Fluka) was used as heat transfer fluid between the cooling plate and the
DryStrip tray and low viscosity paraffin oil (Merck) was used as heat transfer
fluid between the tray and the alignment card. Samples were loaded and the
paraffin oil was used to overlay the entire IPG gel and sample loading cups

before the isoelectric focusing was started.

The gels were run for a total of 72,750 volt-hours at 15°C. The voltage

was ramped linearly from 500V to 3500V during the first 3 hours and was
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maintained at 3500V for a subsequent 17.5 hours using a MultiDrive XL

power supply (Pharmacia).

Equilibration.

After completion of the isoelectric focusing step, gels were incubated
first in a solution of 6M urea, 30% glycerol, 2% SDS, 2% DTT, and 0.05M
Tris-HCl1 pH 6.8 for 15 minutes. This resolubilizes the peptides and reduces
disulfide bonds (Bjellqvist et al. 1993). Free sulthydryl groups were
subsequently blocked by equilibration in 6M urea, 30% glycerol, 2% SDS,
2.5% iodoacetamide, 0.05M Tris-HCI pH 6.8 and a trace of Bromophenol blue
for 5 minutes. Both equilibration steps were performed with gentle orbital

shaking.

SDS-PAGE.

Second dimension 12% T gels were prepared as described elsewhere
(Harrington et al. 1991a). These gels were overlayed with the IPG gel
shortened by a total of 1.0 cm which was cut off from both ends of the gel.

The SDS-PAGE was run at a constant 40mA per gel for 6 hours at 12°C.

Detection.

After completion of SDS-PAGE, the gels were either fixed and silver
stained as described elsewhere (Harrington et al. 1991a) or blotted (Towbin et
al. 1979) to polyvinylidene difluoride (Millipore catalog number IPVH20200)
membranes at 200mA for 3 hours. Silver stained gels were scanned on a

Molecular Dynamics Personal Densitomter running Image Quant 3.3
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software. Data was obtained at 50pm resolution and 12 bit dynamic range.
Blotted proteins were detected with colloidal gold stain (Bio-Rad catalog

number 170-6527) and were further studied by Western analysis.

Western analysis.

The following antibodies were used in this study: anti-actin (Sigma
catalog number A-2066), anti-pRB clone PMG3-245 (Pharmingen catalog
number 14001A), anti-E2F-1 clone KH95/E2F (Pharmingen catalog number
14971A), anti-cyclin A clone BF683 (Pharmingen catalog number 14531A),
anti-cyclin E clone HE12 (Pharmingen catalog number 14591A), anti-cyclin
D1 clone G124-326 (Pharmingen catalog number 14561A), anti-mouse Ig,
peeridase-linked F(ab'), fragments from sheep (Amersham catalog number
NA9310), and anti-rabbit IgG (whole molecule) peroxidase-linked from goat

(Sigma catalog number A-8275).

Colloidal gold stained membranes were rinsed in phosphate-buffered
saline solution with Tween 20 (PBST) pH 8.0 (Sigma catalog number P3563)
and then blocked in 5% nonfat dry milk (Bio-Rad catalog number 170-6404)
before incubation with the primary antibody for one hour at a 1:5000
dilution. The membrane was washed three times in PBST for a total of 15
minutes before incubation with the secondary antibody (one hour at 1:7500
dilution). The membrane was again washed three times in PBST for a total
of 15 minutes before detection. Tris-buffered saline solution with Tween 20
(TBST) was found to be ineffective for reproducible identification of some

cell cycle proteins. The Amersham ECL detection kit (catalog number
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RPN2106) was used and the film (Hyperfilm, Amersham catalog number
RPN2103) was developed manually. =~ Western analysis by secondary

antibody binding alone was performed for negative control.

Computer analysis.

Image Quant 3.3 (Molecular Dynamics) software running on a
Compaq 486 DX2 33 MHz computer was used in conjunction with Melanie II
(Bio-Rad) running on a Sun Sparcl0 workstation and visual inspection to
aid in identification of spots, gel analysis, and quantification of particular
regions of interest. 8 bit data was further reduced in Adobe Photoshop 2.5.1
running on a Macintosh computer before being printed on a Lasertechnics

300D continuous tone printer interfaced to the 33MHz PC.

4.4 Results and Discussion

CHO 2D gel database.

Wildtype CHO K1 cells grown in the presence of 10% serum were
used as the benchmark sample type for this entire analysis. Silver stained
gels were first compared to previous published reports of 2D gel analysis of
intracellular CHO proteins. Although these early reports used significantly
different technologies for 2D gel analysis, some useful information was
obtained. The location of HSP 90, HSC 70, HSP 60, and alpha tubulin and
beta tubulin could be determined (Y.S. Lee et al. 1992b, Y.S. Lee et al. 1992a)
in relation to the two spots which have the actin characteristic shape. The

structural protein actin has been well studied by two-dimensional gel
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electrophoresis (Garrels and Gibson 1976) and the characteristic shape of the
actin spots is easily identified on many 2D gels. The specific location of actin
on these 2D gels was verified by Western analysis. This analysis
documented two spots which have the shape typical of beta and gamma
actins, and at the appropriate molecular weight and isoelectric point. Based
on this Western analysis, on the comparison to published reports, and on
further Western analysis of particular cell cycle regulatory proteins, a basic
2D gel database of CHO proteins now exists (see Figure 1). The low
expression levels of some of the proteins makes them difficult to identify on

reproduced images.

The location of the identified proteins was standardized and further
verified by comigration of CHO K1 proteins with 2D gel standards (Bio-Rad
catalog number 161-0320) and with SDS-PAGE standards (Bio-Rad catalog
number 161-0317). Several runs with standards were performed, both in gel
and in parallel gels. The resulting average location was noted on a master
gel and the corresponding isoelectric points and molecular weights are easily
read from this gel. The data on migration of standards is also included in

Figure 1.

Expression levels of cell cycle regulatory proteins.

Two-dimensional gel electrophoresis was used to analyze the
simultaneous expression of several important cell cycle regulatory proteins.
The data are normalized by the expression of actin which is assumed to be

constant and serves as an internal standard for the amount of protein
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loaded per gel. The average normalized expression levels of these proteins
from multiple gels are listed in Table 1. From these data one can gain
insight into possible mechanisms governing the interaction of these

molecules.

There does not appear to be any important effect on cyclin DI
expression for the cases studied. In contrast, cyclin E upregulation was
observed for CHO K1 cells grown in the presence of potent mitogens
(FCS>bFGF>insulin). Although this general trend holds for E2F-1
expression in the mitogen-stimulated cases, the amount of E2F-1 observed
in CHO Kl:cycE cells remained relatively low for growth stimulated by
cyclin E expression. This observation suggested that bFGF stimulation
resulting in cyclin E upregulation may be a consequence of FE2F-1
upregulation. If true, then the addition of more potent mitogens such as
bFGF may lead to E2F-1 upregulation which may lead, in turn, to cyclin E
upregulation. This rationale provided motivation to study the effect of E2F-
1 on protein-free growth (Chapter 3). Indeed, deregulated expression of E2F-
1 yielded higher levels of cyclin E as well as cyclin A. It is known that the
promoter of cyclin A contains an E2F-1 binding site (Helin and Harlow
1993), but this has not been established for cyclin E. It has also been shown
that a single E2F binding site can confer E1A regulation to a test promoter
(Nevins 1992). If fully functional in this capacity, one would expect higher
cyclin A levels in response to E2F-1 overexpression. Because of the nature
of cell cycle regulation, it is not surprising that E2F binding sites could be

found in the promoter of proteins known to interact directly with E2F in
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control of the cell cycle such as cyclin A. Moreover, the autoregulation of
E2F-1 (Neuman et al. 1994) accounts for the very large increase in expression

also observed.

2D gel analysis of various growth conditions.

A detailed microchemical investigation of the particular changes that
occur in expression of CHO cell proteins in cultures stimulated to grow by
different means is beyond the scope of this work. However, cross-gel
analysis between various samples can provide an important first step for the
elucidation of parts of the known biochemical mechanism as well as lead to
the identification of new genes and gene products which may also play

important roles in the mammalian cell cycle.

Insulin-stimulated growth of CHO K1 cells was first compared to CHO
K1 cells growing on 10% serum (Figure 2). The 2D gels revealed 16
upregulated spots in insulin-stimulated cells compared to 10% FCS-
stimulated cells, while 47 spots were significantly downregulated. The
larger number of downregulated spots with the removal of various serum
components supports the hypothesis that the various growth factors and
growth inhibitors in serum may have triggered the expression of several
proteins involved in intracellular signal transduction cascades.  The

downregulation of 47 spots provides initial evidence for this.

CHO K1 cells grown on FMX-8 in the presence of bFGF seemed to

show many more differences from serum-stimulated cells than did insulin-
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stimulated cells. Although only 9 species were clearly expressed in higher
quantities in bFGF-stimulated cells (but not serum-stimulated cells), 68
species did not appear in the bFGF case as compared to the serum case.
There were 3 spots which were expressed in both the insulin- and bFGF-
stimulated cells and not in serum-stimulated cells. The unknown number
of growth factors and growth inhibitors acting at many different levels of
control, which were present in the serum, suggests that these 3 proteins
could be co-regulated by a growth inhibitor present in FCS which is not
present in the absence of FCS. There are 21 proteins which were relatively
highly expressed in serum-stimulated growth but not growth stimulated by
insulin or bFGF. Here again the downregulation may be caused by the
removal of serum components with corresponding downregulation of

particular signal transduction cascades.

Figure 4 depicts the expression pattern of CHO K1 cells transfected
with a constitutive expression vector encoding the gene for human cyclin E
(CHO Kl:cycE). When these cells are compared to CHO K1 cells grown in
the presence of serum, 15 proteins are observed which are upregulated as
compared to serum-stimulated cells and there are 40 proteins for which the
converse is true. Further study of the 15 proteins may reveal if the
upregulation is a cause or a consequence of either constitutive cyclin E
expression or protein-free growth. Gene dosage experiments or inducible
expression of cyclin E would be useful in determining which spots (up- or

downregulated) are a direct consequence of cyclin E expression.
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Figure 5 is the 2D gel pattern of CHO Kl:cycE cells stimulated by
growth on bFGF (cycE+bFGF). The markings on Figure 5 represent changes
relative to the CHO Kl:cycE cell line not stimulated by bFGF. There are 14
spots which appear to be upregulated in specific response to bFGF
stimulation in the CHO Kl:cycE cell line, and none of these correlate to
upregulated spots for the CHO K1 case (K1:bFGF). Again, because of the
nature of serum, this result is not surprising. A study of bFGF stimulation
by 2D gels demands the removal of serum from all cases because serum
probably stimulated many different signal transduction cascades including
those stimulated by bFGF directly. Therefore, the set of spots upregulated in
the bFGF-stimulated CHO Klzéch cells probably represents a more accurate
depiction of proteins actually upregulated in response to bFGF rather than as
a consequence of the removal of serum. Consequently, no upregulation of
spots caused specifically by bFGF can be seen in a comparison of bFGF- and
serum- stimulation. There were 13 downregulated spots and only 1 of these
appears to be downregulated when bFGF-stimulated CHO K1 cells are
compared to 10% FCS-stimulated CHO K1 cells.

In Figure 6 the CHO Kl:cycE bFGF-stimulated cells are compared to
CHO K1 bFGF-stimulated cells. This comparison yielded observations on
the effect of cyclin E overexpression independent of serum. 34 spots are
upregulated while 8 spots appear to be downregulated. 4 of the upregulated
species are also upregulated when CHO K1:cycE cells are compared to CHO
K1 cells while only 1 of the downregulated proteins is present in the same

comparison. It is likely that these 4 upregulated species have a relation to
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cyclin E expression. Microchemical analysis of these 4 spots would provide

further insight.

In Figure 7 the results from a comparison of a CHO K1 cell line
constitutively expressing human E2F-1, CHO K1:E2F-1, versus CHO K1 cells
grown in the presence of serum are given. 33 spots appear to be
downregulated as compared to the wildtype. In contrast to the CHO Kl:cycE
strain which showed upregulation of some 15 species, deregulated
expression of E2F-1 appears to stimulate the expression of 236 species. This
is not a surprising result in light of the cellular function of E2F-1 as a
transcription factor with regulated expression. This result provides further
evidence for the significant regulatory effect of cloned human E2F-1 in CHO
cells and suggests several more experiments which could help elucidate
parts of the biochemical mechanisms controlling the mammalian cell cycle
machinery. For example, E2F-1 upregulation resulting in higher expression
of other proteins can lead to the identification of gene products which are
transcriptionally activated by the E2F transcription factor. This is
particularly useful in cell types for which a complete DNA sequence (i.e.,
E2F binding sites) is not established. More generally, 2DE can be an
important tool for identifying changes in the protein patterns caused by
stimulation by various growth factors. The gel analysis presented above
involves serum and necessarily contains ambiguity. This analysis furthers
the need for serum removal from studies of growth characteristics of

mammalian cell culture systems.
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With the aid of carefully designed experiments, one can begin to use
two-dimensional electrophoresis of proteins to distill some elements of the
pathways of mitogen stimulation. These pathways, from cell receptor to cell
cycle regulatory proteins, probably have important roles not only in cell
growth, but also in diseases of cell growth including cancer. Already, it has
been shown that 2D gel analysis of CHO K1 cells grown under various
conditions can corroborate existing theories of the biochemical mechanisms
which govern cell cycle control and can serve as a foundation for further

studies of cell cycle control.
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4.6 Tables

Normalized expression of five various cell cycle regulatory proteins as
identified by two-dimensional gel electrophoresis.  The values were
obtained using ImageQuant 3.3 software. The integrated optical density of
spots of interest were calculated and the local background was subtracted.
The given values are normalized by the expression of beta and gamma
actins on each gel aﬁd then multiplied by 1000. The error in measurement
is + 1.0. CHO K1 cells were stimulated to grow on FMX-8 media by the
addition of: 10% FCS, bFGF, insulin, a constitutive expression vector for
cyclin E, bFGF and cyclin E, or a constitutive expression vector for E2F-1.

The sum of all identifiable cloned and endogenous isoforms is given as

appropriate.
Growth cyclinE cyclinD1 cyclinA pRb E2F-1
10% FCS 18 4.7 29.1 6.0 10.9
bFGF 14 2.6 103 17 10.1
insulin 6.1 1.8 34.5 1.4 2.2
cycE 35 3.7 72.5 15 1.7
cycE+bFGF 33 3.5 11.8 28 8

E2F-1 234 4.0 155 15 232
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4.7 Figures

Figure 1 depicts a 2D gel of CHO K1 cells grown in the presence of 10% fetal
calf serum. Reference marks for isoelectric point and molecular weight are
given as are various landmark proteins which have been identified by as
described in the text. Some of the reference proteins are marked in later
figures to aid in gel orientation. The low expression levels of some of the

proteins makes them difficult to identify on reproduced images.

Figure 2 depicts a 2D gel of CHO K1 cells grown in the presence of insulin.
Three landmark proteins are indicated. The green squares depict proteins
which are downregulated, and the red circles depict proteins which are

upregulated as compared to CHO K1 grown in 10% FCS.

Figure 3 depicts a 2D gel of CHO K1 cells grown in the presence of bFGF.
Three landmark proteins are indicated. The green squares depict proteins
which are downregulated, and the red circles depict proteins which are

upregulated as compared to CHO K1 grown in 10% FCS.

Figure 4 depicts a 2D gel of CHO K1:cycE cells grown on FMX-8 alone. Three
landmark proteins are indicated. The green squares depict proteins which
are downregulated, and the red circles depict proteins which are upregulated

as compared to CHO K1 grown in 10% FCS.



81

Figure 5 depicts a 2D gel of CHO Kl:cycE cells grown in the presence of bFGF.
Three landmark proteins are indicated. The green squares depict proteins
which are downregulated, and the red circles depict proteins which are

upregulated as compared to CHO K1 grown in bFGF.

Figure 6 depicts a 2D gel of CHO K1:cycE cells grown in the presence of bFGF.
Three landmark proteins are indicated. The green squares depict proteins
which are downregulated, and the red circles depict proteins which are

upregulated as compared to CHO Kl:cycE cells grown on FMX-8 alone.

Figure 7 depicts a 2D gel of CHO KI1:E2F-1 cells grown on FMX-8. Three
landmark proteins are indicated. The green squares depict proteins which
are downregulated, and the red circles depict a fraction of the proteins which

are upregulated as compared to CHO K1 grown in 10% FCS.
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CHAPTER FIVE

Conclusions and Future Prospects
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The experiments presented describe the rational manipulation of the
metabolic pathways governing cell cycle control in order to engineer
Chinese hamster ovary (CHO) cells capable of growth in a protein-free
environment. It was found that the deregulated expression of E2F-1, a
subunit of a transcription factor known to be involved in cell cycle control,
activates the proliferation of CHO cells in a protein-free medium. Western
analysis of ten stably transfected clones showed expression of the cloned
protein. Confocal microscopy and Southern analysis also provided evidence
for E2F-1 expression. Quantitative measurements of the E2F-1 expressing
clones shows an increase of more than 21-fold in E2F-1 expression as
compared to serum-stimulated CHO K1 cells. High levels of cyclin E and
cyclin A are also detected in the transfected cells. A two-dimensional gel
electrophoresis analysis of one of the E2F-1 expressing transfectants
demonstrated increased expression of 236 spots as compared with growth
stimulation by growth factors or serum. Such a large increase in protein
expression was not observed in the other cases studied: serum-, bFGF-,
insulin-, cyclin E-, and cyclin E-bFGF- stimulated growth. Most significantly,
the CHO KI1:E2F-1 cells could proliferate on basal medium in a serum- and

protein-free environment.

The metabolic engineering approach used here is a powerful tool in
biotechnology for the creation of new cell lines for improved
biopharmaceutical production. =~ Moreover, the tools of two-dimensional
electrophoresis, when optimized, can provide important information about

a particular system as well as provide potentially new avenues for the
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discovery of gene products under transcription factor control. This is
particularly important in organisms for which detailed genomic sequence

data is still unavailable.

Perhaps more importantly, the experiments presented have provided
a plethora of new problems for exploration. Subsequent investigations may
lead to new information, clarification of current questions, and ultimately,
new technology. Further studies of the effect of deregulated expression of
cloned E2F-1 can begin with an analysis of the effect of gene dosage.
Saturation of E2F-1 binding sites probably occurs at high levels of E2F-1 and
the excess E2F-1 expression would thus decrease the overall growth
capabilities of engineered cells. Gene dosage effects could be examined by
futher analysis of the 10 clones - each expressing various amounts of E2F-1.
A more rigorous analysis would involve inducible expression of the cloned
gene. A tetracycline-inducible expression system for cyclin E has already
been developed (Resnitzky et al. 1994) and a study of the detailed growth
characteristics of cloned E2F-1 expressing cells compared to various
induction levels may result in optimized growth characteristics. Building
on other studies, one could create a metabolic switch (Chen et al. 1993) to
activate proliferation under certain conditions and turn off proliferation
while simultaneously inducing production (E. Nollen, personal
communication). Even when optimized, the ultimate test of deregulated
expression of E2F-1 is the engineering of cells with improved production

capabilities. Therefore, the creation of production strains would be the next
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important and logical study for E2F-1 overexpressing cells grown in serum-

and protein-free media.

The intriguing results from the two-dimensional electrophoresis
analysis of CHO K1 growth stimulation suggest further experiments. The
most fundamental studies should begin with 2D gel databasing and involve
microchemical analysis of several reference spots as well as spots which are
up- or down-regulated because of a defined growth stimulation. Additional
experiments will lead to the discovery of proteins which may be up- or
down-regulated in response to E2F-1 overexpression. This is useful
information since many of these proteins are likely to be involved in S
phase onset or cell cycle control. Although E2F binding sites can be
identified in the promoters of genes after the gene has been cloned, 2DE can
provide important information for two reasons. First, the presence of E2F
binding sites in promoters does not exclude further levels of control
Protein expression in response to various forms of control is best
determined at the protein level rather than at the DNA sequence or even
mRNA level. Second, despite the efforts of the Genome Initiative, DNA
sequence data will not be readily available for many biological systems in the

near future.

Carefully designed experiments can also help identify intracellular
signal transduction patterns. For example, the cyclin E overexpressing cells
grown in the absence of external growth factors should differ in the protein

expression pattern of these cells grown in the presence of bFGF. The
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upregulated and newly synthesized species may be proteins expressed in
response to bFGF stimulation. A parallel experiment with E2F-1
overexpressing cells and bFGF stimulation would further support any data

obtained on the bFGF signal transduction cascade by 2DE.

The above suggestions underscore the need for greater research
activity in the areas of serum-independent growth, metabolic engineering,
and two-dimensional electrophoresis. =~ A marriage of these areas with
existing technology and research areas will provide significantly improved
methods for production of biopharmaceuticals and improved technology for

the study of biological systems.

References

Chen, W., Kallio, P.T., and Bailey, J.E., Construction and Characterization of
a Novel Cross-Regulation System for Regulating Cloned Gene Expression in

Escherichia coli, Gene, 130: 15 (1993).

Resnitzky, D., Gossen, M., Bujard, H., and Reed, S.I., Acceleration of the
G1/S Phase Transition by Expression of Cyclins D1 and E with an Inducible
System, Mol. Cell Biol., 14: 1669 (1994).




94

APPENDIX ONE

Mechanical Precision in Two-Dimensional Electrophoresis

Can Improve Protein Spot Positional Reproducibility

Source: Harrington, Lee, Yun, Zewert, Bailey, and Hood,

Appled and Theoretical Electrophoresis (1993) 3: 347-353
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A1.1 Abstract

Current methods for high resolution two-dimensional
electrophoresis (2DE) of proteins are capable of separating over 5,000 protein
spots in one procedure. Running and analyzing such 2DE gels requires
skilled technical work. However, the variable reproducibility of spot
positions means that, even under the best circumstances, one gel cannot be
overlain directly on another for precise comparison. Therefore, new and
improved technologies that enhance gel-to-gel reproducibility are required.
To this end, we have designed and built a research instrument to test
whether a precise mechanical device could improve the gel-to-gel
reproducibility by reducing the amount of distortion and positional
variation between the first and second dimension gels. Other causes of poor
reproducibility, including sainple type and preparation, gel matrices and
running conditions were not varied in order to limit this study to the
mechanical variations inherent in current 2DE systems. We found that the
sample standard deviation of pooled data for measured protein spot-to-spot
distances in the prototype device was 1.3 mm as compared to 4.3 mm in a
conventional 2DE system. These improvements support the possibility that
greater automation of the multistep 2DE process will enhance
reproducibility. = This approach seems justified in order to achieve
significantly better matching between gels and between results from

different laboratories.
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A1.2 Introduction

High resolution separation of proteins by two-dimensional
electrophoresis (2DE) (O'Farrell, 1975; Klose, 1975; Scheele, 1975) can provide
a wealth of information on the content of the many different proteins in a
sample, or on the post-translational modifications of individual proteins.
Detailed protein atlases are being used in many medical (Harrington et al,
1986) and biological studies (Garrels and Schubert, 1979) and primitive
databases are now being constructed (see for examples Celis, 1991).
Furthermore, amino acid sequence analysis of specific spots resulting from a
2DE separation can allow the determination of the primary structures of
specific proteins as well as lead to the subsequent cloning of the genes

associated with these proteins (Aebersold et al., 1987).

An aspect of 2DE technology that requires improvement is the
reproducibility of the procedure. For 2DE analysis, one requires reproducible
positional identification of individual spots by their charge and mass
coordinates and quantitation of their abundance after any one of several
detection methods. Ideally, multiple gels produced from aliquots of the same
protein sample should contain the same protein spot positions and
quantities. Any two such gels overlain on top of each other should be exact
duplicates for every spot. When a gel run under the same conditions with a
slightly different protein content is overlain, the biochemically identical

spots should precisely overlie their counterparts, while all differing proteins
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should be immediately identified by their positional or quantitative change.
While this is an obvious goal for users of this technology, it has not been
realized. Studies of one small region of a 2DE gel are feasible with current
technology, but inadequate reproducibility does limit the accuracy and

capability of "global” 2DE analyses of the overall 2DE protein patterns.

Itis difficult to define the minimum required, as well as the existing,
levels of 2DE reproducibility because these levels depend on the particular
protocol used and the associated experimental requirements. These may
range from a one-time analysis of a small region of a few 2DE gels, to a
comparison of detailed 2DE maps between many laboratories, over years.
Examples of published measurements of reproducibility (e.g., Taylor et al.,
1983; Daufeldt and Harrison, 1984; Garrels and Franza, 1989; Harrington et al.,
1984; Kuick et al., 1991; Miller and Merril, 1989; Gianazza et al., 1986; Fosslien
et al., 1984) are specific to the authors' unique methods and define the
variation in subsets of spots that are selected as the most reproducible
(usually on the basis of being the most abundant) spots. In these examples,
the number of the subset of spots analyzed per gel varies from 90 (Harrington
et al., 1984) to 1600 (Garrels and Franza, 1989). In one of the most detailed
early reports (Taylor et al., 1983), both the power of 2DE and its problems
were illustrated: 16 identical samples were subjected to the same 2DE run; on
one hand, 95% of the computer-analyzed spots registered within a size
parameter smaller than the diameter of the spot, consistent with excellent
utility for this subset of "well-behaved" spots; on the other hand, a relatively

large discrepancy in total spots per gel was observed, ranging from 285-434,
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reflecting the variation of low abundance proteins. These different studies
provide appropriate validation for the level of global 2DE analysis performed
under the conditions the investigators have chosen, but all have been forced
to exclude the more variable, usually low abundance spots from 2DE gel

analysis.

We have recently been forced to improve our reproducibility because
of our interest in low abundance proteins among gels that contain 1,000-4,000
spots (Harrington et al., 1992). Unfortunately, the low abundance spots are
less reproducible. In these studies of nuclear regulatory proteins in the early
development of the sea urchin embryo, optimal conditions allowed us to
achieve a gel-to-gel positional matching capability of 99.5-99.7%, as judged by
post-match editing. However, as we wish to compare these results with
ongoing studies of embryonic development, this matching error may lead to
as many as 20 mismatches per 4,000 spots in each gel-gel comparison,
probably affecting the low abundance proteins of specific interest. This
magnitude of mismatch in each gel-to-gel comparison would rapidly lead to
an unacceptable cumulative error for multiple gels in our desired database
studies. Therefore, we need to improve the reproducibility of our 2DE
system. Less than two mismatches in the low abundance proteins in any gel
comparison could feasibly be edited or tolerated; this would require a ten-fold

improvement!

Before we can improve the level of reproducibility for 2DE gels, we

must determine the major cause(s) of error. In the complex, multistep



99

protocol of 2DE gels, variability can occur in any of the multiple steps: sample
type and manipulation, electrophoresis chemistry, physical and electrical
conditions, detection and analysis methodology. Detailed review of the
possibilities is beyond the scope of this paper, but we regard three aspects as of
special interest since our last methods were described (Harrington et al.,
1991). First, the variability during isoelectric focusing (IEF) resulting from
the unstable pH gradient with carrier ampholytes and the chemical
variability between carrier ampholyte batches can be overcome with the use
of immobilized pH gradient gels (Bjellqvist et al., 1982), which have been
progressively implemented in 2DE analyses (e.g., Gorg et al., 1988; Hughes et
al., 1992). However, there is still variability dependent on how the IPG
gradient is formed. Secondly, there remains the positional variability of
polyacrylamide gels when unsupported: they break, stretch, swell and
contract, and partially dissolve on occasion. Some progress has been made in
this area, most notably by the use of plastic-backed gels (in the
Pharmacia/LKB "flat-bed" systems), a fiber support for IEF tube gels
(Millipore), and a re-inforced "proprietary” stiffener in polyacrylamide gels
(Millipore; Patton et al., 1992). We believe there remains a need for more
mechanically robust separation matrices, and we are investigating several

candidates (Harrington et al., 1994).

Finally, there are multiple opportunities for human errors during the
handling stages of 2DE gel procedures. This aspect has received little
attention in industry, but Shimadzu has recently introduced robotics to

automate part of the 2DE process. Their instrument (TEP-1) performs the
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central maneuvers involved in 2DE separations, with separation in an IEF
tube gel, followed by robotic extrusion of the IEF gel onto the second (SDS-
PAGE) dimension (Nokiharaet al,, 1992). With perhaps different intentions
and a different approach, we chose to determine whether precise mechanical
control of the alignment of the IEF and SDS-PAGE gels, independent of the
many other variables, could significantly improve positional reproducibility
in 2DE gels. We also wanted to test our presumption that a 2DE gel system in
which the gels themselves were not moved (our notion of an "all-in-one"
2DE gel) would significantly improve reproducibility. Here, we present
experimental data to evaluate this notion: would precise mechanical control
of each first and second dimension gel and their connections improve the

reproducibility of spot-to-spot positions of 2DE gels?

A1.3 Materials and Methods

Protein Samples.

The protein samples used in all of the experiments were from a single
collection of cerebrospinal fluid (CSF) that was concentrated six-fold by
ultrafiltration in a Centricon-3 device (Amicon). For each gel, a 5 uL aliquot
of concentrated CSF was mixed with 5 pL of a solution containing 9M urea,
2% beta mercaptoethanol and 2% carrier ampholytes (Bio-Rad, pH range 3-

10).
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Two-dimensional Electrophoresis.

2DE was performed in two different systems. There are many well-
established 2DE gel system formats and, as one such example, we chose the
system based largely on the Bio-Rad Protean II equipment, with our exact
protocol, described recently (Harrington et al., 1991). Briefly, the isoelectric
focusing was performed in a 22 cm long glass tube, with a 1.4 mm internal
diameter. The enclosed 4% polyacrylamide IEF gel was 16 centimeters long.
Isoelectric focusing was performed for two hours at 200 volts, four hours at
500 volts and 13.25 hours at 800 volts, for a total of 13,000 volt-hours. These
isoelectric focusing gels were immediately extruded and transferred to SDS-
PAGE gels that consisted of a uniform 12% polyacrylamide gel, 1.5 mm thick,
that incorporated a 30:0.8 ratio of acrylamide monomer:piperazine diacrylate
crosslinker. The second dimension gels were run at constant current (40 mA

per gel) for a total of six hours.

Prototype instrument.

A prototype gel box was built (Figures 1 and 2) to determine whether a
system with the ability to precisely control the spatial relations of the two
distinct gels (the isoelectric focusing and SDS-PAGE gels) might improve the
reproducibility of protein separations from gel-to-gel. The dimensions of the

gels in the prototype were the same as those in the Bio-Rad system.

The first dimensional unit was built using Plexiglas sheets that were
bolted together, enclosing the IEF gel. As shown in Figure 1, the isoelectric

focusing gel is polymerized in one of several different Plexiglas "cards" that
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hafle a 16 centimeter long slit bounded at either end by a circular opening.
The thickness of the "cards" and the width of the slit both varied from 0.8
mm to 1.4 mm, but for all experiments in this study, the 1.4 mm thick "card"
with 1.4 mm slit were used. This "card" is clamped between two blocks of
Plexiglas which form the lateral two walls of the slit. The resultant 160 mm x
1.4 mm x 1.4 mm cavity forms the boundary for the IEF gel. One of the outer
blocks of Plexiglas has cylindrical openings [seen in Figure 1(ii) a & b] that
provide direct access to the circular cavities in the "card." To pour the gel,
the first dimension unit is bolted firmly together with part c) in Figure 1(ii)
sandwiched between a) and e). The acrylamide/isoelectric focusing solution
is poured into one of the circular wells, the apparatus is tilted to allow the
solution to flow through to the other side, and the gel is thus polymerized in
the tilted position. After polymerization, all gel material in the circular
cavities is completely removed, leaving gel flush with the ends of the IEF
slit. In preliminary experiments, the apparatus was tilted less so that the gel
solution only partially filled the “card:" after polymerization, an unfilled
cavity was left in the last 1 cm of the slit, in which a protein sample could
later be loaded. Several experiments were performed to determine the best
method for sample application, investigating loading either in the base of the
circular well or in the short 1 cm region in the "card" slit. A colored protein
standard (BioRad IEF standard) was visibly trapped against the wall of the
circular cavity and never entered the gel when the sample was applied in
this circular well. No such residual protein was visible outside the gel when
the colored standard was directly loaded in the 1 cm slit in the "card." Thus,

it was found that significantly more protein entered the IEF gel when the
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sample was loaded directly into the 1 cm region of the slit in the "card," and
this method was used in all subsequent experiments. Isoelectric focusing was
performed by adding 10 mM sodium hydroxide and 6 mM phosphoric acid
electrolyte solutions to the circular cavities in the apparatus, in which a
platinum wire is located. This set-up is shown in Figure 2. The electrical
conditions for isoelectric focusing were identical to those used in the

conventional system, for a total of 13,000 volt-hours.

The second dimension in the prototype system is almost the same as
the standard system and was achieved in a device (not shown) similar to the
multiple gel casting unit of the Protean II System: this Plexiglas container
was tall enough to contain the full 20 centimeter height of the glass plates
and allowed for a removable Plexiglas lid to fit precisely on top of the glass
plate surfaces. The same glass plates used in the Bio-Rad Protean II system
were used, except the gels were poured between the space bounded by two 20
x 20 cm glass plates separated by 1.5 mm spacers. In the conventional Bio-
Rad system, the gel is poured between a 16 and a 20 cm glass plate to a height
of 15.5 cm and overlaid with water-saturated sec butanol. This creates a
shallow trough, in which the first dimension gel is later inserted. In the
prototype apparatus, the gel is polymerized all the way from the base to the
top of the glass plates. Gel solution was poured in from a small opening at
the base of the container, and a small air vent in the lid enabled the gel
solution to be completely encased within the glass plates. After the
acrylamide had polymerized, the lid was carefully removed and the glass

plates, with gel polymerized flush with both ends, was clamped in a Plexiglas
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cooling unit shown in Figures 1 and 2. The cooling unit has the same length
as the glass plates. The glass plates containing the SDS-PAGE gel sit in a
precise groove in both sides of the cooling unit, with less than 0.1 mm
variation over the width of the gel. In this unit, circulating coolant (50:50
ratio of water: ethylene glycol) was allowed to flow on both sides of the glass
plate, controlled at the same temperature as the buffer that was used to cool

the Protean II Bio-Rad System (12°C).

After completion of the isoelectric focusing, the IEF "card" was
removed by separating the Plexiglas boundary blocks from the first
dimensional unit. The polyacrylamide gel remained attached to the two
edges of the slit in the "card." This "card" containing the gel, was then
applied to the alignment pins indicated at the ends of the second
dimensional gel unit in Figures 1 and 2. These connections were specifically
made so that all "cards" have the same alignment (within 0.1 mm) when
they are compressed against the Plexiglas container of the second
dimensional unit. This results in the IEF gel being aligned reproducibly and
reliably in direct contact with the SDS-PAGE gel extremity. The total
positional variation in this procedure is < 0.2 mm, versus the unmeasured,
but clearly greater, variation in the conventional system with its extrusion
process and distortion of the IEF gel and the human introduction of
variation that occurs during the connection between first and second

dimension processes.
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Electrolyte in the prototype system is supplied from an agarose buffer
block. Tris-glycine-SDS buffer blocks are formed in a Plexiglas closed casting
unit (not shown) and are comprised of 2% agarose containing a two-fold
increased concentration of tris-glycine-SDS as compared to the liquid
electrolyte in the conventional Bio-Rad system. This quantity was
determined experimentally as the minimum required to supply sufficient
conductivity and SDS for the duration of the procedure. In order to run the
SDS-PAGE gel, a tris-glycine-SDS agarose block is applied to the alignment
pins in its Plexiglas container directly after the IEF gel card. Finally, a
platinum electrode block is added on the outside of the same alignment pins,
as shown in Figures 1 and 2. The platinum electrode spanned the entire
length of the agarose block and it was mounted on a Plexiglas wedge that had
numerous channels behind the wire that enabled gas and melting agarose to
escape through a vent hole. As this bubbling process occurred during the
electrophoresis, electrode tension on the agarose was maintained by
tightening screw clamps 3-4 times during the procedure. At the other end of
the SDS-PAGE gel, a tris-glycine-SDS buffer block and platinum block are
applied to similar alignment pins. Running conditions were similar to the
conventional Bio-Rad system with constant current (40 mA per gel) for eight
instead of six hours, to enable the leading ions to reach the end of the longer

gels (20 cm versus 15 cm).

At the end of the electrophoresis in both devices, gels were stained

with ammoniacal silver as described previously (Harrington et al., 1991).
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Experimental Conditions.

After the initial experiments described above, we performed the
following experiment, depicted in Figure 3. A common set of stock solutions
for all steps in the procedure was made in quantity sufficient for six 2D gels to
be performed, three each in both the conventional Bio-Rad system and in
our prototype gel box. The only difference in chemicals, as described above,
were the agarose buffer blocks used in the second dimension device in the
prototype gel box. All first and second dimension gels were poured for each
system simultaneously and gels were used within one week. Aliquots from
the same CSF stock solution, prepared as described above, were run on each
of the two different systems. A sample was run on each of the two systems
on three successive days. At the end of each 2DE separation in both systems,
the gel was removed from its glass container and fixed in 40% ethanol and
10% acetic acid for one hour followed by storage in 5% acetic acid, 5%
ethanol. Silver staining was performed on all six gels simultaneously. The
result of one silver stained sample (from the prototype instrument)is shown
in Figure 4. Seven protein spots, selected because they spanned a variety of
gel regions and were present in all gels, were used for measuring spot-to-spot
distances. The four distances between these spots (A, B, C, and D in Figure 4)
were measured on each of the wet gels on a light box, by placing a ruler
between the centers of each spot pair. In order to reach a stable level of
hydration for all gels, measurements were only made after the gels had been

equilibrated in water for greater than 24 hours after staining.
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Al14 Results and Discussion

Table 1 shows the results of the measurements on the six gels,

representing the distances illustrated in Figure 4.

The prototype 2DE instrument gave markedly improved results over
the conventional 2DE system for the reproducibility of spot-to-spot distances.
However, it should be noted that this study was not intended to be a
definitive comparative study between the BioRad system and our prototype,
but rather an investigation which uses a conventional system with which we
have a lot of experience, as a reasonable benchmark for testing the principles
of the design of the new device. The goal of building this device was to
determine (independent of other known variables in 2DE gel reproducibility,
such as sample type and preparation, the inherent chemical variations in the
gels and in potential interactions between the sample and the gel) whether
control of IEF gel distortion and the human positional variability in
connecting the first to the second dimension gels would lead to more
reproducible 2DE gels. These results strongly support the contention that
these gel distortions and manipulations are significant contributory factorsin
2DE gel positional reproducibility. The fact that our initial use with the
prototype instrument has not yet been optimized (unlike the system with
which we have had many years' experience) means that these preliminary
results may be viewed as conservative. We can anticipate that with more
refinement of the mechanical control of gel positions, 2DE positional

reproducibility may be further improved.
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At this stage, we can only estimate what the improved reproducibility
shown with the prototype instrument will offer in terms of overall ability to
match 2DE gels. We found about 20-40 protein spots were mismatched on
our conventional BioRad system gels with 4,000 spots using new image
analysis software (Solomon and Harrington, 1993) and minimal editing. The
majority of these mismatches (about 75%) were clearly visible in the gel but
had significant positional variation as the likely source of mismatch (MGH,
unpublished results). The matching procedure allows for some variation
from an absolute spot position (manuscript in preparation) in order to
accommodate minor gel distortions. This degree of positional variation in
the match process is relaxed in steady increments, under visual control of the
results, until obvious mismatches are seen. Relaxation is based on a step-
wise reduction in matching tolerance comparing the spot and its root mean
square distance from five reference spots that have been selected on each gel
at the start of the matching process. The positional improvement seen with
this new instrument involves similar spot distances to those typical
reference points selected on a 2DE gel, and should enable more correct
matches to be made before relaxed parameters begin to miss or mismatch
spots. We have not evaluated our new results with the new image analysis

software, but this prediction is now testable.

We believe the detailed analysis of complex protein mixtures will
have potential uses in medical diagnosis (Harrington et al., 1986), biological

studies (Garrels and Schubert, 1979) and genetic studies (Kuick et al., 1991).
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However, databases can only be constructed if the matching of 2DE gels is
reliable. There are two approaches to ensuring such reliability. One is to
subselect only the most reliable data from each 2DE gel and the other is to
ensure maximum reproducibility between 2DE gels. Improved positional
reproducibility is essential for the study of low abundance proteins, such as
the nuclear regulatory proteins in our sea urchin embryo studies. The data
from this prototype instrument shows that a more mechanically controlled
2DE gel device may improve the ability to build more complete databases. It
does not seem surprising that an isoelectric focusing gel maintained in the
"card" of this device can produce better positional results than from an
isoelectric focusing tube gel that is extruded from a glass container by
hydrostatic pressure and scooped with a spatula between glass plates,

processes that clearly stretch and distort the gel.

One could anticipate further improvement if we incorporate IPG gels
in this new instrument. Gianazza et al., 1986, report a variability (standard
deviations) of 1.18 mm in the IEF dimension and 0.9 mm in the SDS-PAGE
dimension of 2D gels with IPG gels. These results are at the same level as
those in our experiments, although their conditions (such as smaller gel size)
limit direct comparisons. The authors interpret their excellent results as due
to IPG stability and accurate gradient pouring of the IPG's. In relation to our
experiments, we believe that by using these IPG techniques in a more
mechanically optimal instrument, the reproducibility will be greater than

from either approach by itself. This is directly testable.
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We have now designed and are testing a more automated instrument,
based both on the mechanical regulation principles of this prototype, as well
as attempts to minimize moving parts. The intended goal of this next
generation 2DE device is analagous to the added precision that HPLC
instrumentation has provided for chromatography. This development has

been justified for us by the improved 2DE data described in this paper.
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A1.6 Tables

Table Legend: Measurement of protein spot-to-spot distances per gel, as
indicated in Figure 4. The three gels run in the prototype instrument are
identified as 1, 2, and 3; the gels run in the conventional system are
identified as 4, 5, and 6. *The approximate sample standard deviation was

calculated eliminating one degree of freedom for the small sample space [22].

Gel Identity Protein spot distances (mm)
A B C D
Prototype 1 44 42 38 111
Prototype 2 45 40 39 113
Prototype 3 46 43 40 114
Sample S.D. 1.0 1.5 1.0 1.5

Approximate sample standard deviation of pooled data* 1.3

Conv. 4 36 39 30 110
Conv. 5 44 41 38 115
Conv. 6 39 32 31 107
Sample S.D. 4.0 4.7 4.4 4.0

Approximate sample standard deviation of pooled data* 4.3
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A1.7 Figures

1(i)

Diagram (side view) of the prototype instrument. The IEF separation is
performed in the gel card, which is shown here at the time of transfer to
the second dimension container. The SDS-PAGE gel was enclosed in
the gap shown between the top and bottom cooling plates. See text for

further description.

1(ii) Diagram of the IEF prototype apparatus. a) & b), e) & f) are the top and

2(i)

bottom Plexiglas blocks that bound the gel card ¢) & d). As seen from
above, a) is bolted on e), with ¢) sandwiched between them; when
viewed from the side, b) is bolted on f), with d) in between. See text for

more details.

A photograph of the prototype gel box used in these experiments

(frontal view).

2(ii) A photograph of the prototype gel box used in these experiments (lateral

3.

view).

A schema for the experiment to compare the conventional, well-
optimized 2DE system that we currently use and the new device. All of
the necessary stock solutions were made and subsequently split into six
equal parts; furthermore, the same sample preparation (concentrated

human cerebrospinal fluid) was split into six equal parts. The samples
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were run in each system on three consecutive days by the same person.
All six resulting gels were silver stained together and the four spot-to-

spot distances were then measured on each gel.

A silver-stained 2DE gel from the prototype gel box of human
cerebrospinal fluid. Seven known proteins were selected to be used as
guides for measuring four different spot-to-spot positional variations in
these gels. The four distances (A, B, C & D) were recorded from each gel

and are noted in the Table.
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APPENDIX TWO

Sponge-Like Electrophoresis Media:
Mechanically Strong Materials Compatible With
Organic Solvents, Polymer Solutions

and Two-Dimensional Electrophoresis

Source: Harrington, Lee, Bailey, and Hood,

Electrophoresis (1994) 15: 187-194
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A2.1 Abstract

A new range of sponge-like media, called "electrophoresis sponges," are
presented. They differ from electrophoresis gels primarily in that they are
mechanically stronger, providing a permanent structure of directly
measurable pore size dimensions. The new media have similarity to
capillary electrophoresis in terms of pore size range, mechanically strong
and directly definable walls and compatibility with polymer solutions. The
sponges differ from capillary electrophoresis in that they provide large
numbers of channels, with a corresponding high load capacity for
simultaneous runs in multiple channels and they are compatible directly
with multidimensional separations, such as high resolution two-
dimensional electrophoresis. Furthermore, they can be molded (or cut) to
any shape and retain that shape, they can be handled more easily than gels,
they can be re-used if necessary, they can be distributed in the same format
between labs easily and they can be stored indefinitely. Chemically, they can
be hydrophilic or hydrophobic, with capability ranging from inert to reactive
surfaces. Pore sizes can range from the sub-nanometer to 100 micron scale.
Results with various hydrophobic sponges are reported for the carrier
ampholyte-based isoelectric focusing of proteins. Broad and narrow pH
gradients are established in the sponges that are more linear than those
achieved with polyacrylamide gels. One- and two-dimensional
electrophoresis of proteins has been achieved, for example, with high
resolution of the charge isomers of haptoglobin beta chain, using sponge-

based isoelectric focusing. Focusing is about three-fold faster in the tested
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sponges than in equivalent polyacrylamide gels. This improved speed is
probably related to the larger sponge pores. Moreover, both the quantity of
sample entry of the hydrophobic protein zein and its resolution after
isoelectric focusing in the electrophoresis sponges (in the presence of organic
solvent) was superior to that achieved in polyacrylamide gels.
Experimentation and applications of these electrophoresis sponges are still
preliminary, but they appear to have potential as alternatives to the existing

media used for electrophoresis.
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A2.2 Introduction

Motivation.

Technical aspects are currently limiting two of our long-term research
objectives. A two-dimensional electrophoresis (2-DE) database of
transcription factors has been developed at the blastula stage of the early sea
urchin embryo [1], but a lack of good positional reproducibility of protein
spots in gel-to-gel comparisons of these very low abundance proteins is
limiting detailed studies of different stages of the embryo. Secondly, we
have a highly informative 2-DE database of human cerebrospinal fluid (CSF)
proteins for both normal persons and patients with some diseases of the
nervous system [2], but improved reproducibility and a more simplified

system are essential for significant progress to be made in this area.

Experiments reveal three persistant technical problems: a)
reproducibility from gel-to-gel is less than ideal, as manifested by variation
in the position and quantity of proteins after separation; b) certain sub-
classes of proteins are not well separated (especially some hydrophobic
proteins and some glycoproteins which smear during attempts to separate,
instead of resolving into discrete entities); c) 2DE is technically complex to
perform, which severely limits the speed, throughput and reproducibility of
experiments.  The causes of these problems are multiple and often

interdependent, as are potential solutions, but we believe that they stem
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primarily from limits set by current instrumentation (not the topic of this

paper) and electrophoresis media.

Recent attempts to improve the separation medium.

There are different types of electrophoresis with varying media
requirements, but for high resolution 2DE of proteins, polyacrylamide has
been used almost exclusively. There are alternatives to polyacrylamide that
have been used for electrophoresis such as agarose [3], starch [4] and cellulose

acetate [5]. However, none of them has found widespread use in 2DE.

One of the most important advances in electrophoresis media
technology to date has been the development of immobilized pH gradients
(IPG) [6,7]. These IPG gels greatly improve reproducibility. In carrier
ampholyte isoelectric focusing, the components which form the pH gradient
migrate to their respective positions as the current is applied [8,9] and are
able to move during the course of IEF. Thus, the gradient is affected by
factors such as diffusion, convection and evaporation. Immobilized pH
gradients use a polyacrylamide gel in which the gradient-forming elements
are covalently grafted to the polymer backbone; once formed, it is not subject
to instabilities. The use of IPG gels requires a longer focusing time and a
more laborious gel preparation procedure, but pre-cast gels are available
commercially and they have many advantages over traditional carrier
ampholyte gels. = Among these advantages are increased resolution
(especially when narrow pH gradients are used) and unlimited stability, as

well as better run-to-run pH gradient reproducibility and increased sample
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loading capacity. As a modification to the IPG technology, the use of carrier
ampholytes have been combined with IPG to effect faster separations [10, 11].
It was found that this combination allows the use of a higher voltage and
reduces the amount of protein adsorption to the gel surface. There are
many reports of attempts to utilize IPG gels as the first-dimension in a 2DE
separation [12, 13] in addition to their use as a precursor to N-terminal

protein sequencing [14].

Duracryl [15] is a mechanically strong and elastic polyacrylamide-based
medium for use in isoelectric focusing (IEF) and sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) marketed by Millipore.
Upon the addition of appropriate catalysts, Duracryl forms a "polymer-
reinforced polyacrylamide.” The main advantage that Duracryl possesses is
improved mechanical strength. This should aid in overall reproducibility
and handling, especially in the transfer of the first to the second dimension.
MetaPhor agarose (FMC), a 'cousin’' of Duracryl, is also 'polymer re-inforced'

by hydroxyethylated agarose fragments.

The incorporation of stoichiometric positive and negative charges
into polyacrylamide to regulate electroendosmosis has been discussed [e.g.,
16], and Righetti and Macelloni [17] reported that electroendoosmosis can be
eliminated by offsetting the fixed negative charges present in any
polyacrylamide gel with stoichiometric amounts of tertiary or quaternary
groups such as 3-dimethylaminopropylmethacrylamide.  Electroendosmosis

is one of the contributing factors in gel crumbling and pH gradient
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instability. Therefore, materials where this phenomenon is reduced are

superior to regular polyacrylamide gels.

The Hydrolink gels have been introduced to provide additional
capabilities for electrophoresis, especially optimized for specific DNA
separations [18]. Hydrolink gels are composed of varied crosslinkers, often
more hydrophobic than standard crosslinkers, that are polymerized with

acrylamide.

Hydrophobic protein IEF separations may be best achieved in organic
solvent based systems rather than in the aqueous based, detergent aided
systems typically used. Unfortunately, polyacrylamide dissolves in many
organic solvents. Zewert and Harrington [19] have demonstrated the
separation of zein, a hydrophobic protein, with organic solvents in a

polyethylene glycol methacrylate 200 gel.

Various polymer solutions, including entangled polymers, are being
investigated as media for capillary electrophoresis, and some demonstrate

very promising resolving capabilities [e.g., 20, 21].

Electrophoresis sponges as electrophoresis media.

When considering new materials as electrophoresis media, there are
many attributes/characteristics which may be desired. These include control
over anticonvective and sieving properties (via pore size control), neutral

or selectively modified surface charges, chemical inertness, mechanical
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strength, reproducible pore structures of controllable pore size distribution, a
wide range of pore sizes, long shelf lives, compatibility with various

instrumentation, and cost.

W e introduce the term electrophoresis sponges to distinguish from
gels any porous polymer medium that is compatible with electrophoresis,
that is stiffer than a gel and capable of being molded and then hold that
shape. The range of chemical composition and method of production for
these sponges is broad, but examples are given below. Although never used
for electrophoresis, such sponge materials fulfill many of the "ideal" criteria
described above and might result in improved functionality compared to

current electrophoresis gels.

We have obtained (from Porex Technologies, 500 Bohannon Road,
Fairburn, GA 30213-2828) a commercial supply of porous polyethylene,
polyvinylidene difluoride (PVDF), polytetrafluoroethylene (PTFE) and
polypropylene, made by a closed cell, scintering process of particles of the
base polymer. PTFE has been used in a paste to improve mechanical
strength in a polyacrylamide gel [22], but there have been no reports of
attempts to utilize either porous polyethylene, PVDF, PTFE or

polypropylene as the electrophoresis medium.

The purpose of this study is to examine the wuse of some
representative electrophoresis sponge materials in IEF as the first dimension

medium in a 2DE protocol. IEF was chosen for these initial studies because
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the main pore size in these materials (25-150 microns) is more suitable to
the non-sieving requirements of IEF than other types of electrophoresis. If
successful, these mechanically strong electrophoresis sponges will warrant

further investigation in other electrophoresis studies.

A2.3 Materials and Methods

Proteins and their preparation for electrophoresis.

Bovine serum albumin (BSA) and corn zein (#Z-3625) were
purchased from Sigma, and soybean trypsinogen inhibitor was purchased
from Boehringer Mannheim. Preliminary studies showed (predictably) that
with the currently tested materials, we could not fix proteins for staining
using conventional cross-linking with gluteraldehyde. Therefore, to
visualize proteins we employed either naturally chromogenic, or
radioactively or fluorescently labeled proteins, or we stained the proteins

after their transfer into a polyacrylamide 2DE gel.

5-iodoacetamide fluorescein and tetramethyl rhodamine-5-
iodoacetamide (Molecular Probes, Inc.) were dissolved in dimethyl sulfoxide
at 2 mg/mL. They were conjugated overnight at a five-fold molar excess, toa
solution of individual proteins dissolved in tris buffered saline (TBS) buffer
pH 7.5 (at 10 mg/mL) + 0.2% dithiothreitol (DTT). The resulting labelled

protein mixtures were purified by size exclusion chromatography on
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Sephadex G25M columns (PD-10, Pharmacia-LKB) which were equilibrated
with 3 volumes of TBS pH 7.5 buffer. The protein containing fractions were
pooled and further purified and concentrated by ultrafiltration in Centricon-

10 filters (Amicon, Inc.).

[35S]-Methionine labelled proteins from 48 hour embryos of the sea
urchin Strongylocentrotus purpuratus were a gift from C. Smith. Proteins
were in solution in 8 M urea, 2% DTT and 2% carrier ampholytes (Bio-Rad
3-10) at a concentration of 8 mg/mL with 6.5 x 100 cpm/ 20 pL of TCA

precipitable counts.

Human CSF, a gift from M. Yun, was from a 50-year-old male with ill-
defined dementia, at a protein concentration of 80 mg/ml.  For
electrophoresis, 20-65 pul. of CSF was mixed with 5 pL of a solution
containing 8 M urea, 2% DTT and 2% carrier ampholytes (Bio-Rad 3-10) and

used for each experiment.

Electrophoresis sponges: structure, composition, pore size distribution and
scanning electron microscopy.

The chemical structures of the sponges used in these experiments are
illustrated in Figure 1. The following samples of porous plastic sponges
from the Porex Technologies inventory were used: extra fine polyethylene
(average pore size - 27 um, Porex #4920), fine polyethylene (average pore
size - 69 um, Porex #4900), medium polyethylene (average pore size - 119
pm, Porex #4903), coarse polyethylene (average pore size - 167 pm, Porex
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#4913), polyvinylidene difluoride (average pore size - 22 yum, Porex #4732),
polypropylene (Porex #4908) and polytetrafluoroethylene (#7750). Samples
were provided as 12" x 12" x 1/16" sheets, except #7750 that was a 1" strip.
Samples of 4920 and 4732 were analyzed with respect to elemental
composition, pore size distribution, and by scanning electron microscopy.
The elemental analysis was performed by Galbraith Laboratories, Knoxville,
TN. The composition of the samples was consistent with the known

structures (data not shown).

Pore size distribution measurements of extra fine polyethylene and
PVDF were performed on a Micromeretics Mercury Intrusion Porisimeter at
Porex Technologies. Pore size distribution measurements of these materials

are shown in Figures 2 and 3.

A representative 50x magnification scanning electron micrograph
(Porex Technologies) of the pore structure of fine polyethylene, after a
solution of 0.5% 3-([3-chol-amido-propyl)-dimethyl-ammonio]-1-propane
sulfonate (CHAPS) was wicked into the plastic and dried at 60 °C, is shown

in Figure 4.

pH gradient measurements.

The pH gradients maintained by the carrier ampholytes in the plastic
sponge strips or polyacrylamide tube gels were determined by sectioning the
media into 15 pieces, each 1 cm long. These pieces were soaked in deionized

water for one hour and the pH was measured on a Beckman Model pHI 31
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pH meter. Measurements were recorded at 1 Vh, 1000 Vh, 2000 Vh, 3000
Vh, 5000 Vh, 13,000 Vh and 18,000 Vh. We performed the statistical analysis
of the pH gradients on Microsoft Excel 4.0 and the square of the sample
correlation coefficient (r2) represents the proportion of the pH variability

explained by a linear relation.

Isoelectric focusing in electrophoresis sponge materials.

Sheets (1/16" thickness) of porous plastic sponges were cut into 3/32"
by 6" strips. The strips were soaked for two hours in a solution containing 9
M urea, 2% carrier ampholytes, 0.5% Nonidet-P40, 2% CHAPS, and water.
This is the standard IEF carrier ampholyte/polyacrylamide solution as
described elsewhere [23] with the change that H)O was substituted for the
acrylamide/crosslinker solution and no catalyst was added. 10 - 200 pg
protein was placed onto the surface 2 cm from the basic end of the strips.
The proteins wicked into the strips. The strips were run horizontally on a
glass plate placed on top of an Ultra-Lum UV 365 nm transilluminator. The
electrodes from a Pharmacia/LKB Multiphor Il apparatus were attached to a
second glass plate which was placed on top of the strips. Filter papers
presoaked in 6 mM H3PO4 or 10 mM NaOH were used to mount the
electrodes onto the plastic sponge. The second glass plate and the Multiphor
II cover were used to reduce evaporation. The system was powered by a
BioRad 3000Xi power supply. The strips were run at varying electrical
conditions, but the optimum for IEF (with the least evaporation as the main
limiting factor) was 500 V for 2 hours, 1000 V for 2 hours and 1250 V to a

total of 5500 Vh or until excessive drying of the strips prevented further
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migration from occurring. These times are about three-fold faster than that
time to achieve similar separations in polyacrylamide gels. A tripod
mounted 35 mm Pentax SF10 SLR camera with 50 mm Macro lens was used

to record protein migration.

Measurement of dye-labelled proteins.

Photographs were taken every 15 to 20 minutes from the onset of
voltage until focusing was achieved. The proteins were visible with the use
of the UV transilluminator, and photographs were made from Kodak Ektar
25 speed film at an f-stop of 2.8 and either a 1 second or 1/2 second exposure
time (depending on ambient lighting). Measurements of protein migration

were made directly from the prints.

Radioactive quantitative analysis of protein transfers from electrophoresis
sponge materials.

Radio-labelled proteins were visualized on a Molecular Dynamics
Series 400 Phosphorlmaging system utilizing ImageQuant software. The
images were transferred to a SUN 4/260 workstation running GALtool
software [24] and printed on a Lasertechnics Model 300D continuous tone
printer. Measurements of the amount of protein present were made after
isoelectric focusing in the electrophoresis sponge strips or polyacrylamide
tube gels and then in the strips or gels after the proteins were
electrotransferred onto a second dimension SDS-PAGE gel that was run for

one hour (normally six hours) under standard conditions.
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IEF in electrophoresis sponges with added polymers.

The following polymers were soaked into the pores of Porex coarse
polyethylene (average pore size 165 pm): 1% dextran molecular weight
100,000 - 200,000 (Polysciences, Inc.), 1% hydroxyethyl cellulose (Polysciences,
Inc.) in deionized water, 4% crosslinked polyacrylamide, and 1%
uncrosslinked polyacrylamide molecular weight 700,000 - 1,000,000
(Polysciences, Inc.). These polymers were added to the carrier ampholyte
solution and soaked into the sponge strips overnight. The solution was
supplemented with 1% Nonidet P-40 to facilitate the penetration of polymer
into the pores. The crosslinked acrylamide was polymerized and
crosslinked into the pores in a horizontal chamber. The polymerization was
initiated immediately prior to placing the sponges in the solution and

continued overnight.

Organic solvent based isoelectric focusing.

Zein from corn was conjugated to 5-iodoacetamide fluorescein. The
zein was purified by ultrafiltration in a Centricon-10 filter. The resulting
protein was run in a 0, 10 or 50% dimethyl formamide/ 2% carrier
ampholyte/ 1% Nonidet-P40 system in 4920 and 4732 to determine whether

these matrices are compatible with organic solvent based separations.

2DE protocol.
Standard two-dimensional gel electrophoresis was performed as

described in detail previously [23]. When the first dimension isoelectric
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focusing was performed in PVDF or polyethylene sponges, this was
achieved on a Pharmacia/LKB FBE-3000 apparatus (see Section 2.4) and the
strips were transferred to a second dimension SDS-PAGE gel. The second
dimension and silver staining protocols were identical to those described
[23]. Stained gels were digitized on a Molecular Dynamics laser
densitometer 300A, raw data was transferred to a Sun 4/260 running
GALtool [24] and hard copy images were made on a Lasertechnics

(Albuquerque) 300D continuous tone laser printer.

A24 Results and Discussion

pH gradients.

Carrier ampholyte-based pH gradients in polyacrylamide gels have
‘been extensively studied (e.g., [25]) and this knowledge provides a basis for
comparison of gradients in the electrophoresis sponge materials. pH
gradients are formed in the sponges and they have a variety of pH
distributions depending on both the running conditions and the type of

material, as illustrated in Figures 5, 6 and 7.

One striking feature of the gradient in these materials is that they
have greater linearity across their entirety than the polyacrylamide gel

gradients, at most conditions studied. This is reflected in the linear
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regression analysis. Ther2 results are given in the Figure 5-7 legends, with
0.99 for "extra fine" polyethylene and 0.97 for polyacrylamide, as examples.
The more acute slope at the acidic and basic ends of the polyacrylamide gels
is the region that is responsible for this lower linear regression value. This
region of deviation from linearity at the polyacrylamide gel extremities is
also a region of more variability over the different time points of study than
the more uniform central region of the gel. This so-called anodic or
cathodic drift has been described before, both in modelling studies and
experimentally (e.g., [25]). Radioactive Ampholine progressively migrates
into the electrolyte chambers until gels are devoid of carrier ampholytes [26].
Our results with the sponge materials indicate that the anodic and cathodic
variation is dependent at least partly on the type of electrophoresis medium
in addition to the electrophoresis or solution chemistry, as these
components were kept constant in both sponge and gel gradient

experiments.

The greater linearity of the sponge gradients allows us to predict that
the protein separation based on this gradient may be more linear than that
achieved in polyacrylamide gels, and that the less acute anodic and cathodic
regions of the plastic media may provide more discrete protein separations
at these extremities as compared to polyacrylamide. This will only be fully
evaluated with more experimentation, but our current results (see below)
are in keeping with this prediction. We did not observe higher variation in
the pH gradients of the sponge media compared to polyacrylamide, which

does display a more stable central gradient. However, much more extensive
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studies are necessary to fully assess the strengths and weaknesses of the

electrophoresis sponge media.

Another interesting feature is that the gradients in polyethylene and
PVDF become flatter when IEF is run for progressively longer duration.
Those gradients in polyethylene are relatively stable at the basic end, and
they become less acute, with the change mainly occurring at the acidic end of
the strip. The PVDF, on the other hand, has the more stable region at the
acidic end, with the flattening of the gradient resulting from changes
occurring mainly at the basic end of the strip. The gradient profiles in both
of these materials are quite distinct from that in polyacrylamide, and each
- material can be predicted to have selective advantages. For instance, the
greatest separation stability for acidic proteins might be with PVDF sponges,
for basic proteins with polyethylene materials, for neutral proteins with
polyacrylamide gels. For the broadest range survey studies, polyethylene
sponge may be best. The results at this stage with proteins (see below) are

preliminary, but are consistent with these predictions.

Another prediction from the pH graph data is that the window of
optimal separation in the plastic sponges can vary from broad (4 pH units) to
narrow (less than 1 pH unit) over the length of sponge, and across the entire
pl range. In contrast to the focusing of basic proteins that can be well
achieved with IPG-based polyacrylamide gels [6], polyacrylamide is less
satisfactory for the basic range of proteins with carrier ampholytes. There

are some good carrier-ampholyte-based separations of basic proteins [27, 28],
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but difficulties still exist with this group, such as the immunoglobulin
heavy chains [2]. Thus, the polyethylene sponge can be predicted to be a
useful medium for IEF with carrier ampholytes in this pl range, and our

results below are strongly supportive of this predicted advantage.

Isoelectric focusing in one-dimensional electrophoresis sponge materials.
We screened all of the various materials and pore sizes that are
described in the Materials and Methods section 2.2, but as the best results
were found with either the smallest pore size "extra fine" polyethylene or
the PVDF media, only results with these materials in comparisons with
polyacrylamide are presented in this paper. Fluorescently labelled proteins
were observed to focus according to their pl, either by themselves or when
mixed together and applied to the same sponge strip (results not shown). In
addition, the sponge strips can be re-used after rinsing, with no observable
change in performance (this was tested with three different proteins, on

several occassions—data not shown).

The radioactively labeled sea urchin proteins focused and, when
transferred out of either electrophoresis sponges or polyacrylamide gels, the
residual radioactivity in the IEF media was <5% of the total protein applied
(data not shown). This demonstrates that, with the proteins tested thus far,
there is no serious problem of proteins sticking to the sponge during the

transfer process of 2DE.
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IEF was achieved with these same proteins when any of the added
polymers described in Methods were used. The logic for using these added
polymer solutions was to investigate whether they are compatible with the
sponge materials (there do not appear to be any difficulties using them) and
to investigate whether such entangled polymer solutions may enhance the
separations achieved in alarge (25pm) pore size sponge media. No distinct
benefit was observed with any of these under the test conditions, but further
experimentation is necessary. The advantage is that the sponge materials
allow the incorporation of these polymers, whereas they cannot be added to
polyacrylamide or agarose gels without complete change and disruption of

the gel media.

The hydrophobic protein zein was focused under both aqueous and
50% dimethylformamide (DMF) conditions and the latter was significantly
better than achieved in polyacrylamide gels (data not shown, but this is also

reflected in the 2DE results of Figure 10, described later).

The wide range of IEF capabilities found in these electrophoresis
sponge materials supports the possibility that this group of materials may be
useful as new electrophoresis media. = The speed for IEF in sponges is
approximately three times faster than in the gels as tested, a rate that is
consistent with the larger sponge pores than can be obtained with a
polyacrylamide gel. More experiments will be required to further evaluate
this approach. In terms of ease of use, however, there is absolutely no doubt

that the electrophoresis sponge materials are already preferable to gels!
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2D gels with the first dimension in electrophoresis sponge materials.

Figure 8 illustrates results from separations of cerebrospinal fluid
(CSF) proteins in either polyacrylamide gels or porous polyethylene sponges
for the first dimension, followed by a standard SDS-PAGE second dimension
gel. ~ We confirmed the identity of the four labelled proteins by
immunostaining the blot from a gel run in parallel with the silver stained
gel. These proteins are in the appropriate charge and mass positions. It is
apparent that most proteins do not stick to this hydrophobic sponge under
these circumstances, consistent with the radioactive studies reported above.
The occasional smearing of hydrophilic CSF proteins from IEF to the SDS-
PAGE (similar to what occurs in the transfer from a polyacrylamide IEF gel)
was not influenced at all by the addition of organic solvent to the running
buffer (data not shown) (organic solvent in the buffer significantly helps the
transfer of hydrophobic proteins, as described below). While the results in
the highly refined system using a polyacrylamide IEF gel are clearly more
resolving, these early results in our experiments with the electrophoresis
sponge materials demonstrate excellent resolution and recovery of CSF
proteins. For instance, the individual haptoglobin beta chain isoforms, that
differ only by additional sialic acid groups, are completely resolved (labelled

C in Figure 8).

Consistent with the pH gradients described in section 3.1, Figure 8
reveals a broad pl distribution of proteins. The longer focusing time (18kvh)

in sponge #4920 in Figure 7 produces a narrow gradient from pH 8-9 and we
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investigated whether this could provide a sharp separation of the basic
immunoglobulin heavy chain proteins that characteristically smear in
carrier ampholyte based IEF. Figure 9 shows that sharp banding of the heavy
chains was achieved in the middle of the 2DE gel using this polyethylene
sponge IEF. These separations are similar to the results with IPG-based IEF,
where a similar distribution of immunoglobulin heavy chain proteins can
be seen on a 2DE gel (ref. [13], Figure 1). This approach illustrates the

potential for specific pH range separations in carrier ampholyte-based IEF.

Hydrophobic proteins, such as zein, can be very difficult to separate
without smearing during IEF. Furthermore, recovery of protein is also
often poor. Several studies of zein proteins have produced very detailed IEF
banding patterns (e.g., [29, 30]). Excellent IEF zein mapping has been
obtained, but the results can still be very variable in comparison to more
hydrophilic proteins (C. M. Wilson, personal communication). These are
mainly agarose-based IEF with purified corn zeins that have been selectively
ethanol extracted and prepared from individual strains. Commercial zein
(as we are using) from a mixture of sources is not as clearly resolved into as
many isoforms. We have made efforts to obtain a fair representative IEF
"control” separation using polyacrylamide carrier ampholyte-based IEF and
detergents. While our commercial zein "control” is not as good as the
results published, we think it still provides a valid point of comparison for
new approaches intended to better separate proteins that are known to be

currently difficult to separate.
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As mentioned above, zein was well-resolved in carrier ampholyte
based IEF in electrophoresis sponge materials in the presence of organic
solvents. We investigated how this might be used in 2DE studies. By
transferring zein after IEF in a sponge to a normal SDS-PAGE gel, we
obtained a large smear continually from the sponge into the PAGE gel. This
poor traﬁsfer was completely overcome if we added organic solvent to the
SDS-PAGE electrolyte. Figure 10 shows the separation of zein in a 2D gel, in
DMF, when the IEF dimension was carrier ampholyte-based in a porous
polyethylene sponge. The second dimension was a standard SDS-PAGE gel,
except that the normal SDS-Tris-Glycine buffer included 30% DMF. The
results in Figure 10 are superior to those with either polyacrylamide or
polyethylene glycol methacrylate/acrylamide copolymer gels [31] with regard
to both the quantity and the separation of the polymorphic species of zein.
These results, although preliminary, are supportive of the notion [19] that
more hydrophobic based systems for electrophoresis may be generally more
successful for the separation of certain hydrophobic species than

conventional polyacrylamide gel electrophoresis.

A25 Concluding Remarks

A new range of materials, called electrophoresis sponges, are
presented. They differ from electrophoresis gels mainly in that they are

mechanically stronger; this can provide non-deformable channels in the
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media of directly measurable pore size and shape dimensions. Physically,
they can be handled more easily than gels (i.e., they have greater mechanical
reproducibility), and they can be re-used. Chemically, they can range
between hydrophilic or hydrophobic, with inert to reactive surfaces. Pore
sizes can range from the sub-nanometer to 100 micron scale. These larger

pore sizes are not available with current gels.

There are other sponge-type materials which have been reported and
which may also have potential as electrophoretic media. Bergbreiter and
Kabza report that sulfonated polyethylene can be produced in varying
hydrophobicities [32]. Desai and Hubbell created an interpenetrating
network of poly(ethylene terephthalate) and poly(ethylene oxide) for
biomedical applications [33]. Svec and Frechet [34] used a glycidyl
methacrylate - ethylene dimethacrylate copolymer for use as a high-
performance liquid chromatography separation medium. All of these
materials may function as electrophoresis sponges with enhanced properties

over polyacrylamide.

Preliminary results with various hydrophobic sponges are reported
for the carrier ampholyte-based isoelectric focusing of proteins. Broad and
narrow pH gradients are established in the sponges that are more linear
than those achieved with polyacrylamide gels. One- and two-dimensional
electrophoresis of proteins has been achieved, for example, with high
resolution of the charge isomers of haptoglobin beta chain, using sponge-

based isoelectric focusing. Focusing is about three-fold faster in the tested
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sponges than in equivalent polyacrylamide gels (presumably due to the
larger sponge pores). Moreover, both the quantity of sample entry of the
hydrophobic protein zein and its resolution after isoelectric focusing in the
electrophoresis sponges (in the presence of organic solvent) was superior to
that achieved in polyacrylamide gels. These electrophoresis sponges have
not yet overcome the technical limitations in our sea urchin or CSF protein
studies (Section 1.1), but these media show potential as alternatives to the
existing media used for electrophoresis.  Relevent future investigations
include studies with different pore sizes, different sponge chemistries and

different types of electrophoresis.
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A2.7 Figures

Figure 1

The four different polymers used for electrophoresis are illustrated.

Figure 2

Pore size distribution for polyethylene #4920, obtained as described in

Methods Section.

Figure 3
Pore size distribution for PVDF #4732, obtained as described in Methods

Section.

Figure 4
Scanning electron photomicrograph of polyethylene #4900, as described in

Methods Section.

Figure 5

The pH of carrier ampholyte based gradients in polyacrylamide plotted
against the length of the gel, at different time-points. Results are the
average of three experiments, obtained as described in Methods Section.
The square of the sample correlation coefficient for the pH variability (r2) is

0.97.
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Figure 6

The pH of carrier ampholyte based gradients in PVDF #4732 plotted against
the length of the sponge, at different time-points. Results are the average of
three experiments, obtained as described in Methods Section. The square of

the sample correlation coefficient for the pH variability (r2) is 0.99.

Figure 7

The pH of carrier ampholyte based gradients in polyethylene #4920 plotted
against the length of the sponge, at different time-points. Results are the
average of three experiments, obtained as described in Methods Section.
The square of the sample correlation coefficient for the pH variability (r2) is

0.99.

Figure 8

Two silver stained 2DE gels of human CSF proteins, run as described in the
Methods Section. The IEF in each gel was performed differently, but the
SDS-PAGE separations were run in an identical manner as described in
Methods. In the wupper gel, IEF was performed in a conventional
polyacrylamide gel for 18 kVh. In the lower gel, IEF was performed in a
polyethylene electrophoresis sponge (Porex #4920) for 5 kVh, as described in
Methods Sections. This pH gradient corresponds to the charge gradient in
Figure 5. The four labelled proteins were identified as described in the
Methods Section: A is Albumin; B is Alpha-1 antitrypsin; C is Haptoglobin

beta chain; D is Apo-Al-lipoprotein.
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Figure 9

Region of the silver stained 2DE gel showing the well focused
immunoglobulin heavy chain proteins from human CSF. The vertical
artefact is a rip in the gel. The IEF was performed in a polyethylene
electrophoresis sponge (#4920) for 18 kVh, the same conditions that
generated the pH 7-8 range gradient in Figure 7. The SDS-PAGE was the
same as for gels in Figure 8. Albumin was focused on the "acidic" edge of
the gel (not shown) and the illustrated heavy chain proteins were in the

center of the gel.

Figure 10

The localized region of the colloidal gold stained blot of 5 pg of zein that was
separated in a 2DE gel. The IEF dimension was performed in a polyethylene
electrophoresis sponge (Porex #4920) for 5 kVh in the presence of DMF and
transferred to the SDS-PAGE gel in the presence of DMF, as described in the
Methods Section.
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Figure 1
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Figure 7
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Figure 8
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Figure 9
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Figure 10




