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ABSTRACT

High sensitivity and high efficiency analysis of biomolecules has become increasingly
important in biological and clinical research. In this thesis. development and application
of techniques such as capillary electrophoresis with laser-induced fluorescence detection
(CE-LIF). polymerase chain reaction (PCR). cell synchronization and slab gel
electrophoresis are presented in an effort to address a few of the challenging goals in this

field.

A CE-LIF based method for accurate and reliable PCR quantification was developed.
Using duck hepatitis B virus (DHBV) as a model. the developed technique was validated
by evaluating its linearity. sensitivity. accuracy and precision. The method is more
convenient and is applicable to a wider variety of PCR amplifications than other popular

ANSAYS.

Understanding nucleoside anti-cancer drug resistance mechanisms at the single-cell level
1s crucial in improving clinical treatment. The human equilibrative nucleoside transporter
I (hENT1) and deoxycytidine kinase (dCK) are two of the molecular determinants of
nucleoside drug resistance. The first use of CE-LIF in hENT1 gquantification in the
plasma membrane is presented and applied successfully to five cultured human cell lines.
Theoretical sensitivity of this method suggests that single cell hRENT 1 quantification is
possible. The potential of measuring dCK activity using a fluorescent substrate was
studied as the initial step in developing a single cell enzyme assay. Aspects of separation.
substrate preparation. enzyme Kinetics. substrate uptake and substrate distribution were
studied. Preliminary results indicated a more suitable substrate is required to ensure

successful future development. In parallel. studies such as assisting the substrate uptake.
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optimizing the enzyme assay conditions and localizing the substrate in the cytoplasm are

also required.

Until analysis at the single-cell level becomes routine. cell synchronization is necessary
in understanding cell cycle-dependent biological events. Two examples are presented in
this thesis using HeLa cells. The first study combined cell synchronization techniques
with my hENT1-CE-LIF assay. Results showed that hENTI expression levels changed
during the cell cyvcle and may be correlated with cell proliferation. In the seccond study.
slab gel electrophoresis and capillary gel electrophoresis (CGE) were applied to probe the

general protein expression differences at different cycle phases.
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[TAMRA]JCydTP
TAMRA labeled deoxycytidine triphosphate
TAPS N-tris[Hydroxymethyl]methyl-3-aminopropanesulfonic acid
TEMED N.N.N',N-tetramethylethylenediamine
TGS Tris-glycine-SDS-buffer
TMR tetramethylrhodamine
t, migration time
Tris tris[hydroxymethyljJaminomethane
TrisHCI Tris-hydrochloric acid
Triton X-100 t-octylphenoxypolyethoxyethanol

TR electroosmotic mobility
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T electrophoretic mobility

uvv ultraviolet
\Y voltage applied across the capillary
Y electroosmotic velocity

electrophoretic velocity
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CHAPTER 1

Introduction
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1.1 Capillary electrophoresis

1.1.1 General background

Capillary electrophoresis (CE) has been developed rapidly during the past two decades
with the contributions of many researchers. As a powerful separation technique. CE has
been shown to be applicable to a wide variety of analytes. ranging from small inorganic

ions and molecules to biopolymers like proteins and oligonucleotides.

Capillary scale zone electrophoresis can be tracked back to the late 1950's and 1960°s (1-
3). In the 1980°s Jorgenson er al. published several papers demonstrating the high
separation efficiencies of this technique with the use of high field strengths and its
application to protein digests in fused silica capillaries (4-6). Since then. the potentials of
this technique have been more fully recognized and increasing numbers of research
papers have been published on various aspects and applications of capillary
electrophoresis. The attention attracted by capillary electrophoresis has been not only
from academia. but also from industry. The first commercial CE instrument was
introduced in 1988 by Microphoretic Systems (Sunnyvale. CA). And there are currently
about a half dozen companies manufacturing CE instruments. The development of
commercial instruments in turn has made the technique accessible to a larger group of

scientists.

CE was principally derived from traditional electrophoresis with references to
chromatography as well. Compared to slab gel electrophoresis. CE is faster. easier.
simpler. can be more readily automated. and gives quantitative data. The major advantage

of CE over HPLC is its applicability for the separation of widely different compounds.

(2]
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inorganic ions. organic molecules and large biomolecules. using the same instrument and
in most cases the same column while changing only the composition of the running
buffer. Also. CE possesses the highest resolving power of any liquid separation
technique. Furthermore. the amount of material needed for a CE experiment is minute.
nanoliters of sample and microliters of buffer. This compares favorably to the other liquid
separation techniques. which require microliters of sample and milliliters of solvent. Last
but not least. ultra-sensitive detection can be achieved by combining CE with detection
technique like laser-induced fluorescence (LIF) detection. Analysis at the single cell
levels has been achieved by CE-LIF. which will be of great help toward accurate and
reliable understanding of biological systems. These features of CE make CE a very
attractive method for biological and clinical applications. Section 1.3 will cover some of

the application fields.

CE now comprises a family of electrokinetic separation techniques that separate
compounds based upon differences in electrophoretic mobility. phase partitioning.
1soelectric point (pl). molecular size or a combination of these properties. However.
despite the various separation mechanisms. there are two most important definitions in
understanding CE: electrophoresis and electroosmosis. which will be discussed in the

following section.
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1.1.2 Electrophoresis and electroosmosis

1.1.2.1 Electrophoresis

Electrophoresis is the fundamental separation process in capillary electrophoresis. It
describes the phenomenon that under an electric field. the cationic or anionic components
will migrate toward the cathode or anode according to their electrophoretic mobility.
[nside a capillary. the solute’s mobility 1s determined by both its charge and the friction it
encounters as it travels through the capillary which is correlated to the size of the ion.
Therefore. ionic species can thus be separated into discrete zones through electrophoretic

migration based on their charge-to-mass ratios. as shown in Figure 1.1A. The

electrophoretic mobility. .., (cm/sV) of an ion can be calculated as:

E VL, (l.h

where v, is the electrophoretic velocity (cm/s). E is the electric field strength (V/cm). L,
is the length of the entire capillary. L, is the length of the capillary from the injection end
to the detection region. t, is the migration time. and V is the voltage applied across the

capillary.

1.1.2.2 Electroosmosis

Figure 1.1B shows another fundamental process called electroosmosis. In a fused silica
capillary. there are ionizable silanol groups on the inner surface of the capillary wall. The
degree of ionization of these silanols depends mainly on the pH of the buffer within the

capillary. The pl of the silanol group is reported to be 1.5 [7]. Therefore. if a capillary is
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Figure 1.1 Electrophoresis (A) and electroosmosis (B). The size of the circle indicates the
size of the ions. while + and - represent cationic and anionic compounds respectively.

The valency of an ion is indicated by the number of +'s or ='s.
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filled with alkaline butfter. the silanol groups deprotonate and a highly negatively charge
surface results. The negatively charged capillary wall will then attract positively charged
ions from the bulk buffer solution. creating an electric double layer. When an electric
field is applied along the capillary. electroosmosis occurs. that is. the solvated cations in
the diffuse laver migrate toward the cathode. In other words. electroosmosis moves the

bulk buffer solution as a plug in the capillary toward the cathode. The electroosmotic

can be calculated as [7]:

To

mobility. p

where v, is the electroosmotic flow velocity (cm/s). E is the electric field strength

(V/cm). € is the dielectric constant of the solution. 0 is the viscosity. and ( is the zeta

potential at the plane of shear close to the liquid-solid interface.

Since the pl of silanol groups is only 1.5. electroosmotic flow (EOF) is mainly tfrom

anode to cathode. Furthermore. the EOF is generally stronger than the electrophoretic
mobility at neutral to alkaline pHs. The overall migration velocity v, for each sample

component is:

v =V tV (1.3

wmerall

Migration time t, is defined as the time it takes a solute to migrate from the injection end

of the capillary to the detection volume.

L,
t = (14)
V. +V

cp (SN
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1.1.3 CE separation modes

CE can be classified into many different modes based on different separation and
operation characteristics. The versatility of CE is greatly enhanced due to the availability
of different modes. At present. the most often used modes of CE are capillary zone
electrophoresis (CZE). micellar electrokinetic capillary chromatography (MECC).

capillary gel electrophoresis (CGE). capillary isoelectric focusing (CIEF).

Each of the separation modes has unique characteristics and is good for different
applications. In the following two sections. the basic principles of capillary zone
electrophoresis (CZE). capillary gel electrophoresis (CGE). and sodium dodecy! sulfate
capillary gel electrophoresis (SDS CGE) that are used in this thesis work will be

discussed.

1.1.4 Basic principles of capillary zone electrophoresis (CZE)

CZE was introduced by Jorgenson and Lukacs in 1981 (5. 6. 8). Fundamental to CZE is
the homogeneity of the buffer solution and constant electric filed strength in the capillary.
Separation in CZE is based upon differences in net electrophoretic mobilities of analvtes
determined by differences in their charge-to-mass ratios. This leads to ionic solutes
migrating in discrete zones of different velocities. Because all electrically neutral analytes
have zero electrophoretic mobility and their migration through the capillary is purely
based on the EOF. neutral components cannot be separated by CZE. However. CZE is
good for almost all kinds of ionic species ranging from small inorganic ions and simple
organic molecules to biopolymers like peptides and proteins. CZE analysis can be
performed in the absence or the presence of electroosmosis and the separations primarily

depend on the buffer and solvent employed. Chemical equilibria and affinities are also
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employed to manipulate the electrophoretic mobilities of the solutes. and thus the
separation. CZE has been the most popular CE mode to date. and studies using this

technique account for 60% of the publications in the open literature.

1.1.5 Basic principles of capillary gel electrophoresis (CGE)

1.1.5.1 General aspects

Capillary gel electrophoresis (CGE) is employed to separate compounds with similar
charge-to-mass ratios. such as DNA molecules [9. 10} and dodecy! sulfate-protein
complexes [I1. 12]. CGE combines the principles of slab gel electrophoresis with the
instrumentation and small diameter capillaries of CZE and was introduced by Cohen and
Karger in 1987 (11. 12). In the CGE mode. the capillary is filled with anticonvection
medium (gel) and the EOF is suppressed so the gel will not be moving out of the
capillary under the electric field. The gels form a porous solid. As charged solutes
migrate through a gel-filled capillary due to electrophoresis. they are separated by a
molecular sieving mechanism based on their sizes. Small molecules are able to pass
quickly through the pores and thus elute first. [n contrast. bigger molecules take longer
time to pass through the gel and thus elute later. This is illustrated in Figure [.2. Gels can
be cross-linked polyacrylamide or noncross-linked entangled hydrophilic polymers also
referred to as replaceable gels such as linear polyacrylamide (LPA). dextran.
polyethylene glycol (PEG) and hydroxyethylcellulose (HEC). Replaceable gels are easy

to introduce and replace. and are routinely employed.
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Figure 1.2 HHustration of CGE of anions. The sizes of the circles indicates the sizes of
anions and different valences are indicated by —'s. Despite their differences in size and
valence. all the three anions are of the same charge-to-mass ratios i.e. identical
electrophoretic mobilities. However. when migrating through the pores of the gels. thev
each experience a different retardation force and they elute on the basis of their sizes.
with the smallest ones migrating out first. Cations can also be separated by CGE by

reversing the polarity.
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1.1.5.2 CGE separations for DNA molecules

DNA molecules all possess similar charge-to-mass ratios independent of their molecular
sizes: i.e. their electrophoretic mobilities are identical. Therefore. CZE separation of
DNA fragments based solely on their electrophoretic mobility differences is not possible.
There have been reports describing DNA separations in free solution using CZE by
changing their mobilities with end-labeling techniques (end-labeled free-flow capillary
electrophoresis (13). However. most DNA separations are achieved by CGE where a

polymer matrix is sieved inside a capillary [14-16].

The basic principle of CGE separations of DNA molecules can be explained as depicted
in Figure |.2. During electrophoresis. DNA molecules collide with the sieving polvmer
and the interaction results in a retardation force in the opposite direction from the
migration. In other words. the apparent mobility is reduced. Since different DNA
fragments are of different sizes and interact differently with the sieving matrix. the
resulting mobility change differs on the basis of molecular size. By the use of a sieving

matrix. size-based separation of DNA molecules is achieved.

1.1.5.3 Sodium dodecyl sulfate capillary gel electrophoresis (SDS CGE) of proteins
The separation principle of protein separations using sodium dodecyl sulfate capillary gel
electrophoresis (SDS CGE) is similar to DNA separations using CGE. However. an
additional sample treatment step 1s required before introducing proteins into the gel-filled
capillary. This is because native proteins do not have similar charge-to-mass ratios like
DNA molecules. To separate proteins with SDS CGE. proteins are first denatured and
SDS is added. SDS binds to denatured proteins with a constant ratio of 1.4 g of SDS 1o |

¢ of denatured protein (17). which is equivalent to about one SDS molecule per two

10
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amino acid residues (18). The consequences of this constant binding are proteins that are
all highly negatively charged and have similar mass-to-charge ratios. Then the SDS-
protein complexes are introduced into a capillary filled with sieving gels and separated
based on their sizes. It is important that proteins are completely denatured when mixed
with SDS because if the proteins contain disulfide bonds they will only bind in a ratio of

09 gto Igof SDS to | g of protein (19).

1.2 CE system

1.2.1 Typical CE system setup

CE separations are typically carried out in an open tubular fused-silica capillary of about
25-75 pym inner diameter (1.D.) and 15-100 cm length. During analysis. the capillary is
filled with buffer (typically ot 10 to 100 mM-ionic strength) and the two ends are placed
in two buffer-containing reservoirs. The liquid levels in the two reservoirs are kept the
same to avoid unwanted hydrodynamic flow siphoning within the capillary. A platinum
electrode is put into the buffer vial containing the injection end of the capillary while the
waste reservoir is grounded. High voltage (positive or negative) is applied across the
capillary. The high voltage end of the capillary is enclosed within a non-conducting box
with a safety interlock to avoid electrocution hazards. Detection can take place either on-
column or off-column. Figure 1.3 shows a typical CE system with on-column detection.
However. post-column laser-induced fluorescence (LIF) detection is the major detection

method used in this thesis because it achieves high sensitivity. This will be discussed in

1
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Figure 1.3 Schematic diagram of a typical capillary electrophoresis (CE) system with on-
column detection. High voltage applied across the capillary can be either positive or

negative.
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1.2.2 Post-column laser-induced fluorescence (LIF) detection

Detection in CE is a significant challenge as a result of the small dimensions of the
capillary. A number of detection methods have been employed to meet this challenge.
many of which are similar to those used in liquid column chromatography. Table 1.1 has
a list of several widely used detection methods for CE (20). From Table 1.1. it can be
seen that laser-induced fluorescence (LIF) detection is the most sensitive detection
scheme for CE among these widely applied detection methods. As monochromatic
/marrow line excitation light sources. lasers have made spectacular improvements in
detection limits in fluorescence measurements. The high spatial coherence of a laser
allows very small sample volumes to be probed with high efficiency. When coupled with

efficient collection and detection. minute amounts of analytes may be detected.

In 1985. Zare's research group reported the first application of on-column LIF detection
in CE (21). Femtomole sensitivity was achieved for dye labeled amino acids. In on-
column LIF approaches. a laser beam is directly focused onto the capillary and the
fluorescence signal is collected at right angles to both the incident laser beam and the
sample stream flowing in the capillary. The polyimide coating around the detection
region has to be removed to decrease light scattering and thus increase the sensitivity.
However. the change in refractive index at the capillary/buffer interface still produces a
large amount of light scatter. which is responsible for the majority of the noise

encountered in on-column detection.

To solve this problem. a post-column LIF detector using a sheath flow cuvette was
designed for CE by this group and has been demonstrated to provide superior detection
sensttivity. A simple schematic of the post-column LIF detection is shown in Figure 1.4.

Different from on-column LIF detection. the capillary eluent is surrounded by a

13
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Table 1.1 Common detection methods for CE (20).

Method Mass detection limit | Concentration
(moles) detection limit (mol/L)
Laser-induced fluorescence | 10" - 10 o -10'
Amperometry 10" - 10" 10" ~ 107"
UV-Vis absorption 10" - 10" 10°- 10"
Mass spectrometry 10" - 107 10%- 10"
14
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Figure 1.4 Schematic diagram of post-column laser-induced fluorescence (LIF) detection.
Fluorescence signals are collected through confocal collection optics to discriminate the
analyte signal from light scatter in other regions. filtered using a bandpass filter to
remove light scatter in the same region. and then detected by a photo multiplier tube

(PMT).
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sheath flow (composed of the same electrophoretic running buffer as used for separation
in most situations) of equal refractive index. Detection is carried out post-column at a
position close to the capillary end. Therefore. the difference in refractive index at the
capillary/buffer interface of on-column detection is eliminated. The major source of noise
in sheath flow cuvette based post-column LIF detection is light scattering from the
solvent. which is significantly less than the light scatter found in on-column detection. By
this design. noise involved with LIF detection is reduced and sensitivity is increased
greatly. Detection limits have been improved from sub-attomole (10" mole) in 1988
(22). to the low zeptomole (10" mole) range in 1992 (23) and to the yoctomole (10~
mole) level in 1993. Single molecule detection has been achieved in some tfavorable cases

(24-28).

With proper modifications. the LIF detection method can be used for a wide range of
molecules including many of biological significance. LIF detection is also compatible
with almost all the separation modes of CE. The great sensitivity of LIF. therefore. can
have a big contribution to the fields of biological and clinical analysis. Without a specitic
statement to the contrary. LIF is used as the detection method for any CE separation in

this thesis.

1.3 CE in biological and clinical applications

1.3.1 General information

When compared to chromatographic assays and slab gel electrophoretic techniques. CE

has many attractive features. These include versatility. high resolution. efficiency. speed.
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ease of automation. fast method development. very small sample volumes. use of small
amounts of reagents and inexpensive columns. In addition. there is literally no restriction
to the type of compounds that can be analyzed by CE. Because of these reasons. the
popularity and importance of CE as an emerging technology in biological and clinical

applications are steadily increasing and many new systems have been explored (29-35).

To date. there are innumerable papers exploring and promoting of CE applied to
analyzing molecules of biological significance and employing CE in clinical applications
(36-43). Based on the substances analyzed. applications can be classified into four major
areas (1) inorganic ions. (ii) drugs. (iii) amino acids. peptides and proteins. and (iv)
oligonucleotides (e.g. DNA fragments for the determination of genetic properties). In the
following four sections. these four areas will be discussed with the emphasis on their

separations by CE and potential clinical applications of CE for these molecules.

1.3.2 Inorganic ions

CZE and MECC are well suited for the separation of inorganic ions using indirect UV
detection. Hjerten presented the first separation of 11 metal ions in 8 minutes (3). Since
then. many studies have been published dealing with the separation of inorganic ions.
acids. and bases (44-47). The separations of inorganic ions with CE are easy. fast and of
high resolution. Separation of 36 anions was achieved in 3 min (44) and 37 anions were

resolved in 12 minutes (435).

In terms of the determination of these small ions (e.g. Na*. K*. Ca™. nitrite. nitrate) in
body fluids. clinical assays based upon ion-selective electrodes. ion chromatography.
atomic absorbance spectrometry. as well as enzymatic and colorimetric reactions are

typically employed. However. some of the routinely applied assays for these compounds
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are time-consumning. expensive and lack selectivity. sensitivity and precision. Thus. the
attractive separation features for these ions offered by CE are applied to a number of
relevant clinical applications. The applications include the determination of ionized and
total calcium in serum (48). of urinary oxalate and citrate (49). of urinary calcium and
inorganic cations (50). of purine bases and nucleosides in human cord plasma (51). of

nitrite and nitrate in blood (52). and many others (53-59).

1.3.3 Drugs

The measurement of drugs and other exogenous compounds in body fluids is essential in
modern drug therapies. diagnostics. toxicology. drugs abuse testing and also in the
research and development of new pharmacologically active compounds. Drug
determinations by CE have been explored extensively (60-68). The separations are
usually achieved by CZE or MECC in untreated fused-silica capillaries and aqueous
buffer systems that may contain low amounts of an organic solvent or other additive. U'V.
LIF or mass spectrometry (MS) is usually used as the detection method coupled to the CE

separations.

In clinical settings. most of the common drugs are analyzed by nonisotopic
immunoassays that are highly automated. rapid and sensitive. However these methods
have problems with cross-activities of related drugs. drug metabolites and other
substances of similar structures. In addition. an immunoassay is typically designed for the
determination of a drug only in a specific body fluid. blood. serum or urine and the
development process is tedious. CE based assays. in contrast. are easy to develop and can
selectively detect the analyte of interest with high sensitivity. In general. monitoring
drugs in clinical applications using CE has two most important areas of interest: (i) the

determination of specific drugs and/or research reasons: and (ii) the confirmation of drugs
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of abuse and/or their metabolites in a specimen of clinical interest. A number of validated
CE-based drug assays have been described. A few examples include metabolism studies
of caffeine (69). dihydrocodein (70). zopiclone (71) and study of drugs such as tamxofen
(72.73). idarubicin (74). doxorubicin (75). ketoprofen (62) and methylphenidate (60) in
plasma. serum and urine. CZE and MECC with UV. LIF and MS have been shown to

comprise rapid. inexpensive and highly efficient analytical methods for drug studies.

In Chapter 4 of this thesis. a CZE based separation method was developed for nucleoside
and nucleotides with LIF detection. This assay was used to study a key enzyme.

deoxycytidine kinase (dCK). in the activation of nucleoside anti-cancer drugs.

1.3.4 Amino acids, peptides and proteins

The separation of amino acids. peptides. and proteins by CE has been a popular one.
although not an easy one. The 20 common amino acids possess many different chemicul
properties. basic. acidic. polar. hydrophobic and hydrophilic. Therefore. MECC is the
method of choice for the separation of a mixture of amino acids. In MECC. a surfactant
such as SDS is added to affect the separation by introducing partitioning as a mechanism
in addition to charge-to-mass ratios (23. 76). Peptide separations with CE were one of the
first CE applications. Now many more studies have dealt with the separation of peptides
and peptide mapping after enzymatic protein digestion (77. 78). CZE separations of
proteins in untreated fused silica capillaries have not been very successful due to the
interaction of the protein with the silanol groups on the inner capillary wall. Usually
butfer modifiers or capillary coating steps are used to eliminate or suppress the
protein/wall interaction (6. 79-82). Compared to CZE. the area of SDS CGE separation of
proteins is relatively voung. The first reports of this separation method only date back to
1987 (11. 12). Initially cross-linked polyacrylamide (PA) was employed as a sieving
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matrix. Then came a shift to linear PA (LPA) sieving matrices for SDS CGE separations
(83-85) and method development with many other different polymers such as dextran.

poly(ethylene oxide) (PEO). and poly(ethylene glycol) (PEG) (86-88) has taken place.

For the analysis of peptides and amino acids in clinical labs. CE has found many
successful examples such as the analysis of amine-containing compounds in
cerebrospinal fluids by CE-LIF (89) and the determination of phenylalanine in pretreated
serum (90). The general areas of protein analysis by CE in clinical research include
separation. identification and quantification of serum proteins with CZE (91-94).
lipoproteins with CZE and CITP (95-97). human hemoglobins with CZE and CIEF (98-

100). urinary proteins with CZE (101-103) and other interesting applications (104. 105).

In Chapter 3 of this thesis. a CZE-LIF based assay was developed to quantify the plasma
membrane protein hENT1 (human equilibrative nucleoside transporter protein 1). hENT]
i1s clinically important and is responsible for nucleoside drug resistance. The developed
hENT-CZE-LIF method was also successfully applied to study the hENT1 expression

level changes during the cell cycle. as demonstrated in Chapter 5.

In Chapter 4 of this thesis. the traditional protein separation methods of SDS PAGE and
2-D gel electrophoresis techniques along with SDS CGE were employed to profile the
overall protein expressions in different phases of HeLa cells. Ditferences in these

separation methods were also compared.

1.3.5 DNA

The success of CE as an analytical technique for the separation of nucleic acids is based

on CGE. CGE is an extremely powerful separation method for double-stranded and
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single-stranded DNA fragments and PCR products. Hydroxyethyicellulose (HEC).
hydroxymethylcellulose (HMC). polyvinyl alcohol (PVA). liquid polyacrylamide. and
others have been used as liquid polymers (106. 107). The pore size of a sieving matrix
can be changed by changing its concentration. Depending on the pore size. single
oligonucleotide resolution (e.g. for sequencing of single-stranded DNA in the range of 20
to over 600 bases) as well as the resolution of DNA digests or PCR products (double-

stranded DNA in the range of 50 to over 20.000 base pairs) can be obtained.

One of the most important biological applications of CGE is in the field of DNA
sequencing. The realization of high throughput sequencing has come about with the
development of mult-capillary CGE sequencing machines (108-110). Utilizing this
technology. Celera Genomics has been able to sequence the entire human genome. This

lab has been a pioneer in this area of interest.

Ever since the first validated clinical CGE assays for PCR products was described. PCR
product analysis by CGE has been a field of growing importance. CGE can be used to
study various mutations (111). polymorphism (112). determination of inherited genetic
disease (113} and infectious diseases (114). to name but a few. CGE has also been used
successtully in quantifying PCR products to measure the virus titer of clinical samples
(115-118). The detection of low-level virus titers is an important clinical tool to guide

therapy.

Furthermore. CGE represents the method of choice for analysis of antisense

oligonucleotides. a new class of therapeutic drugs (119. 120).
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In Chapter 2 of this thesis. a CGE based method was developed to accurately quantity

PCR amplification product of duck hepatitis B virus (DHBV) DNA.

1.4 Thesis summary

The work in this thesis is dedicated to applving CE to biological and clinical research.

Chapter 2 presents the development of a CGE-LIF method for PCR quantification.
DHBYV was used as the model in this study. Quantification of PCR amplification products

is key in determining clinical virus concentrations.

Chapter 3 presents the development of a CE-LIF based quantification method for the
hENT1 protein. hENTI is the major mediator of several major anti-cancer nucleoside
drugs and its deficiency directly confers drug resistance and treatment failure. The work.
once improved to an analysis at the single-cell level. will be extremely useful in

understanding nucleoside drug resistance mechanism and helping cancer treatments.

Chapter 4 presents a study of a fluorescent dve labeled deoxycytidine as a substrate tor
measuring deoxycytidine kinase (dCK) activity. dCK is the key enzyme in nucleoside
anti-cancer drug activation and toxicity. A series of studies were successfully carried out
including the separation condition. substrate preparation. enzyme kinetics and substrate
uptake and distribution. However. the preliminary results indicate that a better substrate is

needed.

Chapters 5 and 6 illustrate the importance of cell synchronization techniques in
understanding some cell cvcle-dependent biological events. Hela cells were successfully

i)

-
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synchronized with thvmidine and nocodazole blockages. In Chapter 5. the CE-LIF based
hENT! quantification method was applied to the synchronized cells and differences in
the hENT expression level were measured. In Chapter 6. overall protein expressions at
different phases were probed with SDS-PAGE. 2D-gel electrophoresis and also a PEO-
based SDS CGE assay. This chapter also demonstrates the differences in the separation

capabilities of the three techniques in separating proteins.
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CHAPTER 2

Quantitative Polymerase Chain Reaction Using Capillary
Electrophoresis with Laser-Induced Fluorescence Detection: Analysis of

Duck Hepatitis B Virus
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2.1 Introduction

The development of polymerase chain reaction (PCR) has revolutionized the field of
biology. PCR enables the amplification of a targeted DNA sequence with the use of two
primers and DNA polymerase: the amount of target doubles with each cycle. This feature
of exponential increase ensures the exquisite sensitivity of PCR amplification. However.
it also makes quantification of the PCR product difticult. PCR-based amplification of
nucleic acids is the tool of choice in clinical diagnosis of viral infection and monitoring
of a patient’s viral load (1-3). Many different methodologies have emerged in the last few
vears for PCR quantification: however. further improvement is needed for a highly

sensitive. accurate. and reliable PCR quantification system (4-7).

Quantitative competitive PCR (QC-PCR) is widely used for the quantification of nucleic
acids (5. 8-10). QC-PCR involves the use of a competitor sequence that is co-ampliticd
with a target of interest in the same reaction tube and acts as an internal standard for the
amplification reaction. The success of a QC-PCR assay depends exclusively on the
design of a compatible competitor. If the amplification efficiency is identical for the
target and the competitor. the amount of amplified target can be compared with the
amount of amplified competitor to obtain accurate quantification of the initial target. On
the other hand. minor differences in the efficiency between the target and competitor can
result in serious errors in the overall quantification results. For example. ideally a sample
doubles in concentration after each cycle. If the internal standard only amplifies 1.93
times each cycle. then there will be a 50% error in sample concentration after 235
amplification cycles. Furthermore. dynamic range and accuracy are

mutually exclusive. unless an extremely large number of assays are performed with each

sample.
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More recently. a real-time quantitative PCR assay based on TugMan chemistry was
developed by Genentech and PE-Biosystems (11). In this method. a specific probe 1s used
in addition to the two primers. This probe is labeled with a reporter fluorescence dye on
one end and a quencher dye on the other. The probe hybridizes to a region between the
two primers. During PCR amplification, Tag Polvmerase extends the primers and cleaves
the probe. The reporter dye is then liberated from the quencher dye and can be excited by
a laser to emit fluorescence. The reporter dye signal is proportional to the amount of
DNA produced and is measured at regular intervals during PCR. The entire PCR process
is monitored in a real-time manner. Quantification of the initial target concentration is
determined from the number of cycles necessary to generate a tluorescent signal that
exceeds a threshold value. This method offers rapid. reproducible. and multiple sample
quantification and has been used widely (12, 13). However, this method sutfers from two
limitations. First. mutation at the probe-binding region may decrease amplification
efficiency and degrade experimental accuracy. Klein et «l. reported in their studies that 3
or + base mismatches in the probe-binding region produced false negative results while
the same samples were positive in gel electrophoresis analysis (4). Second. the probe

must be tailored to each application.

Both QC-PCR and TagMan require the synthesis of three specific oligonucleotides: the
two PCR primers and either a competitor or a probe. The competitor or probe must be
specific to the target sequence. In QC-PCR. the competitor must have similar
amplification characteristics to the target. In TagMan the probe must be synthesized with
a fluorescent label at the 5" end and an appropriate quencher near the 3" end. The

generation of such oligonucleotides is not always straightforward.
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Interest here is focused on the development of an accurate and reliable PCR
quantification assay using capillary electrophoresis. which requires the synthesis of only
two PCR primers. Our method uses CE-LIF to monitor the amount of PCR product
generated after each amplification cycle. Quantification of the initial target sequence is
determined by noting how many cycles are required to generate product over a specitied
threshold value. To correct for variations in injection volume in capillary electrophoresis.
a third oligonucleotide is employed. However. this internal standard is not involved in
PCR amplification and is purely arbitrary in sequence. The method is applicable to all
PCR analyses and involves simpler chemistry than the TagMan system. In the present
study. duck Hepatitis B virus (DHBV) DNA was successfully used as a model for
quantification. This virus was chosen because it is a safe alternative to handling the

human virus.

2.2 Experimental

2.2.1 DNA templates

A pAlter-W plasmid containing a wild type duck hepatitis B virus (DHBV) genome of
3021 base pairs (bp) was kindly donated by Dr. K. Fischer (Glaxo Heritage Research
Institute. University of Alberta). The plasmid contained a 3021 bp monomer of the
DHBYV genome cloned into the EcoRI site of vector pAlter-1 (Promega. Madison. WI). A
dilution series of this wild type plasmid DHBV DNA was used for the construction of the
calibration curve in our study. Serum samples from two infected ducklings were also

prepared using a commercial QlAamp Blood Kit (Qiagen. Missiassauga. ON. Canada)

34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and subjected to viral load determination. The DNA target in our study was 409 bp in

length.

2.2.2 Injection standard

One 422 bp DNA fragment was prepared using a standard PCR protocol. After

purification and quantification in a UV spectrometer at 260 nm. it was diluted to a tinal

concentration of 2.7x10™ mol/L and stored at —20°C until analysis.

2.2.3 PCR assay

All PCR amplifications were carried out in a PCT-100 programmable thermal controller
(MJ Research. Watertown. MA). Each PCR reaction was a 50 uL. mixture containing 1.5
mM MgCl.. standard PCR buffer. 300 yM dNTPs mix. 3 units of Taug DNA polymerase.
75 pmol of H2990 (5’AACTTACTATCCTTTCTTCT3") primer and 50 pmol of the
primer HBVTa (5 GTGACTGTACCTTTGGTATG3") (Table 2.1). HBVTa was 5°-

rhodamide-labeled for direct fluorescence detection. The PCR parameters were set as

follows: initial denaturation for 5 min at 95°C: followed by 10 to 50 cycies of 50 s at
95°C. I min at 56°C and | min at 72°C. depending on the initial DNA copy number. In

order to monitor the amplification process. a sample was prepared first and aliquoted into

a series of PCR tubes. A tube was withdrawn at the end of each cycle and stored at -20°C.

All the samples were then individually analyzed by CE-LIF without further manipulation.
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Table 2.1 A Typical PCR Reaction Mixture

Components Volume (L)
10X PCR buffer 5
10 mM dNTP 1.5
50 mM MgCl, 1.5
Primer 1 H2990 (25 pmol/uL)) 3

9

Primer 2 HBVTa (25 pmol/uL)

Template 2*
Taq Polymerase 3

ddH.O 32%
Total Volume S0

* For the negative control sample. O uL of template and 34 uL ddH .O were used.
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2.2.4. Capillary

A 30 cm long. 50 pm inner diameter (I.D.), 144 um outer diameter (O.D.) DB-210 coated
fused-silica capillary purchased from J&W Scientific (Folsom. CA) was used to carry out
the separation. This coated capillary was previously tested and found to last for at least
400 runs without observable change in separation efficiency. The capillary was tlushed

with 0.1 M NaCl and buffer between runs and stayed in methanol during night.

2.2.5 Instrumentation and capillary electrophoretic conditions

An in-house built CE-LIF instrument was used for our study. and is described in detail
elsewhere (14. 15). Each PCR product. without purification. was mixed with the injection
standard and introduced electrokinetically into the capillary. 100 mM N-
tris{fHydroxymethyl]methyl-3-aminopropanesulfonic acid (TAPS) at pH 8.0 (Sigma.
Oakville. ON. Canada) was used as the electrophoresis buffer. A 0.8% (w/v)
hydroxyethylcellulose (HEC: M, 250.000) solution was prepared in electrophoresis butter
and filtered by a Millex-GS 0.45 pm filter unit (Millipore. Bedford. MA). HEC was
introduced into the capillary as sieving matrix prior to sample injection. CE separation
was performed with an electric field of (-)200 V/cm at room temperature. DNA
molecules were excited with a Helium-Neon laser (Melles Griot Laser Group. Carlsbad.
CA) with a single 543.5 nm emission line. Fluorescence was collected through a 5380 nm
bandpass filter of 40 nm bandwidth (580DF40. Omega Optical. Brattleboro. VI) and
detected by a R1477 photomultiplier tube (PMT). Data was collected and analyzed using

Igor Pro 2.04 (WaveMatrics, Lake Oswego. OR).
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2.3 Results and Discussion

2.3.1 Analysis of PCR products by CE-LIF

Capillary electrophoresis has proven to be a powerful tool in DNA analysis (14-20). We
employed a non-denaturing buffer system and hydroxyethylicellulose as the

steving medium. The PCR products. prior to CE analysis. were mixed with a 422 bp
internal standard to correct for variations in the sample injection volume. In all
experiments. PCR product signal was divided by the injection standard signal to produce
the normalized signal used for further data processing. The theoretical plate number of

the CE separation in our system was approximately 4 x 10°. This high resolving power

ensured that the PCR product. internal standard and excess primers were all well

resolved. as shown in Figure 2.1.

Furthermore. since the target and the standard peaks were well separated from the primer
peaks. measurements were simple and reliable. The requirement for a target-specific
probe was also avoided due to the well-resolved separation. No purification step was

required. which made the post-PCR process simple and fast.

2.3.2 Quantification parameters

During the exponential phase of PCR amplification. the number of molecules of PCR
product. N. is related to the initial number of copies. N,.. the amplification efficiency. c.
and the number of cycles. n:

N=N,l+e) (2.1)
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Figure 2.1 Analysis of PCR amplification products by CE-LIF. (-)1000 V was applied for
5 seconds to electrokinetically inject the sample into the capillary. CE separation was
done with an electric field strength of (-)200 V/cm. A: Negative control sample without
injection standard: B: Negative control sample with injection standard: C: PCR sample

with injection standard.
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We determine the initial number of DNA copies by noting the number of cycles. Q;.
necessary to exceed a threshold number of copies. Ny:

N, =Ny(l+e)¥ (2.2)
For DNA samples with different numbers of initial copies. the number of cycles required
to achieve the same N; will vary as predicted by Equation (3):

logN; 1
log(l+e) log(l+e)

logN, (2.3)

Q=

Assuming that the amplification efficiency at the threshold number for all the PCR
reactions is the same then. as shown in Equation (2.3). Q; is inversely proportional to the
logarithm of the initial copy number. Q; values can be used as the quantitative
measurement of the input DNA concentration. From the calibration curve constructed
using Q; versus log(initial copy number). the amplification efficiency at this point can be

obtained from Equation (2.4).

2.3.3 Construction of the calibration curve
A dilution series of plasmid DHBV DNA ranging from 30 to 3.06x 10" molecules per

tube were amplified and detected to obtain a calibration curve for quantification. Figure

2.2 shows the amplification profiles of all these plasmid standards.

The copy numbers increased exponentially only during the initial cycles. Figure 2.3

presents a plot amplification profile along with the results of a least-squares fit of
Equation (2.1) to the data for the sample containing an initial copy number of 3.06x10°
viral particles per mL. The signal increased exponentially during approximately the first
20 cycles for this sample. During the early exponential period. all the amplification
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Figure 2.2 The PCR amplification profiles of the standard DNA samples. The curve
shifted to the right with decreasing initial DNA copy number. Q; values were obtained

from Equation (2.3) using Ny = 0.07.
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Figure 2.3 Least-squares fit of Equation 2.1 to the data for the 3.06 x 10" copy sample.

The smooth curve is the fit to cycle numbers | to 25. the crosses are the data points. and

the horizontal line at N; = 0.07 corresponds to the threshold used for quantification.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



curves were parallel. suggesting that the efficiency of amplification was constant at this

stage. However. when the amplification was close to or in the plateau stage. the detected
amount of amplified product was no longer proportional to the starting amount of target

molecules. By monitoring PCR amplification at each cycle. more information can be

obtained from the data points for each cycle.

To obtain the Q; for the calibration curve. a threshold number N; was assigned as 0.07 in
our study. 0.07 was chosen as approximately 10 times the standard deviation of a typical

CE run / internal standard signal.

A linear relationship between the Q; value and the log (initial copy number) is shown in
Figure 2.4. As low as 30 copies of target DNA could be quantified. indicating the good
sensitivity of this quantitative assay. Since the quantification range is not limited by the
linear response range of the detector. seven orders of linear range were obtained with R">
0.999. This large dvnamic range and good linearity. in turn. ensures the precise and

reliable quantification of the viral DNA concentration.

2.3.4 Single-blind study

To test the accuracy of the present quantification assay. a plasmid DN A template was
prepared by another student in the lab and given to the author to determine the initial
DNA concentration. 15 to 30 cycles PCR amplification product were plotted as shown in
Figure 2.5 and the Q; value obtained from the amplification plot was 22.6501. The initial

DNA copy number was then calculated from the fitting equation of the calibration curve

to be 1.51 x 10" molecules. The actual initial copy number was calculated from a UV
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Figure 2.4 Calibration curve when N; was assigned 0.07. The amplification efficiency

calculated from Equation (2.4) is 0.956.
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Figure 2.5 Amplification monitoring and quantification of the single-blind sample.
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spectrometer measurement as 1.53 x 10° molecules. The error was only 1.3%. which

suggests good accuracy for the technique for this amount of analyte.

2.3.5 Effects of N; value on the quantification results

As shown in Equation (3). how Nj is assigned will directly affect the Q; values. but N,
values will not alter quantification if efficiency is constant during the whole amplification
process. However. when amplification is driven to the plateau phase. the efficiency
decreases and variation increases due to parameters such as saturation of PCR product.

strand reannealing. and incomplete product strand separation (21).

In our method. no competitor DNA is used to correct for fluctuations in amplification
efficiency. Quantification is based on the assumption that at the threshold number N ;. all

PCR reactions have the same efficiency.

When Ny is assigned at a lower number 0.07. the PCR amplification is at its early
exponential phase. In this case. reagents are not limited. The amplification efficiency 1s
close to 1 and relatively constant for all the amplifications with different initial DNA
copy numbers. Quantification is still accurate without the competitor DNA. In the
calibration curve shown in Figure 2.5. when we assume the amplification efficiencies are
the same in all the amplifications. ¢ was calculated as 0.956 from Equation (2.4). The
linearity (R">0.999) of the calibration curve and the results of single-blind study strongly

suggest that the assumption above is valid.

When N; was assigned a much higher number e.g. 1.1. another calibration curve was

obtained using the same group of samples. as depicted in Figure 2.6. The efficiency
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Figure 2.6 Calibration curve when N; was assigned as 1.1. The amplification efficiency

calculated from Equation (2.4) is 0.934.
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calculated using Equation (2.4) was 0.934. Amplification efficiency decreased when the
cycle number approached the saturation level. More interestingly. when this curve was

applied to the single-blind study. the calculated initial DNA copy number was 2.27x10

molecules with an error of 48.4%. The much higher error could be a result of the
mismatch between the actual case and the assumption. When N; approaches or is in the
plateau region. between-assay variability is high and even minor differences in efficiency
can have dramatic effects on the final vields. Table 2.2 shows that the quantification error

increased with the increase of assigned N; values.

Furthermore. because amplification in the plateau is difficult to control. the choice of N,
may also affect the linear quantification range. In our case. the linear range of the
calibration curve was two orders of magnitude lower when N; was defined as 1.1 instead

of 0.07.

2.3.6 Quantification of DHBV DNA extract from sera of infected ducklings

Two DHBYV samples from the blood serum of newly hatched ducklings were quantified
using our method. Similar amplification plots to the standards applications were obtained
and are shown in Figure 2.7. N; was defined as 0.07. Once the Q, values were
determined. the initial target number could be calculated. The two animals that we
investigated showed a virus titer of between 0.92x10" and 4.1x10" virus particles per mL
of serum. These numbers are closely compatible to reported values obtained from other

groups (Dr. David L.J. Tyrrell’s group. unpublished results).

48

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 2.2 Single-blind study results with ditferent N; values.

N; Q; Quantification Error
Result (molecules) (%)
0.07 22.6501 1.51x10° 1.23
0.1 23.2977 1.48x10° 3.10
0.2 24.5081 1.27x10° 17.0
1.0 27.5267 2.06x10° 349
[.1 27.7569 2.27x10° 48.2

The actual initial copy number from UV detection was 1.51x10" molecules.
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Figure 2.7 Amplification monitoring and quantification of two DNA samples extracted

from HBV infected duck sera.
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2.3.7 Precision of the quantification assay
The precision of the CE-LIF assay was determined by analysis of seven identical PCR
samples with internal standards. Consecutive injections of these samples vielded a 2.7%

relative standard deviation (RSD) for peak height precision (Table 2.3).

To obtain the overall PCR-CE-LIF precision and reproducibility. three aliquots were
amplified in the same thermocycler for the same number of cycles. Each sample was then
measured three times in the CE-LIF instrument. All together nine data points were used
to calculate the RSD value. The 3.0% RSD includes the variability of both PCR

amplification and CE-LIF detection (Table 2.4).

Both RSDs demonstrate the high precision of the assay. which is an important

requirement for a reliable quantification method.

2.4 Conclusion

An accurate and reliable quantitative PCR method developed has been demonstrated here
using capillary electrophoresis with laser-induced fluorescence detection. The assay was
validated by evaluating its linearity. sensitivity. accuracy and precision. This technique
uses much less expensive equipment and common reagents. but the quantitative precision
and accuracy are compatible to the TagMan assay. In practical terms. since no specific
competitor or probe design is required. this method is more convenient and applicable to

a wider variety of PCR amplifications than the TagMan and QC-PCR assays.
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Table 2.3 Precision of CE-LIF Detection

Sample Normalized Signal
1 1.07
2 1.07
3 1.09
4 1.10
5 1.02
6 1.09
7 1.04
Relative Standard Deviation 2.7%
52
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Table 2.4 Overall PCR-CE-LIF Precision and Reproducibility

PCR Sample
CE Detection
1 2 3
1 8.64 8.12 8.46
2 8.62 8.26 8.15
3 8.70 8.32 8.31
Relative Standard Deviation 3.0%
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In the present study. the use of capillary electrophoresis for DNA quantification of a
single target was demonstrated. However. the capillary electrophoresis system is capable
of resolving hundreds of amplified products in a single run. In principle. it will be
possible to simultaneously detect and quantify a large number of targets from a single set

of PCR amplifications. which is difficult to achieve with other quantification assays (23).

This method still requires some optimization. PCR monitoring was time-consuming: an
aliquot was manually withdrawn from the thermocycler after each amplification cvcle.
internal standard was added to correct for variations in injection amount. and the mixture
was analyzed by capillary electrophoresis. We believe that the system will be very usetul
when integrated into automated capillary array electrophoresis instruments (20. 24).
These capillary array instruments could withdraw and analyze aliquotes from each well
of a thermocycler at each temperature cycle. The use of very high electric field strength
in capillary electrophoresis allows rapid separation of DNA fragments (25. 26). so that

the separation time can be matched to the cycle time of the thermocycler.
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CHAPTER

Study of Nucleoside Anti-cancer Drug Uptake and Metabolism Using
Capillary Electrophoresis with Laser-induced Fluorescence Detection:
(I) Quantification of Human Equilibrative Nucleoside Transporter 1

(hENT1) Protein
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3.1 Introduction

Cytotoxic chemotherapy is the mainstay of the clinical management of systemic cancers
(1. 2). Among the several classes of anti-tumor agents. cytotoxic nucleoside drugs are
potent anti-metabolites that display anti-tumor activities against both hematologic
malignancies and solid tumors (3). The nucleoside anti-cancer drugs in routine clinical

use are fludarabine (9-f3-D-arabinosyl-2-fluoroadenine). cladribine (2-chloro-2’-
deoxyadenosine). cytarabine (1-B-D-arabinofuranosyl cytosine). and gemcitabine (2. 2°-

difluorodeoxycytidine) (4). The structures of these four drugs are shown in Figure 3.1.
Each of these agents is a hydrophilic compound that requires cellular uptake by
functional plasma membrane nucleoside transport (NT) proteins to permeate the plasma

membrane and to interact with its intracellular targets (5-8).

Five distinct human NT proteins. varving in substrate specificity. sodium ion dependence.
and sensitivity to inhibition by nitrobenzylthioinosine (NBMPR. structure shown in
Figure 3.2) have been identified by molecular cloning and functional expression of
cDNAs from human tissue (9). One type of transporter. the human equilibrative
nucleoside transporter 1 (hENT1) protein. appears to be ubiquitous in human cells. has
functional characteristics of es—mediated transpont (equilibrative. and sensitive to
inhibition by nanomolar concentrations of NBMPR) and mediates cellular entry of many
cytotoxic nucleosides. including the four clinically used drugs described above (8-10).
Because hENT! appears to be the major mediator of nucleoside drug influx in normal
and malignant human blood cells, it has been suggested that hRENT 1 deficiency is the

most likely mechanism of transport-based nucleoside drug resistance (5. 11.12).
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Figure 3.1 Structures of four anti-cancer nucleoside drugs.
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modified form of NBMPR to which is attached a fluorescein molecule.
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Shown in Figure 3.3. hENT1 is a 456-residue protein of M, 50.249 DA with 11
transmembrane segments (N terminus intracellular and C terminus extracellular) and
three potential N-glycosylation sites (13). Enumeration of hENT ! sites on cells has
traditionally been estimated by steady-state binding of [[HINBMPR. a high-aftinity (Kd
values. 0.1 — 1 nM) specific inhibitor of ¢s-mediated transport of nucleosides in
mammalian erythrocytes and a variety of other cell types (14. 15). However. this assay
involves radiolabelled reagents and requires large numbers of cells (in excess ot 107

because of the relatively small numbers (10* - 10°) of inhibitor binding sites per cell (16).

Recent studies that demonstrated tolerance for introduction of substituents at the 5°-
position of the ribosyl moiety of es transport inhibitors led to the development of 5°-§
—(2-Aminoethyl)-N ” —(4-nitrobenzyl)-5"-thioadenosine (SAENTA). a derivatizable
analog of NBMPR (17). Substituents at the 5°- position of NBMPR were shown to have
little effect on the potency of NBMPR as an inhibitor of nucleoside transport activity
(18). Conjugates of SAENTA in which the nucleoside analog is linked to tluorescein
have proven to be specific stains for cellular NBMPR binding sites (19-22). Thus. the
SAENTA-fluoresceins allow measurement of the relative abundance of NBMPR-binding
sites of cells by a procedure that requires only 10% of the cells needed for assays with
radiolabelled ligands (22. 23). However. despite the ability to quantify NBMPR-binding
sites using flow cytometry. the importance of deficiencies in nucleoside transport
capacity in clinical drug resistance remains unclear. in large part due to the problems
associated with quantifying NT proteins in malignant clones mixed with normal cells (9)
and the inability of flow cytometry to demonstrate subpopulations of transporter deficient
cells. Current assays cannot be applied to solid tumors because of the technical

difficulties in separating large numbers of malignant cells from contaminating benign
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stromal cells. For these reasons. we sought a new approach for hENT! quantification that

has the potential to quantify the hRENT1 protein abundance in single cells.

Capillary electrophoresis (CE) has been proven to be a rapid. sensitive and reliable tool to
separate. characterize and quantify membrane proteins (24-26). There have also been
several reports of the use of capillary-based separations and fluorescence detection for the
analysis of proteins from single cells (27-29). In this work. we demonstrate hRENT
quantification using CE followed by laser-induced fluorescence (LIF) detection based on
5-SAENTA-x8-fluorescein (5-Sx8f. structure shown in Figure 3.2). which binds with
high affinity and specificity to hRENT1 in a I:1 stoichiometry (30. 31). Results obtained
with the hENT1 CE-LIF assay were very similar to those obtained by flow cytometry
(11). Theoretical calculations based on instrument detection limits also demonstrated the
potential of the hRENT 1 CE-LIF assay for single-cell quantification of NBMPR-binding
sites. Further refinement of this technique will thereby permit assays of clinical samples
to 1) quantify hENT1 on malignant cells admixed with normal cells: and ii) identity
hENT1 deficient (and thereby nucleoside drug resistant) subclones among malignant
cells. This information could then be used to validate the relationship between hENT |
quantity and clinical responsiveness in nucleoside-treated cancers. and potentially. to

choose optimal candidates for nucleoside anti-cancer therapy.
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3.2 Experimental

3.2.1 Chemicals and reagents

NaCl. KCl. sodium dodecylsulfate (SDS) and sodium tetraborate were obtained from
BDH (Toronto. ON. Canada). Sigma (St. Louis. MO) supplied the bovine serum albumin
(BSA) and octylglucoside. 4-(2-hydroxytheyl)-1-piperazineethanesulfonic acid (HEPES)

was purchased from Fisher Scientific (Fair Lawn. NJ).

3.2.2 Buffers and solutions

The following buffers were used:

A. 5-Sx8f solutions were prepared with a buffer containing 10 mM HEPES. 100 mM
NaCl and 5 mM KCl at pH 7.3:

B. Cells were suspended and washed with 10 mM HEPES. 100 mM NaCl. 5 mM KCl. |
g/L glucose and 1 g/L BSA at pH 7.3:

C. 5-Sx8f bound to nonspecific sites on the cell other than hENTI sites was removed by
washing the cells with a non-ionic surfactant: 0.1% (v/w) n-octylglucoside with |
g/L glucose and | g/L BSA:

D. CE electrophoretic butfer consisted of 10 mM Borate and 5 mM SDS. pH was
adjusted with NaOH to 8.9.

All solutions were filtered through a 0.22 pm membrane filter (Millipore. Bedford. MA)

before use.
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3.2.3 Cell culture

Two human breast carcinoma cell lines (MCF-7 and MDA-MB-4335s). a human colon
carcinoma cell line (CaCo-2). and a human cervical carcinoma cell line (HeLa) were
obtained from the American Type Culture Collection. CCI-180/1 cells were established
from a biopsy of a stage Ib uterine squamous cell cervical cancer. courtesy of Dr. R.
Britten (Cross Cancer Institute. Edmonton. Alberta. Canada). HeLa cells were grown in
Roswell Park Memorial Institute (RPMI) supplemented with 10% fetal calf serum. and
the other four cell lines were grown in Dulbecco’s Minimal Essential Medium (DMEM,)
supplemented with 10% fetal bovine serum: all cultures were maintained at 37°C in a
humidified atmosphere of 5% CO. and were free of mycoplasma. Cell concentrations

were determined using a hemocytometer. Cultures were removed from dishes with

trypsin-EDTA (0.05% trypsin. 0.53 mM EDTAe4Na) and subcultured every 3-4 days.

Experiments were initiated with cells in the exponential growth phase.

3.2.4 hENT1 quantification assay

The solutions here were indicated as A. B. C and D. which were described as in 3.2.2.
Because hENT is very hydrophobic. the following procedures were developed to avoid

the direct detection of hRENT protein to ensure accurate quantification. First. suspensions

of intact cells (5x10%) were added to 5-Sx8f solutions (A) with different concentrations

ranging trom 0 to 50 nM. 5-Sx8f is a non-permeating reagent because of its size and
charge. and binds to plasma membrane NBMPR-binding sites. The equilibration of 5-
Sx8f with membrane binding sites was allowed to proceed for 50 minutes at room
temperature. Incubations were terminated by centrifugation at 150 g for 10 minutes. (All
centrifugations were done under this same condition unless stated otherwise.) The

pelleted cells were washed twice with buffer (B) to remove the unbound 5-Sx8f and once
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with surfactant (C) to remove nonspecifically bound 5-Sx8f (17). Cells were then
centrifugally pelleted and lysed with CE buffer (D) releasing 5-Sx8f from the hENT-3-
Sx8f binding complex. The lysate was centrifuged at 9.300 g for 10 minutes. and the
supernatants were sampled for CE measurement of 5-Sx8f binding content. Calibration
curves were constructed using a series of dilutions of a 5-Sx8f standard for quantification.
Three additional control samples were washed identically in order to obtain cell numbers.
Finally. 5-Sx8f binding content was correlated to NBMPR-binding content. which was
considered indicative of hENT1 binding sites. A cartoon of the assay procedure is

depicted in Figure 3.4.

3.2.5 Instrumentation and electrophoretic conditions

The same in-house built CE-LIF instrument described in Chapter 2 was used for our
study (32. 33). Each sample was mixed with an injection standard of fluorescein and
introduced electrokinetically into the capillary under an electric tield of (+) 1000 V for 10
seconds. A 30 cm long. 50 pm inner diameter (1.D.). 150 uym outer diameter (O.D.)
uncoated fused-silica capillary purchased from J&W Scientific (Folsom. CA) was used
for the separation. Every five to six runs electrophoretic buffer was renewed to ensure the
CE reproducibility. All experiments were carried out applying a constant voltage of (+)

9 kV. 5-Sx8f was excited with an Argon-ion laser (Melles Griot Laser Group. Carlsbad.
CA) with a single 488 nm emission line. Fluorescence signal was collected through a 533
nm bandpass filter of 35 nm width (535DF35. Omega Optical. Brattieboro. VI. USA) and
detected by an R1477 photomultiplier tube (PMT). Data were collected and analvzed
using Igor Pro 2.04 (WaveMetrics. Lake Oswego. OR). In all experiments. the 5-Sx8f
signal was divided by the signal of the injection standard to get a normalized signal for

further data processing.
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3.2.6 Flow cytometry

5-Sx8f was used for flow cytometric enumeration of transport sites on cultured human
epithelial malignant cells maintained as described above (18. 34. 35). Trypsinized cells
were washed and suspended in flow buffer (140 mM NaCl. S mM KCI. 10 mM HEPES
pH 7.4. 1 g/ glucose and 1 g/L bovine serum albumin). Five hundred thousand cells
were then incubated for 10 minutes at room temperature in the presence or absence of |
mM NBMPR. Samples were then incubated in graded concentrations of 5-(SAENTA-
x8)-fluorescein (final concentration of I nM-20 nM) at room temperature for 30 min.
Cell-bound fluorescence and light scatter signals for 10.000 cells were analyzed on a
FACSort instrument (Becton Dickinson Canada. Oakville. Ontario. Canada). Calibration
curves were produced using fluorescein standard beads containing known numbers of
fluorescein molecules. Mean fluorescence channel numbers were converted to molecules
of equivalent soluble fluorescein (MESF: Flow Cytometry Standards Corporation.
Research Triangle Park. NC). The specific values for bound fluorescence for each
sample was divided by the 0.42. the previously validated MESF: NBMPR binding site

ratio. to obtain plasma membrane hENT] sites per cell (36).

3.3 Results and Discussion

3.3.1 Analysis of 5-Sx8f

CE offers fast and efficient separations. To correct for injection variation. fluorescein was
used as an internal standard and was added to the CE samples prior to each injection.
After introducing the samples electrokinetically into the capillary at 1000 V for 10 sec. 5-

Sx8f was well resolved from the internal standard within five minutes (Figure 3.5).
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3.3.2 Construction of calibration curve
A calibration curve of over two orders of magnitude was obtained with 5-Sx8f

concentrations ranging from 1x10" mol/L to 2x10™ mol/L and is shown in Figure 3.6(a).

All quantifications in this study were based on the low-range calibration curve shown in

Figure 3.6(b). The correlation coefficients in both calibration curves are larger than 0.99.

3.3.3 Effect of incubation time

To obtain the optimal incubation time. quantification was carried out with eight ditferent
incubation times ranging from O to 180 minutes. As shown in Figure 3.7. 30 nM 5-Sx8t
binds to hENT! immediately upon its addition to the 180/1 cells. The signal at incubation
time O minutes was already quite high due to the long centrifugation time. which also
allowed the binding between 5-Sx8f and the hENT1 protein. Because it took
approximately 30 minutes for the signal to reach 90% of its maximum. a 50 minute

incubation time was chosen for all subsequent quantification studies.

3.3.4 hENT1 quantification on five cultured human cell lines

Quantification of hydrophobic proteins by CE is usually difficult because of a high
degree of protein adsorption onto the capillary wall. In this report. the use of a specific
inhibitor. 5-Sx8f. greatly simplified the quantification of the membrane protein hENTI. It

has been previously demonstrated by flow cytometry that 5-Sx8f interacts with
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Figure 3.5 Separation profile of standard 5-Sx8f from internal standard.
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Figure 3.6 Calibration curves for 5-Sx8f. (A) Overall range calibration curve. The signal
1s linear with the initial 5-Sx8f concentration for about two orders of magnitude. (B) The
low range calibration curve used for the quantification in our study. The error bar shows
the standard deviation within three independent runs and may be smaller than the

symbols.
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Figure 3.7 Effect of incubation time on the hENT 1-5-Sx8¢f binding. 180/! cells were used

as a model in this experiment. And 5-Sx8f concentration was chosen as 30 nM.
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NBMPR-binding nucleoside transporters with high affinity. The strong 1:1 hENT1-5-
Sx8f binding complex was not dissociated until washing step (ii1) where CE butfer
contained 5 mM SDS was added (Figure 3.4). The site-bound 5-Sx8f released from the
complex was then measured to quantify hENT 1. Figure 3.8 shows the identification of 3-
Sx8f released from binding complexes formed with 4358 cells. When. as a negative
control. 5-Sx8f was omitted from the incubation solution. no 5-Sx8f was detected as
depicted in electropherogram (a). With 5-Sx8f present in the incubation mixture. hRENT
was recognized and bound by 5-Sx8f until dissociation. allowing the detection of 5-Sx8f
as shown in electropherogram (b). Electropherogram (c) confirms the identification of 3-

Sx8f by spiking with standard 5-Sx8f (positive control).

For 435S and MCF-7 cells. the normalized 5-Sx8f peak height was plotted against the
initial 5-Sx8f concentration in the incubation mix. As depicted in Figure 3.9, the
increasing 5-Sx8f signal as a function of initial concentration was saturable. suggesting
interaction with a set of high-affinity binding sites. The abundance of NBMPR-binding
sites. and therefore hRENT1 protein. is known to differ among cell types. The difterent cell
types used in experiments exhibited different binding profiles. as shown in Figure 3.9.
Replicate profiles obtained from independent experiments with these cultured cells were
consistent. despite variation in the number of cells studied. This could be explained by
different K, values for the different cell lines. K, values obtained from my experimental
data are shown in Table 3.1. where low-nanomolar values obtained for each of these cell

lines indicate the high-affinity of the interaction between the hENT1 protein and 5-Sx8f.

To obtain the number of hENT]1 binding sites. calculations were then done based on the

plateau-signals obtained at saturation. Table 3.2 summarizes the cellular hENT]
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Figure 3.8 Detection of 5-Sx8f released from the binding complexes on 4338 cells. (a).
Negative control sample in which no 5-Sx8f was added to the initial incubation mixture.
No 5-Sx8f signal was observed in this case. (b). CE sample prepared as described in
Section 3.2.4 in which a specified amount of 5-Sx8f was added to the initial incubation

mixture. (¢) The sample from (b) was spiked with 5-Sx8f standard to confirm the

identification of 5-Sx8f.
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Figure 3.9 Equilibrium binding analysis of 5-Sx8f as a surrogate marker for the presence

of the hENT1 protein. (A). 2.5x10" 435S cells. Kd = 1.30 nM. (B). 2.3x10" 435S cells.

Kd = 1.33 aM. (C). 2.4x10" MCF-7 cells. Kd = 0.33 nM. (D). 1.5x10° MCF-7 cells.

Kd = 0.28 nM. All data points were averages of two independent measurements. The

error bars show the standard deviations and may be smaller than the symbols.
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Table 3.1 Extracted K, values for five cell lines.

Experiment Kd Values (nM)
Number 4358 HeLa MCF-7 CaCo-2 180/1
1 1.3 1.0 0.3 1.1 1.8
2 1.3 0.9 0.3 0.8 0.8
3 29 2.1 1.4 0.9 0.9
Average 1.8 1.3 0.7 0.9 1.2

Although some numbers appear not to be very consistent and reproducible. this is entirely

acceptable with cellular and biological systems.
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Table 3.2 Quantification resuits on five cultured human cell lines

CE-LIF Flow Cytometry"
Cell Line — —
hENT1-binding hENT I-binding

, RSDA . RSD

Sites / cell Sites / cell
4358 2.0es5 19% 1.7e5 245
HeLa 1.5e5 5.8% 1.1e5 41%
MCF-7 1.3e5 23% 1.5e5 %
CaCo-2 2.0e5 17% 1.7e5 S54%
180/1 2.4e5 16% 2.2e5 14%

a. The relative standard deviation (RSD) is calculated based on at least three independent

experiments.

b. Flow cytometry results were obtained from reference paper 11 and each result was an

average of three independent experiments.
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quantification results of five cultured human cell lines. Results obtained from hENT -
CE-LIF assay are very similar to those obtained from flow cytometry measurements. The
Pearson correlation coefficient between the CE hENT1 determination and flow cytometry
results for these five cell lines is strong with r=0.84: however. the hENTI-CE-LIF assay

demonstrated reproducibility superior to that of flow cytometry.

3.3.5 Reproducibility of the quantification assay

The reproducibility of the CE-LIF assay was determined by analysis of nine identical CE
samples with internal standards. Consecutive injections of these samples yielded a 0.7
and 6.7% relative standard deviation (RSD) for migration times and normalized peak
heights variations respectively (Table 3.3). These values confirm good CE reproducibility

both qualitatively and quantitatively.

To obtain the overall hRENT I-CE-LIF reproducibility. nine aliquots of 435S cells with the
same amount of cell numbers were incubated with 20 nM of starting 5-Sx8f for 50
minutes. After washing off the extra 5-Sx8f and non-specifically bound 5-Sx8t. cach
sample was measured in the CE-LIF instrument. The RSD value was then calculated
based on these nine data points. The 10.3% RSD includes the variability of the
incubation. cell washes and CE-LIF detection (Table 3.4). This small RSD demonstrates

the good quantification ability of the developed hRENT 1-CE-LIF assay.

3.3.6 Detection limit measurements
The assay was also tested by measurements of detection limits. Figure 3.10(A) and

3.10(B) depict individual CE electropherograms obtained when 2.1x10" fluorescein

molecules and 1.2x10° 5-Sx8f molecules were injected into the capillary.
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Table 3.3 Reproducibility of CE-LIF Detection

Sample Migration Time (min) | Normalized Peak Height
1 4.20 0.057
2 4.20 0.058
3 4.22 0.061
4 4.20 0.058
5 4.20 0.067
6 4.19 0.062
7 4.15 0.054
8 4.26 0.062
9 423 0.053

RSD 0.7% 6.7 %
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Table 3.4 Overall hENT1-CE-LIF Reproducibility

Sample Normalized Peak Height
1 0.065
2 0.052
3 0.058
4 0.059
5 0.051
6 0.059
7 0.064
8 0.068
9 0.069
RSD 10.3%
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Figure 3.10 Instrument detection limit measurements of fluorescein and 5-Sx8f. All CE-
LIF separation and detection parameters were the same as in the quantification assay.

(A). Signal from [.5x10"" mol/L fluorescein (10 sec injection at 1000 V). (B). Signal

from 7.5x10™"" mol/L 5-Sx8f (10 sec injection at 1000 V).
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The limit of detection (LOD) was theoretically calculated (37) for fluorescein ( 1.600
molecules) and for 5-Sx8f (5.600 molecules). The results are consistent with the previous
observation that the fluorescent quantum vield for 5-Sx8f is about 39% of that ot
fluorescein (38). More importantly. since the hENT1 quantity on single cells ranges from
approximately 1.000 to 100.000. it will be possible to adapt the hENT | CE-LIF assay to
quantify hENT1 in samples with small numbers of cells and. eventually. in individual

cells.

3.4 Conclusion

We developed a novel use of capillary electrophoresis to quantify 5-Sx8t binding as an
indication of plasma membrane hENT protein abundance. This assay provides high
precision and reliability in both qualitative and quantitative aspects. The developed
hENT I-CE-LIF assay was validated by comparing the results obtained through
conventional flow cytometry analysis and was successtully applied to study five cultured

human cell lines.

The use of capillary electrophoresis tor hRENT1 quantification was still based on a large
number of cells. However. the theoretical sensitivity of this method makes possible
single-cell analysis of a nucleoside transporter. This will enable the analysis of single
cells derived from heterogeneous cell populations. and will provide the opportunity to
study malignant cells derived from clinical samples of solid tumors. Quantification of
hENTI protein using capillary electrophoresis with laser-induced fluorescence (CE-LIF)
detection thereby warrants evaluation as a molecular predictive assay for clinical

nucleoside analogue activity.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.5 References

!J

SJI

N

16.

Hanauske. A. R. Anti-Cancer Drugs 1996. 7. 29-32.

Baldwin. S. A.: Mackey. J. R.: Cass. C. E.: Young. J. D. Mol. Med. Today 1999.
5.216-224.

Cheson. B. D. Semin. Oncol. 1992. 19. 695-706.

Allegra. C. J.: Grem. J. L. Antimetabolites. In Cancer : principles and practice of
oncology (Devita VT. ed). Philadephia: Lippinocott-Raven. 1997. pp 490-498.
Gati. W. P.: Paterson. A. R. P.: Larratt. L. M. er al. Blood 1997. 90. 346-353.
Jamieson. G. P.: Snook. M. B.: Bradley. T. R.: ¢f al. Cancer Res. 1989. 49. 309-
313.

Sirotnak. F. M.: Barrueco. J. R. Cancer Metastasis Rev. 1987. 6. 459-480.
Mackey. J. R.: Mani. R. S.: Selner. M. et al. Cancer Res. 1998. 58. 4349-57.
Mackey. J. R.: Baldwin. S. A.: Young. J. D. et al. Drug Resistance Updates 1998.
1.310-324.

Mackey. J. R.: Yao. S. Y. M.: Smith. K. M. et al. J. Natl. Cancer Inst. 1999.91.
1876-1881.

Mackey. J. R.: Graham. K. A.: Wong. J. er al. unpublished results.

Allay. J. A.: Spencer. H. T.: Wilkinson. S. L. et al Blood 1997. 90. 3546-3554.
Griffiths. M.: Beaumont. N.: Yao. S. Y. M.: Sundaram. M.: Boumah. C. E..
DAvies. A.: Kwong. F. Y. P.: Coe. I..: Cass. C. E.: Young. J. D.: Baldwin. S. A.
Nature Medicine 1997. 3. 89-93.

Young. J. D. and Jarvis. S. M. Biosci. Rep. 1983. 3. 309-322.

Cass. C. E.: Belt. J. A.: Paterson. A. R. P. Prog. Clin. Biol. Res. 1987. 230. 13-40.
Griffith. D. A.: Jarvis. S. M. Biochimica et Biophysica Acta 1996. 1286. 153-181.

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17.

18.

Agbanyo. F. R.; Vijayalakshmi. D.: Craik. J. D.: Gati. W. P.: McAdam. D. P.:
Asakura. J.; Robins. M. J.. Paterson. A. R. P.; Cass. C. E. Biochem. J. 1990. 270.
605-614.

Peterson. A. J.: Brown, R. D.: Gibson. J.: Pope. B.: Luo. X. F.. Schutz. L.. Wiley.
J. S.: Joshua. D. E. Eur. J. Haema. 1996. 56(4). 213-220.

Schena. M.: Gottardi. D.: Ghla. P.: et al. Leuk. Lymph. 1993. 11. 173-179.
Schena. M.: Larsson, L. G.: Gottardi. D.: et al. Blood. 1992. 11. 2981-2989.
Wiley. J. S.: Brocklebank. A. M.: Snook. M. B.: Jamieson. G. P.: Sawyer. W. H.:
Craik. J. D.; Cass. C. E.. Robins, M. J.: McAdam. D. P.: Paterson. A. R. P.
Biochem. J. 1991. 273, 667-672.

Jamieson. G. P.: Brocklebank. A. M.: Snook. M. B.: Sawyer. W. H.: Buolamwini.
J. K.: Paterson. A. R. P.: Wiley. J. S. Cvtomerry 1993, 14, 32-38.

Buolamwini. J. K.: Craik. J. D.: Wiley. J. S.: Robins. M. J.: Gati. W. P.: Cass. C.
E.: Paterson. A. R. P. Nucleosides & Nucleotides 1994, 13. 737-751.

Zolla. L.: Biancheti. M.: Timperio. A. M.: Mugnozza, G. S.: Corradini. D.
Electrophoresis 1996, 17. 1597-1601.

Scholz. E.: Pogany. G.: Ganzler. K.: Laurie. G. W. J. Cap. Elec. 1997. 6. 287-
292.

Vecchione. G.: Margaglione. M.: Grandone. E.: Colaizzo. D.: Cappucci. G.:
Giuliani. N.: d"Addedda. M.: D’ Andrea. G.: Nobile. M.: Amoriello. A.: Di Minno.
G. Electrophoresis 1998, 19. 1468-1474.

Zhang. Z.: Krylov. S.: Arriaga. E. A.: Polakowski. R.: Dovichi. N. J. Anal. Chem.
2000. 72.216-222.

Cheung. N. H.: Yeung. E. S. Anal. Chem, 1994. 66. 929-936.

Colliver. T. L.: Brummel, C. L. Pacholski. M. L.: Swanek. F. D.: Ewing. A. G.:
Winograd. N. Anal. Chem. 1997. 69. 2225-2231.

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



30.

Wiley. J. S.: Cebon. J. S.: Jamieson. G. P.: Szer. J.: Gibson. J.: Woodruft. R. K.:
McKendrick. J. J.: Sheridan, W. P.: Biggs. J. C.: Snook. M. B.: Brocklebank. A.
M.: Rallings. M. C.: and Paterson. A. R. P.. Leukemia 1994. 8. 181-185.
Pressacco. J.: Wiley. J. S.: Jamieson. G. P.; Erlichman. C.: Hedley. D. W. Br. J.
Cancer 1995. 72. 9339-942

Swerdlow. H. P.: Wu. S. L.: Harke. H. R.: Dovichi. N. J. J. Chromatogr. 1990.
516.61-67.

Tan. W. G.: Tyrrell. D. L. J.: Dovichi. N. J. J. Chromatogr. 1999. 853. 309-319.
Wiley. J.S.: Cebon. J. S.; Jamieson. G. P.: Szer. J.: Gibson. J.. Woodrutt. R. K.:
McKendrick. . J.: Sheridan. W. P.: Biggs. J. C.: Snooke. M. B.: Brocklebank. A.
M.:Ralling. M. C.: Paterson. A. R. P. Leukemia 1994. 8(1). 181-185.

Jamieson. G. P.: Brocklebank. A. M.: Snooke. M. B.: Sawyer. W. H.:
Buolamwini. J. K.: Paterson. A. R. P.: Wiely. J. S. Cvtometry 1993. 14. 32-38.
Sen. R. P.: Delicade. E. G.: Alvarez. A.. Brochlebank. A. M.:Wiley. J. S.: Miras-
Portugal. M. T. FEBS Letters 1998. 442. 368-372.

Giddings. J. C. Sep. Sci. 1969. 4. 181-189.

Robbins. M. J.: Asakura. J.: Kaneko. M.: Shibuya. S.: Jackobs. E. S.: Agbanvo. F.
R.: Cass. C. E.: Paterson. A. R. P. Nucleosides & Nucleotides 1994. 13, 1627-

1646.

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4

Study of Nucleoside Anti-cancer Drug Uptake and Metabolism Using
Capillary Electrophoresis with Laser-Induced Fluorescence Detection:

(I) The Possibility of Using [TAMRA]dCyd As A Substrate for

Deoxycytidine Kinase
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4.1 Introduction

Four commonly used cytotoxic nucleoside drugs for cancer treatment. gemcitabine.
cytarabine. cladribine and fludarabine were briefly introduced in Chapter 3. Each of these
agents is a prodrug that requires: i) cellular uptake by nucleoside transport proteins.
mediated predominantly by hENT1 (Chapter 3): and ii) phosphorylation by intracellular
Kinases to the active di- and tri-phosphate anabolites. which are subsequently
incorporated into the DNA. The intracellular accumulation of nucleoside triphosphates is

a critical determinant of cytotoxicity to both dividing and quiescent cells (1. 2).

Although the cellular pharmacology of different nucleoside analogs is different. the four
nucleoside drugs listed above are all first phosphorylated by deoxycytidine kinase (dCK.
E.C. 2.7.1.74). a step which constitutes the critical initial step in the activation of these
drugs (3-6). dCK allows retention of nucleoside monophosphate residues within the cell.
facilitating the formation of diphosphates and. ultimately the cytotoxic triphosphate
residues. dCK activity is the rate-limiting step in the accumulation of intracellular

triphosphates of these drugs (7. 8).

There is substantial and convincing evidence that dCK deficiency is an important and
common mechanism of nucleoside drug resistance. both in vitro and in vivo (9-13).
Variation in dCK expression also appears to explain some aspects of nucleoside cellular
specificity (14. I5). For these reasons. dCK has attracted great attention in studies of drug
resistance and sensitivity. It is thus essential to measure dCK activity in human cells and

tissues.
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Human dCK is a dimer of roughly 60 kDa. composed of two similar or identical 30 kDa
units. and is constitutively expressed throughout the cell cycle. To date. the classic
method for assessing dCK activity involves the use of radiolabelled deoxycytidine
(dCyd) as a substrate (16-19). (In all of the following statements. dCvd is used for
['H]dCyd and data on dCyd were obtained by using ['H]dCyd as the substrate). An
immunoassay method for direct dCK quantification was also developed (20). These two
methods have been successfully applied to dCK quantification. activity measurement and
comparison. and kinetic studies. However. similar to what is discussed in Chapter 3.
these techniques require large numbers of cells and thus it is not possible to assess the
dCK activity on clinical samples and solid tumors because of the technical difficultics in
separating large numbers of malignant cells from contaminating benign cells. Therefore.
a new approach is needed for dCK activity measurement that has the potential to be

applied to the analysis in single cells.

Using CE-LIF. the goal of this project was the development of a metabolic cyvtometry
assay for dCK enzymatic activity by the use of a tluorescently labeled dCvd as substrate.
The studies described here were initiated in large part due to the great success
demonstrated previously by our group on the enzymatic cascade studies with tetramethyl-
rhodamine (TMR) labeled substrates at the single cell level (21. 22). The potential of
using carboxytetramethylrhodamine (TAMRA) labeled dCyd ([TAMRA]}ACvd) as a
fluorescent substrate for dCK activity measurement was studied from several aspects
including its generation. Kinetic properties. cellular uptake. and intracellular distribution.
It is clear that improvement of the substrate specificity by changing the position of the
fluorescent dye or modifying the fluorescent dye itself is essential in deciding the fate of

this project.

88

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.2 Experimental

4.2.1 Chemicals and reagents

[TAMRA]dCydTP and rhodamine 6G labeled dCydTP ([R6G]dCydTP) were obtained
from Applied Biosystems (Foster. CA). [Fluorescein]dCydTP was purchased trom
Pharmacia (Quebec. Canada) and fluorescein from Molecular Probes (Eugene. OR). Calf
intestinal alkaline phosphatase (CIAP) was supplied by Life Technologies (Gaimeisburg.
MD). NaCl. MgCl. and sodium tetraborate were from BDH (Toronto. ON. Canada).
From Sigma (St. Louis. MO) all of the following were purchased: tristhydroxymethyi)-
aminomethane (Tris). ATP. bovine serum albumin (BSA). levamisole. coformycin. 5-

iodotubercidine and B-glycerophosphate. Purified dCK enzyme was a kind gift from Dr.

Staffan Eriksson (Uppsala Biomedical Center. Uppsala University. Sweden). which was
prepared as described by Bohaman and Eriksson (23). Microcon YM-30 centrifugal

device filters were obtained from Millipore (Bedford. MA).

4.2.2 Cell culture

A2780 is a human ovarian carcinoma cell line (24). It was cultured in Dulbecco’s

modification of Eagle’s medium (DMEM. Gibco. Paisby. UK) supplemented with 10%

fetal bovine serum (FBS) at 37°C in a 5% CO, atmosphere. AG6000 is a highly

nucleoside drug resistant variant of A2780 and was obtained as described previously

(25). AG6000 was cultured under the same cuiture conditions as the A2780 cells.
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4.2.3 Cell extract
To prepare cell extracts. 2 x 10° to 4 x 10° cells were homogenized in a micro-tissue

grinder on ice for 10 minutes. The sample was centrifuged at 9.000 g for 10 minutes to
remove cellular debris. The supernatant was then used for the enzyme assay. The protein
concentration of the samples was determined using the BioRad Bradford protein assay

(26).

4.2.4 Generation of [TAMRA]dCyd and [TAMRA]dCydMP standards

Since only [TAMRA]ACvdTP is commercially available. an enzymatic reaction on
[TAMRA]ACydTP was done to obtain the fluorescent nucleoside and nucleotide
standards. Calf intestinal alkaline phosphatase (CIAP. 25 U/uL) was first 1/10.000
diluted with a buffer consisting of 100 mM NaCl. and 50 mM Tris at pH 8.0. Then 1 uL
of the diluted enzyme and 0.5 pL of 400 uM [TAMRA]dCydTP were added to a

siliconized tube containing 18.5 uL of the dilution buffer. The mixture was incubated at
37-C for different lengths of time ranging from 0 minutes to overnight. Each time. | pL
sample was removed from the incubation mixture and added into 50 uL of ice-cold
water/methanol (v/v 3:2) solution. Finally to remove the residual CIAP. this solution was
filtered with a Microcon YM-30 by centrifuging at 13.600 g for six minutes. Samples
were stored immediately at —20°C until analysis. From these treatment conditions. 5 min

and 75 min incubation products were used as [TAMRA]dCydMP and [TAMRA]dCyvd

standards respectively.
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4.2.5 Production of fluorescent substrate [TAMRA]dCyd for dCK analysis
CIAP enzyme was 1/100 diluted with the same dilution buffer used in Section 4.2.4. Into
a siliconized tube was added 30 pL of 400 uM [TAMRAJdCydTP and 2 uL diluted

enzyme. After gently mixing the solution. incubation was carried out at 37°C for 20

hours. Depending on specific situations. more enzymes or longer incubation times may
have been required. The incubation was checked once or twice to ensure completion.
When the reaction was finished. the whole product was mixed with approximately 200
uL. water/methanol (v/v 3:2) and filtered with a Microcon YM-30 by centrifuging at
13.600 g for 20 minutes. The filtered solution was then lyophilized and the final product

was dissolved in 60 pL of ddH.O. After the concentration was measured. the

[TAMRA]dCyd solution was stored at —20°C.

4.2.6 Calibration curve construction

[R6G]dCydTP was used as the internal standard (1.S.) in this study. Dilutions of
[TAMRA]dCydTP at different concentrations were mixed with the LS. and subjected 10
CE-LIF analysis. After normalizing the [TAMRA]ACydTP peak areas against those of
the internal standard. a calibration curve was plotted. This curve was used during the

study to measure the concentration of [TAMRA]dCyd and [TAMRA]dCydMP.

4.2.7 dCK enzyme assay

For the purified dCK enzyme. the reaction mixture contained 50 mM Tris-HCI (pH 7.5).
5 mM MgCl.. 5 mM ATP. 2 mM DTT. 0.5 mg/mL BSA. 2 ug dCK enzyme and 12 pM

[TAMRA]ACvd in a final volume of 10 L. The reaction was initiated with incubation of

the mixture at 37°C. The reaction rate at this specific substrate concentration could be
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measured by incubating the mixture for different lengths of time. For each time point. |

uL of solution was removed from the incubation and added into a pre-heated tube

containing 100 pL of CE electrophoresis buffer. After heating at 90°C for another
minute. the product was stored at =20°C unti! analysis. For assays with crude cell

extracts. 2-4 x 10° cells were first ground in 30 pL of the assay buffer (50 mM Tris-HCl

(pH 7.5). 5 mM MgCl.. 5 mM ATP. 2 mM DTT. 0.5 mg/mL BSA) along with five

inhibitors (ImM levamisole. 35 uM coformycin. 1.2 uM 5-iodotubercidine. 60 uM (-

glycerophosphate and | mM thymidine). Then [TAMRA]dCyvd was added to the 30 uL

of the extract to a final concentration of 12 uM. These mixtures were incubated at 37°C

for different lengths of time to obtain the data for determining the reaction rate.

4.2.8 Kinetic study

A series of incubations with different concentrations of the substrate [TAMRA]dCyd
were carried out. The reaction rates at each substrate concentration were obtained as
described in Section 4.2.7. The Kinetic data was then fit to a hvperbola. from which

apparent Michaelis constant (K,,) and V__, values were extracted.
pp nax

4.2.9 Study of phosphatase and other enzymes in the cell extracts
2-4 x 10" cells were ground in 30 pL of the assay buffer (50 mM Tris-HCI (pH 7.5). 5

mM MgCl.. 5 mM ATP. 2 mM DTT. 0.5 mg/mL BSA). Then 19.5 pL of supernatant was
transferred into a siliconized tube. 0.5 pL of 400 M [TAMRA]dCydTP was added and

mixed gently with the extract solution. The mixture was incubated at 37°C for 14 time

points ranging from 0 minutes to overnight. At each time. 1 pL of sample was removed
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from the incubation mixture and added into 40 pL of ice-cold water/methanol (v/v 3:2)

solution. Finally this solution was filtered through a Microcon YM-30 by centrifuging at

13.600 g for five minutes. Samples were immediately stored at —20°C until analysis.

4.2.10 [TAMRA|]dCyd uptake by cells

The A2780 and AG6000 cells were first grown to 80% confluence. After filter-
sterilization. [TAMRA}dCyd was added to the media to reach a final concentration of
approximately 25 uM. 18 and 36 hours of incubation were applied to A2780 and AG6000
cells respectively. When the incubation was finished. the cells were washed three times
with phosphate buffered saline (PBS) to remove the residual substrate. A small portion of
the cells was quickly ground and the extract was analyzed by CE-LIF. Also a 20 uL
aliquot of each cell sample was examined by a model 200! confocal laser scanning
microscope (Molecular Dynamics. Sunnyvale. CA). An argon/krypton gas laser was used

as an excitation source at 568 nm selected for TAMRA. The fluorescence of the aliquot

was collected using a 100x objective.

4.2.11 Microinjection and intracellular distribution of [TAMRA]dCyd

To prepare [TAMRA]dCyd for microinjection. similar protocols to those described in
Section 4.2.5 were used except an additional desalting step was applied. Before
Ivophilizing. the filtered [TAMRA]dCyd was loaded into a C-18 Sep Pak cartridge and
washed with 2 mL of water for three times. Then the hydrophobic [TAMRA]dCyd was
eluted from the cartridge with approximately 5 mL HPLC grade methanol. The product

was then dried and dissolved in sterilized PBS for microinjection.
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To prepare cells for microinjection. cells were set into 35x10 mm dishes (Falcon.

Franklin Lakes. NJ) engineered with holes drilled into the bottom and 18x18 mm
coverslips (Fisher Scientific. Nepean. ON. Canada) attached to the underside with glue
(five minute epoxy). The cells were seeded at 1x10° cells in 2 ml DMEM and 10% FBS
and grown for 3 to 4 days at 37°C. 5% CO. similar to regular cell culture (see Section
4.2.2). Then fresh media and | pL. MitoTracker Green (Molecular Probes. Eugene. OR)
were added to the cells. After 20 min. incubation at 37°C. 5% CO.. the media was again

changed and the cells were ready for injection.

To inject. electrodes were freshly pulled and filled with 1 uyL. [TAMRA]dCvd using an
Eppendorf Microloader (Eppendorf. Hamburg. Germany). The electrode was prepared
with the Faming/Brown micropipette puller (Sutter Instruments Co. Model P 87. Novuto.
CA) from an aluminosilicate filament (O.D. 1.0 mm. I.D. 0.68 mm. 10 c¢m in length)
(Sutter Instrument. Novato. CA). Automated injections were done using the Eppendort
Micromanipulator 5171 in combination with the Transjector 5246. The injection
parameters were: 150 hPa injection pressure. 30 hPa holding pressure and 0.5 s injection

time.

After injection. media was changed again. the dish was sealed with parafilm and mounted

on a prewarmed objective (Tempcontrol mini) set at 37°C. The injected cells were

imaged using a 510 laser scanning microscope (Zeiss. Germany). 40x objective 1.3 N.A..

and argon and HeNe lasers. The dish remained mounted throughout the imaging time.
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4.2.12 Instrumentation and electrophoretic conditions

The same in-house built CE-LIF instrument described in Chapter 2 was used for this
study (27). Each sample was mixed with an internal standard (I.S.) of [R6G]dCydTP and
introduced electrokinetically into the capillary under an electric field of about (+) 33.3
V/em for 5 seconds ([R6G]dCydTP was the LS. unless otherwise stated). A 30 cm long.
20 pm inner diameter (L.D.). 150 um outer diameter (O.D.) uncoated fused-silica
capillary purchased from J&W Scientific (Folsom. CA) was used for the separation. The
electrophoresis and sheath tlow buffers were the same. containing 50 mM borate at pH
10. Every five to six runs. the electrophoretic buffer was renewed. All experiments were
carried out applying a constant voltage of (+) 6 kV. Compounds were excited by a
helium-neon laser (Melles Griot Laser Group. Carisbad. CA) with a single 543.5 nm
emission line. The fluorescence signals were collected through a 580 nm bandpass filter
of 40 nm bandwidth (580DF40. Omega Optical. Brattleboro. V1) and detected by a

R 1477 photomuitiplier tube (PMT). Data were collected and analyzed using Igor Pro 2.04
(WaveMetrics. Lake Oswego. OR). In all experiments. the TAMRA labeled nucleoside
and nucleotides signals were divided by the signal of the internal standard resulting in a

normalized signal for further data processing.
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4.3 Resulits and Discussion

4.3.1 Generation of standards and concentration measurement

Currently there are no fluorescent dye-labeled dCyd or dCydMP available commercially.
This originally appeared to be a large obstacle to begin this project. However. the
problem was easily solved with an enzymatic treatment of [TAMRA]JdCydTP (available
from Applied Biosystems) using alkaline phosphatase (AP). AP. with the ability to
hydrolyze 5°-phosphate groups from DNA. RNA. and nucleotides. enabled clear
observation of a conversion from [TAMRA]dCydTP to [TAMRA]dCyvdDP to
[TAMRA]dCydMP and eventually to [TAMRA]dCyd. The process was monitored with
CE-LIF and these results are shown in Figure 4.1. It was observed that AP worked very
efficiently even at very low concentrations and incubation products [TAMRA]dCyvdDP
and [TAMRA]dCydMP were already generated with O minutes of incubation. having
been formed during the short preparation process. The starting material
[TAMRA]dCvdTP which has a migration time at around 8.5 min gave the highest
fluorescence signal when the treatment began. This signal kept decreasing and was not
observable after approximately 10 min incubation under our conditions. A similar
phenomenon was noticed with [TAMRA]dCydDP. while for TAMRA]dCvdMP. the
signal increased first with the incubation and then decreased to almost zero after three
hours. The fluorescence signal of the final product. [TAMRA]dCvd. kept increasing and
became dominant after 60 min. incubation. The monitoring of the whole process allows
the clear identification of [TAMRA]dCydDP. [TAMRA]dCydMP and [TAMRA]dCyd as
assigned in the electropherograms. The process can also be illustrated by plotting the

signal from each product against incubation time.
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Figure 4.1 CE-LIF monitoring of [TAMRA]dCydTP enzymatic treatment by AP.
Electropherograms are offset in time and signal for clarity; the time to the right of cach
electropherogram is the incubation time. Incubation and separation conditions are

described in Sections 4.2.4 and 4.2.13. respectively.
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As depicted in Figure 4.2. incubation product at 5 min. and 75 min. time points seem best

for use as the standards for [TAMRA]dCydMP and [TAMRA]dCyd respectively.

After learning the characteristic migration time of each product. it was not difficuit to
prepare and confirm the production of pure [TAMRA]dCyd as substrate for dCK. Figure
4.3 compares the electropherograms of starting material and the generated product for
dCK assay. After AP treatment. [TAMRA]dCyd was almost the only product. This pure

[TAMRA]dCyd enabled accurate and reliable studies on dCK.

A problem with the generation of dCK substrate [TAMRA]dCyd and dCK enzymatic
product [TAMRA]dCydMP by ourselves is the difficulty of knowing their concentrations
because resulting amounts and volumes are too low for conventional UV measurement.
To roughly measure the concentrations. a calibration curve was constructed using
[TAMRA]dACydTP (Figure 4.4). Peak areas were measured to avoid the inaccuracy

caused by different peakwidths of components with different migration times.

4.3.2 Kinetic study of [TAMRA]dCyd

The kinetic properties of dCK have been studied with a wide variety of purine and
cvtosine nucleosides. It is well known that dCyd is the best and preferred substrate of
dCK enzyme with the highest V_, and K, compared to other substrates such as
deoxyadenosine (dAdo) and deoxyguanosine (dGuo). However. with the attachment of a
bulky fluorescent tag. the kinetics of the substrate could certainly be changed. In addition.
dCK activity has been found to be controlled by a complex pattern of substrate Kinetics

and end product inhibition (23. 28). For all of these reasons. it was essential to study
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Figure 4.2 Changes in signal intensity from each product with incubation time. Based on
this plot. 5 min. and 75 min. incubation products were used as [TAMRA]dCydMP and

[TAMRA]dCyd standards respectively.
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Figure 4.3 Generation of pure [TAMRA]dCvd from [TAMRA]dCvdTP.
A: Standard [TAMRA]ACydTP + L.S.. [TAMRA]dCydTP is the major component:
B: Treated product + L.S.. [TAMRA]dACyvd is the major component.

Treatment conditions were described in Section 4.2.5.
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Figure 4.4 Calibration curves constructed with [TAMRA]dCydTP for [TAMRA[dCvd
and [TAMRA]dCydMP concentration measurements.

A: Lower range calibration curve: B: Overall range calibration curve.

The error bars show the standard deviation within three independent runs. Correlation

coefticients of both curves are 0.99.
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the kinetic properties of [TAMRA]dCyd betore applying this substrate to dCK activity

measurements in cell extracts and further studies.

With a bulky dye molecule. [TAMRA]dCyd is much larger in size than dCyd. Therefore.
it was very exciting and promising for us to see that [TAMRA]dCvd was still a substrate
of dCK and could be phosphorylated by dCK. In fact. this is the first demonstration that
the dCK enzyme molecule can use a fluorescently labeled dCyd as a substrate. As shown
in Figure 4.5. a one hour incubation of [TAMRA]dCyd with purified dCK resuited in the
clear generation of [TAMRA]dCydMP. giving a clean peak with a migration time around
7 minutes (electropherogram B). In contrast no such peak was detected when the reaction
was not initiated (electropherogram A). However. in this reaction. approximately 2 pg of
purified dCK and 12 uM substrate [TAMRA]dCyd were used. If the labeling had not
affected the specificity of dCyd to dCK. the [TAMRA]dCydMP peak would be 1000-
times higher. indicating that [TAMRA]dCvd may be up to 1000-fold less reactive than
dCyd. To confirm this result and obtain more detailed kinetic information. five reactions
were studied with substrate concentrations ranging from 6.25 yM to 50 uM. The reaction
rate at each specific substrate concentration was obtained by varying the incubation time.
The results are shown in Figure 4.6. In this plot. the rate was expressed as the change in
normalized peak area per min (A(peak area)/min). After changing the units to nmol per
hour based on the above calibration curve and the reaction volume. data were fitted to a
were

hyperbola as shown in Figure 4.7. from which the kinetic parameters K, and V

maz

extracted.
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Figure 4.5 Generation of [TAMRA]dCydMP by incubating [TAMRA]dCvd with puritied
dCK enzyme. The incubation conditions are described in Section 4.2.7.

A: O min incubation as negative control: no [TAMRA]dCydMP was detected.

B: 60 min incubation: [TAMRA]dCydMP was generated due to dCK enzyme activity.
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Figure 4.6 dCK reaction rate measurements at different fluorescent substrate
([TAMRA]dCyd) concentrations. [S]. The rate increases with the increases of [S]. Here
the rates are expressed in units of A(peak area)/min (see text). Experiment conditions are

described in Sections 4.2.7 and 4.2.8.
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Figure 4.7 Kinetics of purified dCK on the substrate [TAMRA]dCyd. The change of rate
change with [Substrate] was fitted to a hyperbola and V_, and K, values were then
extracted. The RSD (relative standard deviation) values for V_, and K, are 4.9% and

21%.
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Compared to a reported 145 nmol/min/mg V. value for dCyd (23). V, for
[TAMRA]dCyd (0.10 nmol/min/mg) is approximately 1.500 fold lower. while for K. the
value from [TAMRA]dCyd (5 uM) only shows a minimal difference from that reported
for dCyd (K, = | uM) (23). The kinetic data obtained with purified dCK suggest that
[TAMRA]dACvd has a slightly smaller affinity for the dCK nucleoside binding site than
dCyd as indicated by the lower K, of [T]dCyd as compared to the K, of dCvd. However.
V... is the major reason causing the significant loss of specificity of [TAMRA]ACyd to
dCK enzyme. The K, value of [TAMRA]dACyd is actually lower than most other

substrates (23). i.e. has higher affinity to the enzyme binding sites than most of the other

substrates. as shown in Table 4.1.

Previous studies by Eriksson er al. showed that dCK phosphorylates analogues as long as
the base 1s a cytosine with only minor substitutions at the 5-position (29). Based on these
results. data obtained here could be explained by the fact that the TAMRA molecule is
attached to the S-position of the base. (It is confirmed from the manufacturer and patent
information). This 5-position may be very important in orienting nucleosides for normal
phosphorylation. As a result. if the substitution molecule on dCvd is too bulky. the V|
value will be decreased significantly while affecting minimally the binding aftinity. The
other reason for the low V, value might be the long and narrow tunnel structure of the

nucleoside binding site in dCK.

4.3.3 Enzyme activity study of cell extracts

When applying the dCK enzyme assay to the study of cell extracts. the effects caused by
many other enzymes have to be considered. To inhibit the major enzymes that may affect

dCK activity. up to five different inhibitors were used.
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Table 4.1 Comparison of [TAMRA]dCyd’s K, value to those of other substrates.

Substrate K, (uM)
deoxycytidine (dCyd) !
arabinosylcytosine 20
deoxyvguanosine (dGuo) 150
deoxyadenosine (dAdo) 120
[TAMRA]dCyd 5

The K, values were obtained from literature (23) except for that of [TAMRA]dCyvd.
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Levamisole. coformycin. 5-iodotubercidin. thymidine and B-glycerophosphate were used

to inhibit alkaline phosphatase. adenosine deaminase. adenosine kinase. thymidine Kinase
and non-specific phosphatases respectively. The inhibitors were added to the dCK
enzyme assay buffer before the first grinding step (see Section 4.2.7). In the presence of
these inhibitors. [TAMRA]dCydMP. the dCK product from [TAMRA]dCyd. was
detected. as shown in electropherogram B and C in Figure 4.8. The peak identification
was confirmed by spiking the sample with standard [TAMRA]dCydMP
(electropherogram D). The product signal was very low. which is predictable from the
low V_ . value of [TAMRA]dACyd because of the attached fluorescent tag. The reaction
rate of dCK from the cell extract on [TAMRA]dCyd was also obtained by changing the

incubation times as shown in Figure 4.9. The rate was calculated to be approximatelyv

3x10™ nmol/min/10° cells. This is about 3.000 fold lower than the 0.088 nmol/min/10"

cells when using dCyd as the substrate (11) on the same cell line A2780. The rate
difference in the cell extract was comparable to that obtained earlier using the puritied

dCK enzyme.

However, when comparing the dCK activity between the parental drug sensitive cell line
A2780 and the variant drug resistant cell line AG6000. the results were not as predicted.
No significant differences were observed between the two cell lines (as shown in Figure
4.10). This is contrary to up to 10-foid differences previously observed with conventional
radio-labeled dCK assay (11). To explain this result. several possible reasons are

proposed:

(1) The complexity of the enzyme in the crude extract may cause inaccurate dCK activity

measurement. Although five Kinds of inhibitors were included in the cell extract dCK
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Figure 4.8 dCK activity measurement in A2780 cell extract. Experimental conditions are

described in Section 4.2.7.
A: 0 min incubation as a negative control. No [TAMRA]dCydMP was detected:
B: 4 hours incubation. [TAMRA]JdCydMP was generated due to the dCK activity in the

cell extract;

C: 20 hours incubation. More [TAMRA]dCydMP was produced with this longer
incubation time:

D: Sample B spiked with standard [TAMRA]dCydMP to confirm the peak identification.
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Figure 4.9 dCK enzymatic reaction rate measurement in A2780 cell extract at [S]=10

uM. The correlation coefficient is 0.98 and the rate is approximately 3x10° nmol/min/10"

cells. Experimental conditions are described in Section 4.2.7.
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Figure 4.10 Comparison of dCK enzyme activity between parental cell line A2780 and
resistant cell line AG6000. Both were incubated overnight with substrate [TARMAJdCvd
at a concentration of 10 pM.

A: Parental cell lineA2780: B: Resistant cell line AG6000.

No significant difference is observed.
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assayv. their concentrations and other assay conditions used in these two different cells
were exactly the same. However. the enzymes in the cell extracts showed very different
activities as depicted in Figure 4.11. In this experiment. [TAMRA]ACydTP was added in
the crude extracts without any of the inhibitors. Therefore. the conversion of
[TAMRA]dCydTP to [TAMRA]dACyd due to the activity of a series of phosphatase and
nucleotidase and other enzymes was monitored by CE-LIF. With identical treatment and
procedures. there was five times more [TAMRA]dCydTP left in the parental A2780 cell
extract incubation product than that from the resistant AG6000 cells. Close to a 50 told
difference was observed in the amount of [TAMRA]dCyvd left in the incubation products
from these two cell extracts. These data suggest that the hydrolytic enzyme activities are
very different in these two cell lines and different inhibitor conditions may be required
for probing the dCK activity difference. Thus. no differences could be detected in our

svstems.

(2) Attachment of TAMRA to dCyd resulted in a significant loss of its phosphorylation
efficiency by dCK enzyme. It might be possible that the modification increases other
enzyvmes efficiency. or does not affect their efficiencies to the same extent as it attects
dCK. As a result. the interference caused by these enzymes may appear to be more
significant. and therefore the inhibition conditions used in our assay are no longer

efficient.

(3) It has been reported that 2°-deoxycoformycin. an adenosine deaminase inhibitor.
showed an unexpected ability to inhibit purine and pyrimidine dideoxynucleoside
phosphorylation: such inhibition was not competitive and was not observed when 2°-

deoxycvtidine was the substrate (30). This result suggests that the inhibitors used in our
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Figure 4.11 Differences of other enzyme activities between the parental A2780 cell linc
(indicated as P above) and the resistant AG6000 cell line (indicated as R above).

Experimental conditions are described in Section 4.2.9.
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system might inhibit the phosphorylation of [TAMRA]dCyd due to the large

modification. which will in turn affect the accuracy of dCK activity measurements.

(4) A cell line established from an ara-C-resistant (ara-C is one of the nucleoside anti-
cancer drugs) brown Norway rat model has been shown to be dCK deficient.
preferentially with ara-C. but not with dCyd as a substrate (31). This may be another
explanation for the inability of our method to probe the dCK expression difference by

using [TAMRA]dCyd as the substrate.

Although [TAMRA]dCyd could be phosphorylated by dCK in the cell extracts. it may be
premature to measure dCK activity based upon this assay. The changes to the substrate
specificity and structure directly or indirectly affect the enzyme assay and cause
inaccuracy in the activity measurements. It is essential to find a better fluorescent
substrate for further study. This might be achieved by either changing the modification

position of the dye or the dye itself.

In attempts to find a better substrate. another fluorescent substrate [Fluorescein]dCvd
(similarly generated from [Fluorescein]dCydTP) was tried. Unfortunately. results with
this substrate were worse than those with [TAMRA]dCyd. As shown in Figure 4.12A.
virtually no [Fluorescein]dCydMP was generated from a 4-hour incubation with purified
enzyme. A very small amount of [Fluorescein]dCydMP was seen in the overnight
incubation product. On the other hand. a [TAMRA]dCyd incubation carried out under the
identical conditions. generated a clear and sharp product peak in 4 hours as depicted in
Figure 4.12B. It is known that the fluorescein molecule is attached to the 5-position of the
base. the saume as [TAMRA]dCyd (Shown in Figure 4.13). Therefore. the more

significant loss of specificity of [Fluorescein]dCyd compared to [TAMRA]dCyd
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Figure 4.12 Test of [Fluorescein]dCyd as a substrate for dCK and its comparison with
[TAMRA]dCyd. The same conditions ([S]=50 puM. 2 pg purified dCK enzyme) were
used in both experiments.

A: [Fluorescein]dCyd as a substrate. The LS. here is fluorescein. No
[Fluorescein]dCydMP peak was detected until after 25 hours of incubation:

B: [TAMRA]dCyd as a substrate. A clear [TAMRA]dCydMP product peak was detected

after 4 hours incubation.
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Figure 4.13 Structures of [Fluorescein]dCyd and TAMRA. In the case of [TAMRA]JC.
the dye molecule is also attached to the 5-position same as [Fluorescein]dC while the

linker may change.
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must be a result of the native features of fluorescent tag such as its polarity. size. etc.

4.3.4 Cellular uptake of [TAMRA|dCyd

In addition to searching for a better fluorescent substrate and improving the enzyme assay
conditions. cellular uptake studies on the fluorescent substrate were carried out in parallel
since this plays a critical role in achieving the ultimate goal of enzyme activity
measurement at the level of single cells. As shown in Figure 4.14. [TAMRA]dACvd was
taken up by A2780 cells with an simple incubation step for 18 hours. The uptake was
confirmed by CE-LIF measurement as shown in Figure 4.15. Similar results were
obtained with the resistant AG6000 cells. At this point. the uptake mechanism 1s unclear.
However. the low intensity of the fluorescence indicates that facilitated transport such as

liposomal transport is required to improve the uptake efficiency.

Also observed was that the nucleus appeared to generate a stronger fluorescence signal
than other organelles. and vesicles were formed inside the cells. These results were later
found to be in agreement with the data obtained from microinjection and distribution

studies (described 1n more detail in Section 4.3.5).

4.3.5 Intracellular distribution of [TAMRA]dCyd

dCK has been shown to be mainly localized in the cytoplasm. Whether or not
[TAMRA]dCyd would remain in the cytoplasm after moving into the cells would directly
affect the activity measurement results in future whole cell assays (i.e. uptake-incubation-
lysis-detection instead of a traditional assay based on lysis-incubation-detection). Hence.

the intracellular distribution of substrate [TAMRA]dCyd is another important property
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Figure 4.14 Confocal microscopy detection of [TAMRA]dCyd cellular uptake by A2780

cells. Experimental conditions are described in Section 4.2.10.
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Figure 4.15 CE-LIF detection of [TAMRA]dCyd cellular uptake by A2780 cells.

A: Negative control. No [TAMRA]dCyd was present in the cell media during the

incubation:
B: Uptake samples. Approximately 20 uM [TAMRA}dCyd was included in the cell

media during the incubation.

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



which requires detailed study. In this work. the distribution was monitored by a laser
scanning microscope after artificially injecting the substrate. [TAMRA]dCvd. into the

cytoplasm.

Figures 4.16 and 4.17 are fluorescent images of both A2780 and AG6000 cells at
different post-injection times. The green fluorescence is due to the mitotracker that stains
the mitochondria inside the cells and indicates that the cells are still alive and healthy.
The orange-red fluorescence is from the emission of TAMRA dye and shows the chunges

in [TAMRA]dCyd’s intracellular distribution.

As shown in Figure 4.16. although the cell shape changed little during the monitoring
process. cells were shown to be healthy by comparing the mitotracker green fluorescence
signals in Figure 4.16 A and F. As for the intracellular distribution of [TAMRA[dCvd. it
1s clearly shown that the fluorescence signal from TAMRA was the strongest shortly after
injection. specifically in the nucleus (Figure 4.16 B). With increasing post-injection time.
less and less signal was detected as shown in Figures 4.16 B-D. indicating the loss of
[TAMRA]dACyd. Almost no fluorescence signal from TAMRA was seen 140 min after
injection. as shown in Figure 4.16 F. Comparing Figures 4.16 E and F seems to suggest
that [TAMRA]dCvd was distributed more in the mitochondria regions. However. this

might be an artifact or result from the mitotracker green.
Similar phenomena were observed with the AG6000 cell line. The fluorescent signal was
much higher. as shown in Figure 4.17. This was most likely caused by the injection

process during which the injection amount is hard to control. Fluorescence from TAMRA

was also stronger in the nuclear area. and the overall fluorescent signal decreased with
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Figure 4.16 [TAMRA]dCyd microinjection into A2780 cells and its intracellular
distribution monitoring with post-injection time.

A. Mitotracker green staining of mitochondria. 10 min after injection.

B. Fluorescence signal from TAMRA. 10 min after injection.

C. Fluorescence signal from TAMRA. 40 min after injection.

D. Fluorescence signal from TAMRA. 75 min after injection.

E. Mitotracker green staining of mitochondria. 140 min after injection.

F. Fluorescence signal from TAMRA. 140 min after injection.
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Figure 4.17 [TAMRA]dCvd microinjection into AG6000 cells and its intraceliular
distribution monitoring with post-injection time.

A. Mitotracker green staining of mitochondria. 30 min after injection.

B. Fluorescence signal from TAMRA. 30 min after injection.

C. Fluorescence signal from TAMRA. 60 min after injection.

D. Fluorescence signal from TAMRA. 90 min after injection.

E. Mitotracker green staining of mitochondria. 160 min after injection.

F. Fluorescence signal from TAMRA. 160 min after injection.
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post-injection time. Furthermore. vesicles were formed inside the cell. It is possible that

the cells were forming vesicles to expel [TAMRA]}ACyd by exocytosis.

4.4 Conclusion

The overall goal of this project was to detect dCK activity at a single-cell level with the
help of the exquisite sensitivity of CE-LIF. The initial step toward this ultimate goal is to

find a suitable and efficient fluorescent substrate for dCK.

In this preliminary study. [TAMRA]dCyd was generated from an enzymatic treatment.
CE separation of [TAMRA]dCyd and its phosphates was efficient and rapid. Using
purified dCK. kinetic data for its interaction with [TAMRA]dCvd were obtained and the

lower V.. and higher K, values were proposed to arise through structural moditication.

ma
Although product generated from dCK enzyme activity was observed in the cell extract.
the inability to distinguish the difference between the parental sensitive A2780 and the
variant resistant AG6000 cells indicated a need for improvements. The improvements
will mainly include the seeking of a better fluorescent substrate and inhibitor working
conditions. Other aspects associated with the potential for using fluorescently dve labeled
dCyvd. specifically [TAMRA]dACyd in this study. as a substrate for dCK activity
measurement at the level of single cells were also studied. These include its cellular
uptake and intracellular distribution. It is suggested from the preliminary data that
[TAMRA]dCyd uptake has to be assisted to obtain better efficiency. Furthermore.

[TAMRA]dCyd’s intracellular distribution requires a further and more detailed study to

explain the significant decrease of [TAMRA]dCyd concentration observed inside cells.
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At this stage of the study. it has been concluded that [TAMRA]dCyd is not an ideal
substrate for dCK and analysis using it to measure cellular dCK enzyme activity was not
successful. Attachment of TAMRA to dCyd changes its kinetics. possibly the working
conditions of other enzyme inhibitors. the uptake mechanism. and also intracellular
distribution. All these factors either directly or indirectly lead to difficulties in succeeding
with dCK activity measurements. More effort is required not only from analytical
chemists and oncologists. but also from organic chemists. to find a suitable fluorescent

substrate for dCK. which will lead to the success of the overall project goals.
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CHAPTER 5

Study of Cell Cycle Phase Dependent Biological Events Using Cell
Synchronization Techniques: (I) hENT1 Protein Expression Variation

with Cell Cycle Phase
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5.1 Introduction

The basic unit of life. the cell. is a complex and dynamic entity. Typically cells have to
go through four different phases to replicate. namely a gap after division and betfore DN A
synthesis (G,). a period of DNA synthesis (S). a gap after DNA synthesis and before
mitosis (G.,) and a period of mitosis (M) (1). As cells progress through the replication

cycle. marked changes occur in terms of their characteristics and their functions (2).

Exponentially growing cultures are generally asynchronous. i.e.. each cell progresses
through the cell cycle independently of neighboring cells. As a result. cell
synchronization is particularly useful for investigating cell cycle-regulating or cell cyvcle-

dependent events in cell biology.

The purpose of synchronization is to create a population of cells enriched at a single stage
of the cell cycle. These cells will then be able to continue through the cell cyvele with as
little disruption of normal events as possible. At present. there are numerous methods
available for collection of synchronous cultures in vitro (For review. see reference 3).
Generally they can be classified into two major methods. The first is so-called “induction
synchrony™ in which the cells of a normal asynchronous culture are induced to divide
synchronously. This can be done by environmental changes (e.g. temperature or light) or
by blocking a stage of the cycle (DNA synthesis or mitosis) and then releasing the block
(4-6). The second main method of producing synchronous cultures is by selection of cells
at a particular stage of the cycle from a normal asynchronous culture. which are then

grown up as a synchronous culture (7.8).
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In Chapter 3. I described a CE-LIF method that was successfully developed to quantity
hENT' protein in five cultured human cell lines. The developed protocol employs the use
of 5-Sx8f. a fluorescent analogue of NBMPR. NBMPR is a specific inhibitor of hENT
protein and the quantity of NBMPR binding sites is usually taken as the hENT I quantity
(9.10). Results in Chapter 3 demonstrate the high-affinity binding between the 5-Sx8t and
hENTI. The hENT1 quantification results calculated based on the 5-Sx8f binding sites
were very compatible to those obtained from flow cytometry studies (See Table 3.6).

However. the results are still averages of hENT expression level across all four phases.

Previous studies by other researchers have shown that numbers of NBMPR binding sites
or nucleoside uptake rates are cell cycle-dependent (11-13). In this chapter. etfort was
undertaken to further assess the fluctuation in hRENT | abundance during the four phases
of the cell replication cycle. Methods of synchronizing cells by means of a thvmidine
block and mitosis inhibition were adapted to the HeLa human cell line. This enabled us to
obtain relatively homogenous cells at all four cycle phases. The developed hENT | -CE-
LIF assay was then applied to quantify hENT1 expression and study the variation. A RT-
PCR experiment was also done to probe mRNA changes that might happen during the
cycle. The HeLa cell line was chosen as the model because it is 2 commonly used tumor
cell line with well-known characteristics concerning cell cycle and maintenance of the

culture (14.15).

5.2 Experimental
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5.2.1 Chemicals and reagents

Thymidine. methyl[5-(2-thienylcarbony!)- 1H-benzimidazole- 1-yl] carbamate
(nocodazole). sucrose. trisodium citrate. propidium iodide (P). spermine
tetrahydrochloride and tris(hydroxymethyl)aminomethane (Tris) were all obtained from
Sigma (St. Louis. MO). BDH (Toronto. ON. Canada) supplied MgCl.. CaCl, and ZnCl..
Trypsin. trypsin inhibitor and RNase A were purchased from Life Technologies

(Gaimersburg. MD).

5.2.2 Standard cell culture

HeLa is a human cervical carcinoma cell line that possesses es activities. We obtained
HeLa cells from the American Type Culture Collection. They were grown in Roswell
Park Memorial Institute (RPMI) conditioned media supplemented with 10% fetal calf
serum. Culture was maintained at 37°C in a humidified atmosphere of 5% CO, in air and
was free of mycoplasma. Cell concentrations were determined using an Improved

Neubaure Counting Chamber. Cultures were removed from dishes with trvpsin-EDTA

(0.05% trypsin. 0.53 mM EDTAe4Na).

5.2.3 Cell characterization

Cells were first treated with thymidine for 24 hours to allow all the cells to progress
through the cell cycle and stop at G,/S. Then cells were released from the thymidine
block by simply washing off the thymidine-containing media. Once released. the cells
synchronously progress through the cell cycle starting from the S phase. The cells were
sampled periodically every 30 minutes after the thymidine release and analyzed by
fluorescence-activated cell sorting (FACS) and mitotic index (MI) staining (See Section

5.2.5). For synchronization of cells at M phase. nocodazole was added five hours after the
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release and the cells were incubated for different lengths of time and then also analyzed
by FACS and MI staining. For these analyses. we know the exact time points at which to

harvest the cells to obtain the highest fraction in the desired phase.

5.2.4 Cell synchronization

The synchronization protocol is shown in Figure 5.1. 1.7x10" HeLa cells were plated with
approximately 30 mL of media and grown for 24 hours. The next day. 750 pL of 100 mM
thymidine was added to reach a concentration of 2.5 mM. After another 24 hours. the
thymidine-containing medium was replaced with fresh regular media. Cells at S. G, and
G, phases were obtained by harvesting the cells 1.5. 6.5 and 12 hours after the thymidine
release respectively based on the characterization results. M phase cells were obtained by
adding 30 pL of 0.5 mg/mL nocodazole to the media 5 hours after the release trom

thymidine and then incubating for 10 hours and 20 minutes.

5.2.5 Synchronization assessment

5.2.5.1 Fluorescence-activated cell sorting (FACS) analysis

Cells were prepared for FACS using the method of Vindelov with several modifications

(16). The composition and the preparations of all the buffers and solutions used are

shown 1n Table 5.1. For each sample. 1x10" cells were scraped and collected by

centrifugation at 200 x g for 5 min at room temperature. After removal of the

supernatant. cells were resuspended in 100 pL citrate buffer with DMSO and 900 pL of
solution A. Then the cells were incubated for 10 min at room temperature during which

the tube with all these solutions was inverted gently for five or six times to allow the
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Asynchronous Hela cells

Grow in standard media for 24 hours

Add thymidine into the media

Grow in the thymidine-containing media for 24 hours

Change the thymidine-containing media back to standard media

——Grow for 1.5 hours— § phase cells

Grow for 3 hours

Add nocodazole into the media L-Grow for 6.5 hours— G2 phase cells

Grow for another 10 hours
and 20 minutes

e—Grow 5 —
M phase cells row for 12 hours— G phase cells

Figure 5.1 Synchronization methods utilized on HeLa cells.
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Table 5.1 Buffers and solutions used in FACS analysis and their compositions.

Buffers and Solutions

Compesition

Citrate buffer

250 mM sucrose. 40 mM trisodium citrate*2H.O.

0.5% (v/v) DMSO. pH 7.6

Solution A

15 mg trypsin in 500 mL stock solution. pH 7.6

Solution B

250 mg trypsin inhibitor. 50 mg RNaseA.

500 mL stock solution. pH 7.6

Solution C*

208 mg propidium todide. 580 mg spermine

tetrahydrochloride. 500 mL stock solution. pH 7.6

Stock solution

2 g trisodium citrate. 2 mL (0.1% v/v) spermine
tetrahydrochloride. 121 mg
Tris(hydroxymethyl)aminomethane. 2 L water.

pH 7.6

*Solution C should be protected from light.
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good mix of the contents. Then 750 pyL of solution B was added and same incubation and
inverting procedures were applied. At last. 750 pL of ice-cold solution C was added and

the solution. after mixing. was filtered into a tube wrapped in tinfoil. Samples were then

kept at 4°C unul analysis.

5.2.5.2 Mitotic index (MI) determination
The composition and preparation of all the buffers and solutions used here are shown in

Table 5.2. From each sample 2x10° cells were scraped and collected. then pelleted at 200

X g at room temperature. The pellet was resuspended in 100 pL of the hypotonic butfer

and incubated at room temperature for 10 min. Then 10 pL of fixing solution. 1 uL of 0.5

mg/mL propidium iodide (PI) solution and 20 uL of 1 mg/mL RNaseA were added. The
mix was placed in a 37°C water bath for 30 min to allow fixing and staining to occur.
Finally an approximately 10 pL aliquot was dropped onto a glass slide. The slide was
visualized under a microscope and searched for cells with mitotic figures with condensed
nuclear material and a lack of nuclear membrane. The data were represented as the
observed percentage of mitotic cells in the total number of cells. Generally between 200

to 300 cells were scored for each sample (17).

5.2.6 hENT1 quantification assay

The buffers and quantification method used in this study are the same as described in

Section 3.2.1 and Section 3.2.3. Basically. a fluorescent impermeant inhibitor. 5-Sx8f.
was used to recognize and bind to hENT protein in the cell membrane. After washing
off non-bound and non-specifically bound 5-Sx8f. the 5-Sx8f molecules that bound to

hENT1 were released and detected.
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Table 5.2 Bufters and solutions used in MI analysis and their compositions.

Buffers and Solutions Compoesition
Hypotonic buffer 20 mM Trisfhyvdroxymethyl}aminomethane.
I mM MgCl.. I mM CaCl.. | mM ZnCl.. pH 7.5
Fixing solution 3:1 (v/v) methanol : acetic acid
Staining solution 0.5 mg/mL propidium iodide in water
RNaseA I mg/mL RNaseA in water

Hypotonic buffer and fixing solution were stored at 4°C until use:

Staining solution and RNaseA solution were stored at —-80°C until use:
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5.2.7 Instrumentation and electrophoretic conditions

The same in-house built CE-LIF instrument described in Chapter 2 was used for our
study (18. 19). Each sample was mixed with an injection standard of fluorescein and
introduced electrokinetically into the capillary under an electric field about 33.3 V/cm tor
10 seconds. A 30 cm long. 50 ym I.D.. 150 pm O.D. uncoated fused-silica capillary
purchased from J&W Scientific (Folsom. CA) was used for the separation.
Electrophoretic buffer was renewed every five to six runs. All experiments were carried
out applying a constant voltage of 9 kV. 5-Sx8f was excited with an argon-ion laser
(Melles Griot Laser Group. Carlsbad. CA) with a single 488 nm emission line.
Fluorescence signal was collected through a 535 nm bandpass filter of 35 nm band width
(535DF35. Omega Optical. Brattleboro. VI. USA) and detected by a R1477
photomultiplier tube (PMT). Data were analyzed using Igor Pro 2.04 (WaveMetrics. Luke
Oswego. OR). In all experiments. the 5-Sx8f signal was diviaed by the signal of the

injection standard to get a normalized signal for further data processing.

5.3 Results and Discussion

5.3.1 Cell generation time and phase duration time determination

In this study. the exponential HeLa cell doubling time was about 24 hours. To obtain the
duration of each cell cycle phase. FACS analysis was carried out on the exponentially
growing population of HeLa cells. Figure 5.2 shows a typical experimentally determined
DNA-histogram of the asynchronous HeLa cells. The percentage of cells in the different
phases of the cell cycle has been determined by computer fitting. Evaluation of data

reveals 439 of cells in G,. 30% of cells in S and 27% in G./M. Using these results
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Figure 5.2 A typical DNA histogram of exponentially growing nonsynchronized HeLa
cells. The gated M1 area represents the population in G, phase. while M2 and M3

represent populations in S and G./M respectively.
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and the observed generation time. phase durations are calculated to be 10.3 hours for G,.
7.2 hours for S and 6.5 hours for G./M. Numbers obtained here are consistent with

literature reports (15. 20. 21).

5.3.2 Cell cycle characterization

In order to find the precise times at which cells could be sampled with the maximum
numbers at each phase. cells were characterized under the synchronization conditions and

evaluated by determination of cell concentration and synchronization efficiencies.

Excess thymidine is commonly used to induce synchronous growth (22). By washing off
the thymidine. the process can be fully reversed and cells begin to progress through the
cell cycle and replicate. As shown in Figure 5.3. no cell loss happened after the block and
cell concentration increased along with the increase in the time after release. This
treatment apparently does not harm cellular physiology.
In order to obtain cells at each phase with the highest synchrony. distributions of cells
throughout the first cycle after the release from the thymidine block were monitored by
FACS and MI. The changes in percentages of cells at G,. S and G, phases with the time
after release are shown in Figure 5.4. Based on these plots. 1.5-hour. 6.5-hour and 12-
hour released times were chosen to synchronize HeLa cells at S. G, and G, phases in this
study. As for M-phase synchronization characterization, similar monitoring was done
except nocodazole was added to the medium 5 hours after the release from the thymidine
block. A further 10 hour 20 minute incubation with nocodazole resulted in the highest

percentage of M-phase cells (shown in Figure 5.5).
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Figure 5.3 Cell concentration monitoring after thymidine block. The x-axis is the time

after thymidine release. the y-axis shows the cell concentration at that specific time point.
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Figure 5.4 Characterization of synchronization efficiency to S. G, and G. phases against
time after release from thymidine block. The percentages were calculated based on the
FACS analysis for S and G, phases. For G. phase. the MI readings were combined with

the FACS results to assess the synchrony.
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Figure 5.5 Characterization of synchronization efficiency to M phase. The cells were first
blocked with thymidine. Five hours after release. nocodazole was added and incubated
for different lengths of time before harvesting. MI readings were combined with FACS

results to assess the synchrony.
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5.3.3 Hel a cell synchronization and synchrony assessment

Synchronization of cells at the G,/S phase border is generally achieved by inhibition of
DNA synthesis using chemical inhibitors. including aphidicolin. hydroxyurea. or excess
thymidine (23-25). We synchronized cells in 2.5 mM thymidine for 24 h. This
concentration of thymidine inhibits the enzyme ribonucleotide reductase. leading to a
dCydTP deficiency that prevents cells from completing DNA replication. Hence. they
become arrested at the G,/S phase border. Synchronization of cells with excess thymidine
was the first reliable method to be widely used (26). This method enables very good
synchrony in S. G2 and G| phases. demonstrated by the flow cytometric measurements

of DNA distribution shown in Figure 5.6 A. B and C.

Treatment of cells with the anti-microtubule drug nocodazole was employed to
accumulate cells in metaphase (Figure 5.6D). This compound works because nocodazole
chemically interferes with the formation of microtubules in cells and microtubule

formation is an important structural feature of cells as they enter mitosis.
Synchronization efficiencies could were assessed using FACS based on DNA content and
MI which is used to monitor the progression of cell through M phase. when chromatin
condensation occurs. The general synchronization results are shown in Table 3.3.
Chemicals that inhibit cell cycle progression are advantageous for synchronization

because they are effective in a large variety of cell types. require no special equipment.

and lend themselves to applications that require large numbers of cells.
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Figure 5.6 Flow cyvtometric analysis of HeLa cells in synchronized phases. N stands for
how many cells were scanned for the histogram.

(A) G,-phase cells. 12 hours after release from thymidine blockage:

(B) S-phase celis. 1.5 hours after release from thymidine blockage:

(C) G--phase cells. 6.5 hours after release from thymidine blockage:

(D) M-phase cells. Incubated with nocodazole for 10 hour 20 minutes. beginning five

hours after release from thymidine blockage.
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Table 5.3 Percentage of HeLa cells in desired phases in synchronized samples.

Phase Sample Approximate Percentage
G, 65%
S 80%
G, 55%
M 90%
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5.3.4 hENT1 quantification on asynchronous and synchronous HeLa cells

Once synchronized cells were obtained. the hENT 1-CE-LIF quantification assay
discussed previously (Chapter 3) was applied to obtain the hENT expression levels at
each cell-cycle phase. As clearly shown in Figure 5.7. hENT1 protein amount changes
through the cell cycle. When the cells are dividing or doing DNA synthesis. i.c. during M
and S phases. more hENT 1 protein is expressed. On the other hand. during the G, and G.
phases. less hENT1 was expressed. Proliferating leukemic blast cells have been reported
to have a higher density of H'-NBMPR binding sites than their mature non-proliferating
end-cells of differentiation (27. 28). Also a close correlation has been shown between
proliferation rate and the number of nucleoside transporters in lvmphomas and myeloid
leukemias (29). There are also literature reporting that nucleoside transport is not
correlated with S-phase expression in certain cell types (30). The results obtained here are

in agreement with a hypothesis that proliferation rate and hENT are correlated.

The same experiment was repeated three times for cells at each of the phases (See Table
5.4). It was noticed that the quantification results here were higher than those obtained in
Chapter 3. The author is not sure why this has happened. However. the hENT | amounts

on S and G, phase cells are extremely close to reference paper (11). which reported

9.0x10™ and 4.5x10° NBMPR binding sites on S and G, cells respectively.

RT-PCR analysis was also carried out on the synchronous HeLa cells to quantify mRNA
for hENT 1. However. no difference could be detected. This may suggest that the hENTI

protein expression is not regulated at the mRNA level.
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Table 5.4 Quantification results on the four phases of HeLa cells studied.

hENT1 Abundance at Specific Phases
Experiment (x10%/cell)
G, S G, M
1 3.7 7.5 5.6 8.0
2 34 7.6 4.7 9.5
3 49 9.4 6.9 9.1
Average 4.0 8.2 5.7 8.9

The nonsynchronized HeLa cells gave a number of 6.4x10° hENT sites/cell.
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Chemical treatment has been linked to the possible disruption of normal cell cycle
regulatory processes and unbalanced cell growth induces an apoptotic phenotype in some
cell types. However. as shown in Section 5.3.2. our cells continued progressing through
the rest of the cell cycle normally after released from the thymidine blockage. In addition.
it has been reported that hENT1 expression did not change with the addition of thymidine
using a procedure to stain cells simultaneously for hRENT protein and DNA (31). It is not

known whether nocodazole might affect the expression of hENT1.

5.4 Conclusion

This is the first successful application of CE-LIF (See Chapter 3) to probe the hENT
protein abundance differences on the plasma membranes of cells of different cell-cycle
phases. The study further confirms the reliability of the developed hENT I-CE-LIF assay
(See Chapter 3). Different expression levels of hRENT1 at different phases suggest its

expression is correlated with the cell proliferation rate.

The use of conventional cell synchronization techniques was essential in obtaining cells
at specific phases. They enabled the study of cell cycle-regulated biological events. which
are usually hidden with standard cell culture. However. the protocols for synchronizing
cells are very tedious and time-consuming. The synchronized cells are only relatively
more homogenous than nonsynchronized cell population. Extremely high synchrony is
very hard to achieve. Chemical treatment has also been linked to the possible disruption
of normal cell cycle regulatory processes in some cases (32. 33). Therefore. single cell
methods would be more desirable. Our lab has developed a method of correlating cell

cycle with oligosaccharide metabolic activity in single cells (34). Each single cell. before
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entering a capillary for further study. was stained with a fluorescent dve. Hoechst 33342,
to allow measurement of its the DNA content and to determine the specific phase this cell
is in. This technique is much faster than conventional cell synchronization techniques.
And since the analysis is based on single cells. the results are truly representative of that

specific phase.
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CHAPTER 6

Study of Cell Cycle Phase Dependent Biological Events Using Cell
Synchronization Techniques: (II) Probing HeLa Cell Protein Expression

Differences during the Cell Cycle
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6.1 Introduction

The genome revolution has changed the paradigm for the comprehensive analysis of
biological processes and systems. It is hypothesized that biological processes and systems
can be described based on the comparison of global quantitative gene expression patterns
from cells or tissues representing different states. However. there are many possibilities
regarding the fate of an organism’s DNA that can not be predicted by simply knowing the
genetic code. For example. genes may be present. but mutated or not transcribed. some
genes may be transcribed into mRNA but not translated into protein. the mRNA
expression may not be correlated with protein expression. or post-translational
modifications may occur to proteins (1. 2). As a result. direct measurement of protein
expression is essential for biological processes and systems. There has been an increasing
interest in undertaking a protein-based effort aimed at identifying the protein constituents
of cells and determining their patterns of expression and post-translational modifications

(3-5). Global analysis of gene expression at the protein level is termed proteomics (6).

The field of proteomics represents a huge undertaking for scientists. The standard method
for proteomic analysis involves protein extraction from cells. protein separation by
sodium dodecylsulfate polvacrylamide gel electrophoresis (SDS-PAGE) or 2-D gel
electrophoresis. in-gel enzymatic digestion. and mass spectrometry (MS) or tandem MS
identification of proteins of interest. This approach has been applied successfully to many
areas of proteomics. but unfortunately it also has shortcomings. For example. many
biologically important proteins are only expressed or post-translationally modified at
certain phases during the cell cycle. or the expression or modification levels are regulated

in a cell cycle-dependent manner (7-10). Therefore. protein expression based on
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asynchronous cell populations does not reveal accurate quantitative information. Also.
several drawbacks are inherent to slab gel electrophoresis. Firstly. large amounts of
proteins must be loaded onto the gels for separation and detection. which requires large
numbers of cell. Secondly. only highly abundant proteins are seen on gels even with
sensitive silver staining techniques. Furthermore. processes for slab gel electrophoresis.
especially 2-D gel electrophoresis. are very tedious. manually intensive. and time-
consuming. These are all obstacles for detecting and quantifying low-abundance proteins
in a complex sample. (5). Hence. it would be useful to develop techniques that allow for
the tracking of changes in protein expression during the cell cycle and the analysis of

proteins with better sensitivity.

In this chapter. protein expression changes during the cell cycle process have been
followed by SDS-PAGE and 2-D gel electrophoresis. A synchronization step before the
protein extraction and separation has allowed more detailed information on the protein
expression at the level of specific cell cycle phase. In addition. high-speed separation of
SDS-protein with capillary gel electrophoresis (CGE) was developed to separate the
proteins by size and is based on the utilization of a replaceable polyethylene oxide (PEO)
solution (11-13). This SDS-CGE-LIF assay was also applied to profile protein expression
during the cell cycle. With a much better sensitivity than slab gel electrophoresis. this
assay was able to detect low-abundance proteins and thus ofters additional and usetul
information to SDS-PAGE and 2-D gel electrophoresis. Although this chapter’s study is

at a very preliminary stage. it may one day contribute to proteomic studies.
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6.2 Experimental

6.2.1 Reagents and chemicals

B-Mercaptoethanol. bromophenol blue. iodoacetamide and polyethylene oxide (PEO)
(MW=100 000) were obtained from Aldrich {(Milwaukee. WI). Bio-Rad (Hercules. CA)
supplied the ammonium persulfate (APS). N NN’ N'-tetramethylethylenediamine
(TEMED). 10X TGS buffer. y-methacryloxy-propyltrimethoxysilane (MAPS) and the
Silver Stain Plus Kit. Dithiothreitol (DTT) was purchased from ICN Biomedicals
(Aurora. OH). The Microcon YM-10 centrifugal device filters were obtained tfrom

Millipore (Bedford. MA). From Pharmacia (Quebec. Canada) the following was

obtained: 2% (w/v) methylene bisacrylamide. 40% (w/v) acrylamide. immobilized pH

T™

gradient (IPG) buffer. Immobiline ™ DryStrip. pH 3-10. 7 cm strips and the Low

Molecular Weight Calibration Kit. Tris(hydroxymethyl) aminomethane (Tris). 2-
(cyclohexylamino)-ethanesulphonic acid (CHES). t-octylphenoxypolyethoxyethanol
(Triton X-100). mineral oil and standard proteins for capillary gel electrophoresis
including B-lactoglobulin. trypsin inhibitor. carbonic anhydrase. ovalbumin. bovine
serum albumin. conalbumin and B-galactosidase were purchased from Sigma (St. Louis.
MO). SDS was purchased from BDH (Toronto. ON. Canada). 3-(2-furoylhquinoline-2-
carboxaldehyde (FQ) and potassium cyanide (KCN) were obtained from Molecular

Probes (Eugene. OR). The Coomassie® Protein Plus Assay and bovine gamma globulin

were from Pierce (Rockford. IL).
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6.2.2 Cell culture and cell synchronization

6.2.3 Cell extract preparation and protein quantification

The water-soluble proteins from synchronous and asynchronous HeLa cells were
extracted by means of sonication (14). After washing three times with phosphate-buttered
saline (PBS). 10° cells were resuspended in approximately 100 pL of distilled deionized

water. The suspension was sonicated for 30 minutes at 4°C. After spinning the sonicated

product at 9.000 ¢ for 10 minutes. the supernatants were removed and protein content
was quantified utilizing the Coomassie® Plus Protein Assay kit. Serial dilutions of
bovine gamma globulin at concentrations of 30 ug/mL. 25 pg/mL. 20 pg/mL. 15 pg/mL.
and 10 pyg/mL along with a blank solution containing 0.5 M NaCl were used to construct
the calibration curve for protein quantification. Soluble cell extracts from different cell
phase samples were diluted in 0.5 M NaCl (dilutions were based on the extract
concentrations. usually 1/100. 1/200. 1/300 and 1/500). Then 150 uL of each sample was

pipetted into the well of a 96-well microtiter plate (Costar. Acton. MA). The sample.

blank and the calibration standards were then mixed with 150 pL of Coomassie ® Plus

Protein Assay. Absorbance at 590 nm was measured in a Thermomax microplate reader

(Molecular Devices. Sunnyvale. CA). Extracts were stored with proper concentrations (2
ug/uL for SDS-PAGE analysis and 5 pg/ulL for 2-D gel electrophoresis) at —80 °C until

used. All tubes used were siliconized (Fisher. Fair Lawn. NJ) to minimize protein loss.
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6.2.4 SDS-PAGE sample preparation

Twelve pg of each sample was loaded into individual lane of the mini-gels. The samples
were diluted :1 with SDS reducing buffer (composition: 0.0625 M TrisHCI. pH 6.8.
2.3% (w/v) SDS. 5% (v/v) B-mercaptoethanol. 10% (w/v) glycerol. 0.00125% (w/v)
bromophenol blue). Standards employed were | pL of the Low Molecular Weight
Calibration Kit diluted in 9 uL of SDS reducing buffer. The samples and standards were

denatured at 95°C for at least 5 minutes. pulsed in the centrifuge to spin down

condensation. and then loaded onto the gels.

6.2.5 SDS-PAGE

The Bio-Rad Mini-PROTEAN and the Gibco BRL Vertical Gel Electrophoresis systems
were used for SDS-PAGE separations. Mini-gels (1 mm x 7cm X 10 cm) consisted of a
12% polyacrylamide (12% T. 2.7% C) separating gel and a 4% polyacrylamide (4¢¢ T.
2.7% C) stacking gel for separating proteins with molecular weights ranging from
approximately 15 kDa to 100 kDa. The electrophoresis buffer consisted of 25 mM Tris.

192 mM ¢glycine. and 0.1% (w/v) SDS. pH 8.3. Samples were run at 200 V for 45-50

minutes. The gels were visualized using the Bio-Rad Silver Stain Plus Kit.

6.2.6 Two-dimensional (2-D) electrophoresis sample preparation

For each 2-D gel analysis. 200 pg of protein sample was used. First. the protein sample
was diluted with distilled deionized water to a total volume of 100 L. The protein
solution was transferred to the top portion of a Microcon YM-10 centrifugation filter. The
device was spun at 12.200 rpm for 5 minutes. The filter was then removed from the

device. inverted into a new tube and the retentate spun out of the filter at 3,200 rpm for 3
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minutes. The liquid was then transferred to a new filter unit and spun for [ 1 minutes at
12.200 rpm. The filter was again inverted into a new tube and the retentate was spun into
the tube for 30 seconds at 3.200 rpm. To the filter. ~90 uL rehydration butfer (8 M urea.
2% (w/v) Triton X-100. 0.5% (v/v) IPG Buffer. 0.28% (w/v) DTT. trace bromophenol
blue) was added. vortexed lightly. and spun into the sample tube at 3.200 rpm for 3

minutes. The final sample volume was 125 puL.

6.2.7 2D-gel electrophoresis

The 7 cm Immobiline™ DryStrips (pH 3-10 linear gradient) and corresponding strip
holders were utilized for the first dimension of isoelectric focusing (IEF). The sample
from Section 6.2.6 was applied evenly to the bottom of the strip holder. The
Immobiline™ DryStrip's plastic backing was removed and the strip was applied gel-side
towards the sample. taking care not to introduce bubbles into the sample. The strip was
then covered with about 400 pL of mineral oil to prevent sample dehvdration. and the

strip holder cover was placed on top of the strip holder. The strip was then rehydrated

overnight (between 12-17 hours) at 20°C on the IPGphor unit (Pharmacia. Quebec.

Canada). The following morning. electrode wicks (in-house-made from filter paper) were
added to the strip holder. The small pieces of filter paper were dampened with water and
then blotted of excess water on another piece of filter paper. The wicks were then applied
over top of each electrode of the strip holder. Caution was used to prevent the
introduction of any bubbles into the sample solution. If required. more mineral oil was

added to the strip holder to prevent sample dehydration during IEF.

Table 6.1 shows the IEF program utilized for the protein samples. After completion of the

IEF dimension. each strip was equilibrated in two different solutions to ensure complete
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Table 6.1 IEF program utilized for 2-D electrophoresis of HeLa cell extracts.

Note that the current is limited to 50-75 pA per strip. The protocol is also programmed

based on the attainment of volthours.

Step Volts Volthours Gradient
1 500 250 step and hold
2 1000 500 step and hold
3 8000 8000 step and hold
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denaturation of the proteins before the second dimension. Each strip was placed in a I3
mL Fisher tube which contained 3 mL of DTT-containing equilibration solution
(composition: 50 mM TrisHCI. pH 8.8. 6 M urea. 30% (v/v) glycerol. 2% (w/v) SDS. 1
(w/v) DTT. and trace bromophenol biue). The Fisher tube was rocked for 15 minutes.
The IEF strip was then removed from the Fisher tube and rinsed gently with deionized
distilled water. The IEF strip was then placed in a 15 mL Fisher tube containing 3 mL of
1odoacetamide-containing SDS equilibration solution (same composition as the DTT-
containing equilibration solution. except it contained 2.5% (w/v) 1odoacetamide instead
of DTT). The tube was rocked again for 15 minutes. The IEF strip was removed from the
Fisher tube. rinsed gently with water. and then placed on top of the SDS-PAGE gel.
Molecular weight size standards were loaded onto the gel and electrophoresis was at 200

V. The Bio-Rad Silver Stain Plus Kit was utilized to visualize the gels.

6.2.8 CGE sample preparation

Protein samples were pre-labeled with FQ before CE analysis. Typically. 5 pL of 2

ug/pl protein mixture solution was mixed with 5 L of 2.0% (w/v) SDS solution and
then heated at 90°C for 5 minutes to denature the proteins. The denatured protein solution
was derivatized by adding 5 pL of this solution with 5 uL of 2.0 mM KCN in a 500 pL
microcentrifuge tube containing 100 nmol of previously dried FQ. The mixture was

incubated for 5 minutes at 65°C and then diluted with the running buffer for analysis.
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6.2.9 Capillary coating

Fused-silica capillaries with 140 yum O.D.. 50 ym [.D. and 40 cm in length (Polymicro
Technologies. Phoenix. AZ) were used in this work. The capillaries were coated using the
method introduced by Hjérten (15). First. the capillary was treated with 0.5 M sodium
hydroxide and washed with water for 1 hour. Then after reacting with MAPS at room
temperature for | hour. the capillary was washed with water and then filled with a 4%
acrylamide solution containing 0.1% (w/v) APS and 0.1% (v/v) TEMED. After
polymerization for | hour. the capillary was rinsed with water to push excess

polyacrylamide out of the capillary.

6.2.10 CE-LIF instrument

The CE instrument with a sheath flow cuvette LIF detector was built in-house as
described previously (16). The high voltage was provided by a 0-30 kV dCvd power
supply (CZE 1000. Spellman. Plainview. NY. USA). The excitation source was an argon

ion laser (Model 2211-1SSL. Uniphase. San Jose. CA) operated at 12 mW. The 488 nm
laser line was focused ~30 pm from the tip of the capillary using a 6.3 x objective (Melles
Griot. Nepean. ON. Canada). Fluorescence was filtered with a 630DF30 bandpass filter
(Omega Optical. Brattleboro. VT). collected with a 60x. 0.7 NA microscope objective
(MO 0060LWD. Universe Kokagu. Oyster Bay. NY) and then detected with a
photomultiplier tube (R1477. Hamamatsu. Middlesex. NJ). Data sampling was
accomplished with a 16-bit data acquisition board (NB-MIO 16XH-18. National

Instruments. Austin. TX) connected to a Macintosh computer.
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6.2.11 Capillary electrophoretic conditions

2% (w/v) PEO sieving buffer was prepared by dissolving polvmer in the running butfer
of 0.1 M Tris. 0.1 M CHES and 0.1% (w/v) SDS (pH 8.6). Before use. the polymer
solution was degassed for 30 minutes by sonication. The sieving polymer solution was
pumped through the capillary by helium gas. Protein samples. after 5 seconds injection at

(-) 100 V/cm. were separated with (-) 300 V/cm.

6.3 Results and Discussion

SDS-PAGE has been used for more than 30 years as an extremely popular method for
size-based separations of proteins (17. 18). Without surprise. the results obtained using
this approach (shown in Figure 6.1) demonstrated that protein expressions did change
during the HeLa cell cycling process. Qualitative changes. i.e. on-and-off expression of
certain protein(s) are difficult to determine because of the limited separation efficiency of
SDS-PAGE and the high background introduced by silver staining. However. close
investigation revealed many quantitative protein expression level changes. The
rectangular highlighted regions of Figure 6.1 indicate areas of observed protein
expression changes with cell cycle phases. Specifically examining the rectangular
highlighted area starting at 30 kDa. bands A and B show significant expression level
variation with cell cycle phase. During G, phase. band A is of higher intensity than that
of band B. In S phase. the intensity of band A decreases and is similar to that of band B.
A’s intensity continues decrease in G, and when reaching M phase. band A almost
disappears in the background. The relative intensities of these two bands in the

asynchronous cell lysate appear to be an average of all four phases.
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Asynchronous G, S G, M

Figure 6.1 SDS-PAGE of extracts from asynchronous and synchronized HeLa cells.
Water-soluble proteins with molecular weights ranging form 15 kDa to 100 kDa were
separated and detected. Many quantitative changes in the protein expressions were
observed as shown by the highlighted areas. Separation details: gel: 12% separating gel.

4% stacking gel. sample: 12 pg/lane. electrophoresis voltage: 200 V. stain: silver stain.
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In order to probe more detailed differences in expression level. 2-D gel electrophoresis
was applied to three of the samples shown in Figure 6.1. extracts from asynchronous. G,.
and M phase HeLa cells (shown in Figures 6.2, 6.3. and 6.4 respectively). As one of the
most powerful separation techniques currently available to separate complex protein
mixtures (19-21). 2-D gel electrophoresis was able to resolve more proteins of the
mixtures and thus reveal more differences between these complex samples. In addition to
many up-and-down regulations of proteins. some on-and-off protein expression could
also be probed which was not achievable by the use of SDS-PAGE only. The arrow-
pointed circle in Figures 6.3 and 6.4 is an example. This protein. with molecular weight ~
45 kDa and plI ~ 6. is expressed in M phase but not in G, phase. This protein may be
important in the regulation process for cells to be activated and undergo mitosis.
However. if only asynchronous HeLa cell population was extracted for protein profiling
and analysis. this protein’s specific biological function and expression characteristics
would be hidden since the protein would be detected as depicted in Figure 6.2. Although
further investigation and confirmation of these changes are not possible with only 2-D gel

separation. it is safe to say that the cell synchronization tool is useful and necessary.

Up to this stage. the goal of probing the expression difference from one cell cvcle phase
to another has been fulfilled successfully with conventional slab-ge} electrophoresis
techniques. Gel profiles are very reproducible. thanks to the modern SDS-PAGE and {PG
technologies (22. 23). thus making it very easy to compare the profiles obtained from
different samples and different days. pl and molecular weight information of those
proteins of interest with different expression levels could be extracted from the 2-D maps.
These information is a great help to more detailed and accurate understanding of certain

proteins and cell cycle regulation.
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Basic Acudic

Figure 6.2 2-D electrophoresis of asynchronous HeLa water-soluble cell extract. Circled
areas show the difference in protein expressions in comparison with Figures 6.3 and 6.4.
Separation details: IEF: Immobiline™ DryStrip pH 3-10 linear gradient. 7 cm long. IEF
program is shown in Table 6.1. SDS-PAGE: gel: 12% separating gel. 4% stacking gel.

electrophoresis voltage: 200 V. stain: silver stain.
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Basic Acidic

Figure 6.3 2-D electrophoresis of G,-phase HeLa water-soluble cell extract. Circled arcas
show the difference in protein expressions in comparison with Figures 6.2 and 6.4.
Separation details: [EF: Immobiline™ DryStrip pH 3-10 linear gradient. 7 cm long. IEF
program is shown in Table 6.1. SDS-PAGE: gel: 12% separating gel. 4% stacking gel.

electrophoresis voltage: 200 V. stain: silver stain.

168

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Basic Actdic

Figure 6.4 2-D electrophoresis of M-phase HeLa water-soluble cell extract. Circled arcas
show the difference in protein expressions in comparison with Figures 6.2 and 6.3.
Separation details: IEF: Immobiline™ DryStrip pH 3-10 linear gradient. 7 cm long. IEF
program is shown in Table 6.1. SDS-PAGE: gel: 12% separating gel. 4% stacking gel.

electrophoresis voltage: 200 V. stain: silver stain.
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However. as discussed in Section 6.1. there are drawbacks inherent to the slab gel
electrophoresis techniques for protein separation and detection: poor sensitivity is the
major disadvantage. As for this project specifically. protein samples were extracted from
synchronized cell population. Since cell synchronization efficiency will decrease with the
increased requirement of cell numbers. the resulting protein mixture concentration will
be even lower. Therefore. seeking high sensitivity protein separation and detection
techniques are more important in this study. CGE separation and LIF detection of SDS-

proteins is a likely solution to this problem.

In this study. poly(ethylene oxide) (PEQ) was utilized as a replaceable sieving matrix.
Proteins were first labeled with FQ and then separated by CGE and finally detected by

LIF. Figure 6.5 shows the PEO-based CGE separation of five standard proteins. FQ is a

fluorogenic dye that creates a fluorescent product when reacted with €-amine groups of

lysine residues in proteins. As a result. FQ can be used at a highly excessive
concentration without causing a high background signal. This feature enables the labeling
of proteins at low concentrations and thus improves the detection sensitivity (16). The
limits of detection (LOD) for the five protein standards in this study are in the order of

10" M for concentration and low attomoles for mass.

With greatly improved sensitivity. SDS-CGE-LIF separations and detection of protein
samples extracted from different cell phases gave additional useful information to those
obtained with traditional SDS-PAGE or even 2-D analysis. Shown in Figure 6.6.
separations carried out in a capillary format are approximately 10 minutes faster than
those of SDS-PAGE. In addition. the process of protein pre-labeling with FQ for SDS-

CGE-LIF takes much less time than silver staining procedures in SDS-PAGE analysis.
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Figure 6.5 PEO-CGE-LIF separation and detection of five standard proteins. The peaks
from left to right are: B-lactoglubin, 18.4 kDa: carbonic anhydrase. 30 kDa: ovalbumin.
43 kDa: bovine serum albumin. 67 kDa: conalbumin. 78 kDa. Each of the standards is (0.2
uM. Experimental conditions: capillary. L =40 cm. 1.D/O.D. = 50/140 uym: injection. (-)
100 V/cm for 5 seconds: separation. (-) 300 V/iem: sieving buffer. 0.1 M Tris-0.1 M

CHES with 2% (w/v) PEO and 0.1% (w/v) SDS.
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Figure 6.6 PEO-CGE-LIF separation and detection of water-soluble proteins extracted
from asynchronous. G,-phase and M-phase HeLa cells. Experimental conditions:
capillary. L =40 cm. [.D/O.D. = 50/140 pm: injection. (-) 100 V/cm for 5 seconds:
separation. (-) 300 V/cm: sieving buffer. 0.1 M Tris-0.1 M CHES with 2% (w/v) PEO

and 0.1% (w/v) SDS.
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Depicted in Figure 6.7. many expression changes were observed using this SDS-CGE-
LIF technique. for example. the qualitative change shown in Frames I and 2. and the
quantitative regulation shown in Frames 3-5. More importantly. along with highly
expressed proteins (Figure 6.7A). proteins with very low concentrations could also be

detected to allow for greater comparison between cell cycle phases (Figure 6.7B).

For further comparison. separation profiles of protein extract from asynchronous HelLa
cells with both SDS-PAGE and SDS-CGE-LIF are shown in Figure 6.8. Protein
molecular weight ranges for both techniques are similar with the gel concentration used
in this study (size range: 15-100 kDa. 12% separation gel for SDS-PAGE and 2% w/v
PEO for SDS-CGE). Although sensitive and able to detect low concentration proteins.
SDS-CGE did not resolve as many proteins as SDS-PAGE did. Approximately 30 protein
peaks were observed in the CGE separation while SDS-PAGE resolved ~100 protein
bands. Due to different resolving power and detection methods. separation profiles for the
same protein mixture are not similar both qualitatively and quantitatively. For example.
bands between 20 kDa to 30 kDa in the SDS-PAGE run were of low intensity while
proteins in this size range produced the most intensive signal in SDS-CGE run. This
might imply that proteins in this molecular weight range contain more lysine groups.
which react with FQ to give fluorescence signals. Alternatively. this observation implies
that lower molecular weight proteins denature more completely than higher molecular
weight proteins. so more lysine groups are exposed to FQ and thus the labeling potential
is much higher. In addition. although separation speed for SDS-CGE seems faster for onc
single run than that of SDS-PAGE. parallel analysis by SDS-PAGE makes it actually
faster to analyze large numbers of samples. At this stage. SDS-PAGE is still superior to

SDS-CGE in terms of separation ability. Further developments are required to improve
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Figure 6.7 Expanded electropherograms of Figure 6.6. Areas highlighted by rectangular
frames are some of the examples showing the expression differences.

Experimental conditions: capillary. L = 40 cm. 1.D/O.D. = 50/140 pm: injection. (-) 100
V/cm for 5 seconds: separation, (-) 300 V/cm: sieving buffer. 0.1 M Tris-0.1 M CHES

with 2% (w/v) PEO and 0.1% (w/v) SDS.
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Figure 6.8 Comparison of SDS-PAGE gel and SDS-CGE separations of the asynchronous
HeLa cell water-solution extracts. The experimental conditions were the same as
described in Figures 6.1 and 6.6. Electropherogram A is the separation profile of the five
protein standards. Numbers on top of each peak indicate the protein molecular weights in

kDa. Electropherogram B shows the protein expression of asynchronous HeLa cell lvsate.
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the separation efficiency of SDS-CGE and to design instrumentation that enables high

throughput protein analysis.

6.4 Conclusion

Both slab gel electrophoresis and capillary gel electrophoresis have been successtully
applied to synchronized HeLa cells to probe the general protein expression ditferences
during the cell cycling process. Qualitatively. on-and-off protein expressions were
observed. Quantitative up-and-down protein regulations were also detected. SDS-PAGE.
2-D gel electrophoresis and SDS-CGE all have different advantages and drawbacks and
may be used to solve different problems. Thus results obtained from different
methodologies should be considered together to make more accurate and reliable

Judgements.

In this study. only protein separation techniques were applied. Useful information about
the proteins was revealed such as approximate molecular weight and pl. possible
modifications. and relative abundance. etc. However. proteins of interest were not

identified. Future work should involve the use of MS to identify these proteins.

SDS-CGE separations have many advantages over conventional slab gel techniques and
may one day replace them. SDS-CGE-LIF was used successfully in this study and
demonstrated to be a useful to understanding the protein expression variations during the
cell cycle process. However. SDS-CGE separations of proteins must be improved in

terms of resolving power and also throughput.
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Moreover. as discussed in Chapter 5. cell synchronization is tedious. relative. and
protocols are tailored to specific cell lines. Ultimately. protein profiling at a single cell
basis would be ideal after staining the cellular DNA content to judge the cell phases (14,

24). Future work should be performed at the single cell level of analysis.
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CHAPTER 7

Conclusions and Future Work
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7.1 Thesis summary and future directions

The role of high sensitivity and high efficiency analysis of biomolecules has
become increasingly important in biological and clinical research. In this thesis.
development and application of techniques such as CE-LIF. PCR. cell svnchronization
and slab gel electrophoresis were presented in an effort to address a few of the
challenging goals of biological and clinical research. The future direction of this work

will be in the area of high-throughput CE and analysis by CE at the single-cell level.

CE is a powerful micro-scale separation technique well suited to the analysis of a
wide range of molecules. thanks to the availability of several separation modes. In
Chapter 1. a briet overview of CE and CE separations of biologically important
molecules was presented. Applications of CE to clinical research were also reviewed in

this chapter.

Quantitication of PCR amplification product is key in determining virus
concentrations in clinics. Chapter 2 discussed the development of a CGE-LIF based
method for accurate and reliable PCR quantification. Duck hepatitis B virus (DHBV) was
used as the model in this study. The developed technique was validated by evaluating its
linearity. sensitivity. accuracy and precision. Since no specific competitor or probe design
is required. this method is more convenient and applicable to a wider variety of PCR
amplifications than the TagMan and conventional QC-PCR assays. Future work will
include the detection and quantification of a large number of targets from a single set of
PCR ampilifications and also the integration of the assay into automated capillary array
electrophoresis instruments. These improvements will to a great extent increase the

throughput and speed of the analysis.
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Chapters 3 and 4 are two parts of a nucleoside anti-cancer drug resistance
mechanism study. hENT1 is the major mediator of several major anti-cancer nucleoside
drugs and dCK is the key enzyme in nucleoside anti-cancer drug activation and toxicity.
Both hENT1 and dCK deficiency will result in nucleoside drug resistance. Theretore. it
would be extremely helpful to measure hENT levels and dCK activities before
prescribing nucleoside anti-cancer drugs to the patient. In clinics. however. technical
difficulties of separating malignant clones from normal cells as needed by other methods
make it almost impossible to achieve this goal. For this reason. new approaches to
hENTI and dCK assays that have the potential of extension to single-cell analysis are

required.

Chapter 3 presents the first use of CE-LIF in quantification of 5-Sx8t binding as
an indication of hENT 1 abundance in the plasma membrane. This CE-LIF based method
provides high precision and reliability in both qualitative and quantitative aspects and
was successfully applied to study five cultured human cell lines. Results from this novel
assay are compatible with those obtained from conventional flow cytometry analvsis. At
this stage. the hRENTI-CE-LIF assay was still based on a large number of cells. In the
future. single-cell analysis of RENT1 will be conducted. which was proved to be possible
by the theoretical sensitivity of this method and the success of single-cell proteomic

analysis reported by this group.

Chapter 4 presents the study of use of a fluorescent dye labeled deoxvcytidine
([TAMRA]dCvd) as a substrate for measuring dCK activity. A series of studies were
successfully carried out. including the separation condition. substrate preparation.
enzyme Kinetics and substrate uptake and distribution. However. the result of the Kinetic

study demonstrates that [TAMRA]dCyd is not an ideal substrate for dCK due to a low
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V...« value. This low V_ complicated the enzyme assay in cell extracts where
conventional inhibitor working conditions may not yet be optimized. In addition. cetlular
uptake of [TAMRA]dCyd was not efficient and the intracellular distribution of
[TAMRA|]dCyd requires further studies. In the future. seeking a suitable tluorescent
substrate for dCK will be the most crucial aspect in this study. In parallel to this. studies
on matters such as assisting the fluorescent substrate uptake. optimizing the enzyme
assay conditions and localizing the substrate in the cytoplasm are also required in the

future.

Chapters 5 and 6 illustrated the importance of cell synchronization techniques in
understanding some cell cycle-dependent biological events. HeLa cells were successtully
synchronized with thymidine and nocodazole blockages and used as models in the studies

of both chapters.

Chapter 5 presents the first successful application of CE-LIF to probe hENT!
protein abundance differences in the plasma membranes of HeLa cells with ditferent cell-
cycle phases. This study. in turn. confirms the usability of the developed hENTI-CE-LIF
assay (Chapter 3). Different expression levels of hRENTI at different cell-cycle phases
suggest its expression may be correlated with cell proliferation. Although successtul. the
protocols for synchronizing cells are very tedious. time-consuming and varied trom one
cell line to another. Chemical treatment has also been linked to the possible disruption of
normal cell cycle regulatory processes in some cases. Therefore. in the future. single cell
analysis for studying cell-cycle dependent events would be much more desirable as
previously demonstrated by this group. Each cell. before entering a capillary for further

study. was stained with a fluorescent dye to allow its DNA content to be measured and to
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determine the specific cell cycle phase of this cell. In addition. results based on single
cells are truly representative of that specific phase.

In Chapter 6. slab gel electrophoresis. including SDS-PAGE and 2-D gel
electrophoresis. and CGE have been applied to synchronized HelLa cells to probe the
general protein expression differences during the cell cycle. Both qualitative on-and-ott
protein expressions and quantitative up-and-down protein regulations were detected. It
was demonstrated that different separation methods have different advantages and
drawbacks. judgements have to be based on an overall consideration of the results
obtained from different methodologies. SDS-CGE separations have many promising
advantages over conventional slab gel techniques. However. SDS-CGE separations of
proteins must be improved in resolving power and throughput to replace slab gel
electrophoresis. which still plays an important role in understanding proteomics
especially when it is combined with MS. For the study presented in this chapter. future
work should involve the use of MS to identify the proteins regulated by the cell cycle.
Moreover. similar to the discussion in the paragraph on Chapter 5. drawbacks associated
with conventional cell synchronization techniques might be overcome by developing

single-cell-based assays.
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