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ABSTRACT 

Monoclonal antibody (Mab) production is dependent upon the metabolic 

state of hybridomas. The objective of this research project was to determine if the 

intracellular nucleotide pool could be used as an indicator of specific antibody productivity 

(qMab) or of ce11 viability. Serum-fiee cultures of the murine hybridoma (CC9C 10) which 

secretes Mab against bovine insulin were used as a mode1 in these studies. 

Changes in qMab were monitored in relation to the rneasured intracellular 

nucleotide pool. Under certain culture conditions the qMab increased significantly (65 - 97 

%) and was shown to be concomitant with an increase (13 - 65 %) in UDP-N- 

acetylgalactosamine and UDP-N-acetylglucosarnine (UDP-GNac) and concomitant with a 

decrease in growth rate (22 -59 %). Hybridomas were then grown in conditions favorable 

for sugar-nucleotide accumulation. Supplementation of cultures with tunicamycin or 

W C 1  caused a x5 increase in intracellular UDP-GNac but without significantly af5ecting 

the qMab. Tunicamycin, but not =CI, inhibited Mab glycosylation. However, non- 

glycosylated Mab was secreted at the same rate as the glycosylated form. Therefore, 

neither the availability of UDP-GNac nor glycosylation appear to lirnit productivity in 

these cells. The data suggests that a reduction in growth rate rather than üDP-GNac 

accumulation may cause an increased qMab. 

From a study of the relationship between ce11 viability and intracellular nucleotides, 

it was found that programmed ce11 death (apoptosis) was preceded by an intracellular 

decrease in CTP and UTP. These nucleotides may act as mediators of apoptosis and may 

be used as predictors of imminent ce11 death. The level of intracellular nucleotides depends 

on the availability of nutrients. Increasing medium glucose (O - 25 mM) resulted in the 

proportional increase in NTP levels (> 45 %), aithough further enhancement was not 

observed at glutamine > O. 5 mM. 

The relationships between intracellular nucleotides levels and ce11 viability are 

potentially useful for monitoring bioreactor cultures for large scale production processes. 

iii 



Manipulating nucleotide levels by culture supplementation may prove to be an important 

tool for the control of ce11 growth and the prevention ce11 death. 
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CHAPTER 1 

1.0 Introduction 

Hybridomas have been used extensively for the commercial production of 

monoclonal antibodies (Mabs), which have become important tools in biological research 

and medical applications. The increasing demand for large quantities of Mabs in these 

fields has led to midies airned at maximizing the productivity of hybridoma cultures. 

Strategies for the enhancement of Mab yield have involved improving medium 

formulations (Glassy et al., 1988; Long et al., 1988) and designing high performance 

bioreactors (Altshuler el al., 1986, Hagedorn and Kargi, 1990). In these cases, enhanced 

Mab production is the result of increased ceIl culture density, viability and longevity. 

Alternative methods of improving Mab yield have involved maximizing the specific Mab 

production rate on a per ce11 basis (Birch et al., 1985; Velez et al., 1986; Miller el ai-, 

1988a; Ramirez and Mutharasan, 1990; Bibila and FIickinger, 199 1 ; Hayter er 01.. 1992). 

These methods gave limited success as conditions that affect product ivity also affected ce11 

density and ultirnately total Mab yield. 

Traditionally, Mab production and culture viability has been monitored in relation 

to extracellular or environmental parameters such as temperature, pH, dissolved oxygen, 

nutnent consumption and metabolic waste accumulation. Since these parameters are 

insufficient to explain the behavior of ce11 cultures, it may be useful to analyze intracellular 

parameters such as the energetic or metabolic state of the ce11 (Costello. 1990; Ryll rr al., 

1991). A good indicator of the metabolic state of the ce11 is the level of iniracellular 

nucleotides and values of nucleotide ratios which will be the center of interest in this 

review. There are important relationships between nucleotide concentrations, protein 

synthesis and ceIl viability. 

An understanding of how antibody synthesis and ce11 death are regulated may lead 

to the development of culture process control parameters that could maintain high qMab 

values over extended time penods. This would lead to improved overall antibody 

production during a large-scale process. 



1.1 Immunoglobulin and monoclonal antibodies 

Irnrnunoglobulins or antibodies are members of a phylogenetically related farnily of 

proteins which make up the humoral wmponent of the immune system. Their pnmary role 

is to recognize and bind antigens, foreign substances that elicit an immune response. This 

specific binding rnay neutraiize the antigen by forming an immune complex or elicit 

effector fùnctions such as complement-mediated cytolysis and antibody-dependent ce11 

cytotoxicity to kill the foreign intmder (Roitt et al., 1989). These properties make 

antibodies usefil tools in diagnostics, therapy and purification. 

The basic structure of immunoglobulins consists of two identical glycosylated 

heavy chains and two identical non-glycosylated light chains joined by disulphide bonds 

(Fig 1.1). The polypeptide chains fold into severai globular domains. The N-terminal 

domain of each chah constitutes the variable region (V) which determines the specificity 

of the antibody whereas the constant regions are responsible for the effector functions 

(Roitt el al., 1989). Immunoglobins (Ig) can be grouped into five major classes or types 

(IgG, IgM, IgA, IgD and IgE) which differ in constant regions and biological propenies 

(Braun, 1992). 

Immunoglobins are produced by B-lymphocyte cells each of which is committed to 

the production of one type of antibody molecule with a defined specificity (Yelton and 

Scharff, 1981). This homogeneous irnmunoglobulin is called a monoclonal antibody 

(Mab). Because the immune system of animais contains thousands of different lines of B- 

lymphocytes, the plasma of immunized animals contains a heterogeneous population of 

antibodies. This polyclonality of animal antisera is not reliable in many applications 

because of the variable specificity of each different batch, high cross-reactivity, low 

specificity (Bogard ei al., 1989). Monoclonal antibodies with a single specificity are 

therefore oflen desirable. The isolation of specific antibody secreting lymphocytes was 

proposed as a method of producing monoclonal antibodies in vino. Lymphocytes in ce11 

culture however have a finite life span and rarely s u ~ v e  beyond a couple of days. (Yelton 

and Scharff, 198 1; Sikora and Smedley, 1984). 



Antigen binding domains 

Figure 1.1 The basic structure of an immunoglobulin molecule (IgG). Interchain 
disuffide bonds (S-S) are indicated and CHO marks the approximate position in the heavy 
chah of the carbohydrate moiety. VL - variable region of the iight chain, VH - variable 
region of the heavy chain, CL - constant region of the light chain, CH - constant region of 
the heavy chah (modified fiom Braun, 1992). 



1.2 The generation of hybridoma ce11 lines 

The limited life of B-lymphocytes poses problems when scaling up to produce 

large quantities of monoclonal antibodies. These problems are overcome by the use of ce11 

hybndization, a procedure that combines the genetic characteristics of two ce11 

populations. The advantage of this technique was s h o w  by Kohler and Milstein (1975) 

who induced the fusion of a population of antibody secreting B-lymphocytes with 

myeloma cells which have the capacity of idn i te  growth. The resulting hybnds maintained 

charactenstics of the parent Iines such as antibody specificity of the lymphocyte and the 

irnrnortal growth of the myeloma. These fused cells are known as  hybridomas. 

Monoclonal antibodies (Mabs) can be made to any substance that will be 

recognized as an antigen by the cells in the immune system of an animal. Irnmunization by 

scheduled injection of antigen in rats or mice increases the stimulation of B-lymphocyte 

clones which respond to the antigen (Sikora and Smedley, 1984). Lymphocytes which 

have been recovered fkorn the spleen or lymph node can be fùsed to myeloma cells by the 

use of polyethylene glycol. Polyethylene glycol destroys the surface tension and allows ce11 

membranes to fuse (Yelton and Scharff, 1981). Other techniques for inducing ce11 fusion 

include exposing ceils to the Sendai virus or electric pulses (Kohier and Milstein, 1975; 

James, 1 990). 

T o  allow selection of hybnds, myelomas engineered with a genetic defect in the 

enzyme hypoxanthine-guanine phosphonbosyl transferase (HGPRT - ) have been used as 

fusion partners (Yelton and Scharff, 1981). HGPRT is a key enzyme in the salvage 

pathway of purine biosynthesis. Hybrid cells can be selectively grown in medium 

containing hypoxanthine, aminopterin and thymidine (HAT medium). Aminoptenn blocks 

the de novo pathway for purine and pyrimidine synthesis forcing cells to use the salvage 

pathway which relies on the hinctionality of the HGPRT enzyme and the availability of 

thymidine and hypoxanthine. When a mixture containing unfused myelomas, unfused 

lymphocytes and hybridomas are plated out into HAT medium: 



1. Myelomas (HGPRT - ) die because of a genetic defect in the purine biosynthesis 

salvage pathway. 

2. Normal lymphocytes die after a few days due to limited life span. 

3. Hybridornas which possess characteristics of the myeloma (infinite growth) and 

the lymphocyte (HGPRT +) cm grow. 

Other genetic markers such as thymidine kinase (TK4 ) have been used for selection of 

hybrids (Bogard et al., 1989). 

1.3 Applications of monoclona1 antibodies 

Hybridorna technology has led to the development of a wide range of Mabs which 

bind to proteins, carbohydrates, nucleic acids, haptens and other antigens. Monoclonal 

antibodies produced by hybridomas have been used in many areas of biological research. 

Their major applications are listed below (Mizrahi, 1986; Epstein et al., 1989; Wang et ni., 

1989; Benkovic, 1992) 

1) prophylactic and therapeutic treatment of infections 

2) improvernent of the specificity and reproducibility of irnmunoassays 

3) affinity chromatography 

4) targeted drug therapy 

5) snidy of antibody structure 

6) in vivo imaging 

7) catalysts 

The increasing demand for large quantities of monoclonal antibodies has led to research 

aimed at improving the current methods for their production and understanding the 

kinetics involved. 



1.4 Hybridoma ceIl culture 

1.4.1 Growth media 

Hybridomas are non-anchorage dependent cells which do not require a solid 

substratum for growth. bt vitro suspension cultures of hybridomas can be grown in several 

different media, the compositions of which are based on early formulations developed by 

Eagle (1955). Eagie's basal medium consists of a chernically defined balanced sait solution 

containing amino acids, inorganic saits, vitamins and carbohydrates. The fùnction of t hese 

components include the provision of energy substrates, biosynthesis precursors, enzyme 

CO-factors and pH buffenng. Glucose and glutamine are the two most heavily utilized 

media components and are the major carbon and energy sources in hybridoma cultures 

(Butler and Jenkins, 1989; Miller et al., 1989a, 1989b). 

Basal medium is generally insufficient in supporting ceIl growth on its own and 

must be supplemented with growth stimulating components. The most common source of 

these components is animal blood serum which is added to basal medium at 5 - 10 % v/v. 

Animal serum contains several growth factors and compounds essential for ce11 growth 

however its inclusion in growth medium has many disadvantages as listed below: (Butler, 

1988; Glassy et al., 1988) 

1. pnmary cost factor in medium. 

2. potential source of contamination (Le. viral and mycoplasmal). 

3. chemicaily undefined. 

4. complicates product recovery. 

5 .  variability of growth promoting properties from batch-to-batch. 

In the last 20 years, efforts have been made to elirninate serum from media due to 

the undesirable properties of the supplement and over concems about its safety in 

producing medicd products for humans. Medium which excludes animal semm from its 

formulation is referred to as serum-free. Senim can be replaced by punfied proteins such 



as growth factors, hormones or carrier proteins (Barnes and Sato, 1980; Lambert and 

Birch, 198 5; Murakami, 1989). Other supplements cornrnonly added to serum-fiee media 

include lipids, fatty acids, trace elements and high molecular weight polymers (Kawamoto 

et al., 1983; Bjare, 1992; Chattopadhyay et al., 1995). The latter component protects ceil 

membranes fiom shear forces. 

Serum-free medium has several advantages and disadvantages associated with its 

use as shown in Table 1.1. Growing hybndomas in serum-free medium often requires an 

adaptation process which consists of weaning cells off of serum (Oaurk and Palsson, 

199 1 a). A gradual reduction in serum concentration with time increases the probability of 

successful adaptation to semm-fiee medium. The number of generations required for 

adaptation is dependent on the ce11 line (Oaurk and Palsson, 1991a). Serum-free 

formulations appear to be ce11 line specific and individual optimization may be required for 

each ce11 type (Tharakan el al., 1986). Growth rates in serum-free medium have been 

shown to sometimes differ remarkably arnong clones even if the ongin of their parent cells 

were the same (Murakami, 1989). The uniqueness of growth requirernents rnay be the 

result of the procedure used in the generation of hybndomas which involves chromosomal 

segregation and loss (Bogard et al., 1989; James, 1990). 

Advances in medium formulations have elirninated the need for protein 

supplements for certain hybridoma cultures (Schneider and Lavoix, 1990; Eto et al., 

1991). Protein-free medium is preferable to serum-fiee as a reduction in expensive protein 

supplements decreases the cost of medium and facilitates the purification of the 

monoclonal antibody. 



Table 1.1 Advantages and disadvantages of serurn-free media for hybridomas 
(adapted fi-orn Glassy er al., 1988; Shacter, 1989). 

- - - - 

Advantages 
1. Consistent and chemically defined composition. 
2. Irnproves reproducibility of ce11 culture and product yield. 
3. Decreases potential of contamination. 
4. Greatly simplifies purification of antibodies due to increased initial purity and absence of 
contaminating immunoglobulins. 
5. Low or no dependence on animals. 
6. Depending on the ce11 line, antibody secretion may be increased. 

Disadvantages 
1. Requires optimization for each hybridoma ce11 line. 
2. May require semm hormones and growth factors which are difficult to isolate and 
purifl. 
3. Frequently results in longer lag periods. 
4. Depending on the ce11 line, growth rate, maximum ce11 density and ce11 viability may be 
lower. 
5. Protease inhibitors in serum may help protect cells from enzymes such as trypsin. 



1.4.2 Batch and fed-bàtch cultures 

In a batch culture system, cells are cultivated in flasks or larger vessels with no 

refieshment of medium. Under these conditions, the medium becomes limiting in nutrients 

or growth factors and waste components accumulate. The constantly changing 

environment causes cells to undergo metabolic and physiologicai changes. Hybridoma 

cells grown in batch culture generally follow the growth pattern shown in Fig. 1.2. Growth 

cuwes usually consist of four distinct phases. 1. The lag phase is an initial penod of slow 

or no growth following inoculation of the culture, the length of which ofien depends on 

the state of the cells at the tirne of inoculation (Le. cells taken from an exponentially 

growing culture have a short lag phase whereas cells taken from a stationary culture tend 

to have an extended lag phase). 2. The exponential phase or log phase is a period of ce11 

growth. Mammalian cells usually have a doubling time of between 15-25 hours depending 

on the ce11 type (Butler, 1988). 3. The stationary phase is a period of no growth following 

the log phase. The cessation of growth may be due to the depletion of nutrients andor the 

accumulation of inhibitory metabolites (Dalili et al., 1990; Doyle and Butler, 1990; Duval 

et al., 1992). 4. The death phase is a period of cell death. 

Two modes of ce11 death have been identified in hybndoma cultures. Passive ce11 

death also referred to as necrosis may be caused by the accumulation of metabolic by- 

products such as lactate and ammonium (Mercille and Massie, 1994a; Singh ei al., 1994). 

Active ce11 death or apoptosis involves the participation of the ce11 in its own demise 

through gene regdation (Hale er al., 1996). Apoptosis is induced by glucose, glutamine or 

oxygen limitation (Mercille and Massie, 1994% 1994b; Singh et al., 1994). Both modes of 

ce11 death can be distinguished morphologically by the stmcture of the nuclear chromatin 

(Mercille and Massie, 1994a). 

In a fed-batch culture system, medium or concentrated supplements are added to 

cultures in order to prevent nutrient limitation (Reuveny et al., 1986; Bibila et al., 1994). 

This culturing method however does not prevent the accumulation of waste products. 

Fed-batch protocols increase culture longevity by prolonging the stationary phase and 

reducing the death rate. 



Figure 1.2 Typical hybridoma batch culture growth pattern (adapted from Butler, 
1988) Growth phases are separated by dashed lines. 



1.5 Glucose and glutamine metabolism 

Glucose and glutarnine are the two major energy and carbon sources of hybridoma 

metabolism (Butler and Jenkins, 1989; Miller et al., 19894 198%). The most heavily 

utilized of these components is glucose which is supplied at 5 - 25 m M  in culture medium. 

A general scheme of glucose metabolism is shown in Fig.l.3. Glucose is primady 

metaboiized (> 90 %) via aerobic giycolysis, a pathway which converts the carbohydrate 

to lactate in the presence of oxygen and leads to the net formation of ATP (Fitzpatrick et 

al., 1993; Petch and Butler, 1994). The almost complete conversion to lactate leads to a 

significant reduction of the medium pH value which is inhibitory for ce11 growth (Duval et 

al., 1992). Glucose also supplies a relatively small percentage of energy via the 

tricarboxylic acid (TCA) cycle and the pentose phosphate pathway (Fitzpatnck er al., 

1993; Petch and Butler, 1994). 

The pentose phosphate pathway also serves to convert glucose into ribose-5- 

phosphate, a nucleotide precursor (Zielke et al., 1976; Reitzer et al., 1980). HeLa and 

mouse L cells can grow indefinitely in the absence of glucose if a pyrimidine rïboside 

source is added suggesting that supplying nucleotide precursors is the only essential 

fiinction of glucose in animal ce11 cultures (Wice et a!., 198 1). Other cell lines however 

stop growing in the absence of sugar even with supplementation with a pentose source 

(Zielke et al., 1976). Inhibition of ce11 growth in the absence of glucose may be due to the 

lack of substrates for anabolic reactions such as protein and lipid glycosylation (Zielke, 

1984). Glucose serves as a precursor of UDP-N-acetyi hexosamine, a nucleotide pool 

involved in protein glycosylation (Ryll et al., 1 994). 

Glutamine provides the majority of its energy via the TCA cycle by complete 

oxidation to COz or partial oxidation to 3 or 4 carbon metabolites which include aspartate, 

lactate or alanine. This partial breakdown of glutamine is known as glutarninolysis 

(McKeehan, 1982; Lanks and Li, 1988). The general scheme of glutarnine metabolism is 

shown in Fig. 1.4. Energy derived fiom glutamine has been shown to provide 30 - 95 % of 

the energy for mammalian growth depending on the ce11 line and substrate concentration 
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Figure 1.3 A general scheme of glucose metabolism in hybridoma cultures. 
* represents energy yielding pathways. 



(Fitzpatrick et al., 1993). Glutamine also has an essential role in the synthesis of 

nucleotides and proteins (Engstrom and Zetterberg, 1984) 

One of the major by-products of glutamine metabolism is the ammonium ion which 

has been linked to ce11 growth inhibition in hybridomas (Doyle and Butler, 1990). 

Inhibition is possibly due to an intracellular rise in pH which rnay affect enzyme activity 

(Glacken, 1988). Altematively, the channeling of energy towards maintaining ionic 

gradients over the cytopIasmic membrane rather than for ce11 biomass synthesis may inhibit 

growth (Martinelle and Haggstrom, 1993). Ryll et al. (1994) suggest that growth 

inhibition is due to the intracellular accumulation of UDP-N-acetyl hexosamine, a product 

of ammonium metabolism, which may alter glycosyIation patterns of proteins. 

Glucose and glutamine are extensively linked in maintaining nucleotide pools. Both 

substrates replenish energy reserves through catabolism in addition to providing the 

carbon and nitrogen backbones of newly synthesized nucleotide molecules. 
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Figure 1.4 A general scheme of glutamine metabolism in hybridoma ce11 cultures. 
* represents energy yielding pathways. 



1.6 Monoclonal antibody production 

Monoclonal antibodies have been show to be produced in al1 four phases of a ce11 

batch culture (Birch et al., 1985; Velez et al., 1986; Miller et al., 1988a; Renard er al., 

1988). This indicates that hybridornas do not need to be dividing in order to produce and 

secrete monoclonal antibodies. Evidence that ce11 proliferation and Mab production can 

been uncoupled was also observed by using DNA synthesis inhibitors such as thymidine 

and cytoarabinoside (Hayter et al., 1992; Modha et al., 1992). 

The productivity of hybndoma cultures is often measured as a total yield of Mab 

after several days of culture (Aitschuler et al., 1986; Velez et al., 1986). Final Mab titers 

in batch and fed-batch cultures are determined by ce11 density, culture longevity and the 

specific Mab secretion rate. Total Mab yield however reflects the overall performance of 

the culture and does not indicate the changes in antibody secretion during the growth of 

the cells. 

Although there is a general agreement that Mab is produced in al1 phases of 

growth there doesn't seem to be a consensus on whether Mab secretion rate is the same 

for al1 phases. Monoclonal antibody production appears to be constant throughout the 

growth of the cells in some cases (Velez et al., 1986; Renard et al., 1988). [n other cases, 

there is an increased Mab accumulation during the stationary and death phases (Birch rr 

a., 1985; Emery et al., 1987). There are two hypotheses regarding the increase in Mab 

dunng the late stages of growth. The increase may be due to the passive release of 

accumulated antibody in dead cells (Mohan and Lyddiatt, 199 1 ; Leno et al . ,1992) or due 

to an increase in the specific rate of antibody synthesis in viable cells (Birch et ni., 1985; 

Velez et al., 1986). The passive release theory is difficult to prove because of problems in 

distinguishing between active and passive release of antibodies. 

Support for the active synthesis theory cornes fiom studies that show that Iower 

growth rates are concomitant with higher specific Mab production rates (qMab). Lower 

growth rates and higher qMab cm be achieved by nutnent depletion, waste product 

accumulation, hyperosmotic stress, addition of DNA synthesis inhibit o n  or by lowenng 

the dilution rate in chemostat and perfusion systerns. (Birch et al., 1985; Reuveny et al., 



1987; Dalili and Ollis, 1988; Hayter et al., 1992; Martens et al., 1993). Whether the lower 

growth rate is the direct cause of an increase in qMab is not known. However, some 

authors suggest that it is a stress related phenomenon (Miller et al., 1988a; Oyaas et al., 

1989). The increase in Mab production at lower growth rates may be due to energy 

normaily destined for growth processes being diverted toward non-essential protein 

synthesis or secondary metabolites (Modha et al., 1992). Secondary metabolites such as 

antibiotics which are not essential for growth have been shown to be produced 

predominantly at low specific growth rates in microbial cultures (Martin and Demain, 

1980). 

Although hybridomas have been used extensively for the commercial production of 

monoclonal antibodies, predicting productivity is difficult. Cornrnonly used parameters 

such as the rates of glucose and glutamine metabolism are unreliable (Glassy et al., 1988, 

Costello, 1990). Other parameters such as dissolved oxygen level and ammonium 

accumulation correlate better with maximum ce11 density rather than antibody productivity 

(Reuveny et al., 1986). Since antibody synthesis is an energy requiring process, evaluating 

the energetichnetabolic state of hybridomas may provide additional parameters in 

understanding growth and antibody kinetics of hybndomas. The metabolic state of cells 

rnay be evaluated by monitoring the intracellular adenine nucleotides levels as suggested 

by Atkinson (1977) or other pools such as pyrimidine or guanine nucleotides (Ryll et al., 

1994). 

1.7 Intracellular nucleotides as a measurement of the cellular energetidmetabolic 
state of celts 

Nucleotides are involved in many cellular reactions. In addition to being substrates 

for RNA and DNA synthesis, nucleotides act as energy carriers and play an important role 

in the regdation of cellular processes and pathways (Atkinson, 1977). Fluctuations in the 

nucleotide pools may therefore lead to changes in ce11 behavior such as ce11 transport, 

rnacromolecular synthesis, ce11 growth and viability. 



1.7.1 Adenine nucleotides as metabolic regulators 

The fùnneling of energy metabolism through the adenylate system has been 

developed extensively or retained throughout the evolution of al1 types of organisms 

(Atkuison, 1977). Cells utilize adenylates as comrnon chemical intermediates to provide 

coupling between energy producing and energy consuming reactions (Lehninger, 1982). 

In hybridomas, 43-48 % of the total nucleotide pool can be accounted for by the adenylate 

fraction (Ryll et al., 199 1). 

The adenylate fiaction consists of adenosine triphosphate (ATP), adenosine 

diphosphate (ADP) and adenosine monophosphate (AMP). Of these three nucleotides, 

ATP has the central role in providing the driving force or "energy" for biosynthesis. By 

making the ATP-ADP couple part of a reaction pathway, the equilibrium position of a 

particular reaction may be displaced by several orders of magnitude depending on the 

relative concentrations of the adenylate nucleotides (Harold, 1986). This type of coupling 

permits the formation of products at physiologically usefûl concentrations (Atkinson. 

1977). 

For cells to fùnction, the ratio of ATP/ADP must be kept high and relatively 

constant (Harold, 1986). To maintain this optimal ratio, cells increase the rate of ATP 

synthesis and reduce its consumption in response to intracellular adenylate concentrations. 

This regulation is provided by the allostenc inhibition or activation of key enzymes of 

ATP-regenerating and ATP-utilizing pathways by ATP, ADP and AMP (Atkinson, 1977). 

It is the ATPlADP or ATP/AMP ratios that act as metabolic regulators rather than the 

actual adenylate concentrations. The binding sites of enzymes "sense" a ratio by having a 

high affinity for both nucleotides, with ody one nucleotide causing the response (Harold, 

1986). It is important to mention that adenylate control is only one of several regulatory 

inputs. Other controlling mechanisms may include feedback inhibition (Atkinson, 1968). 

Enzymes involved in ATP synthesis pathways tend to be activated as the relative 

concentrations of ADP and AMP rise in the ceil. Phosphofructokinase, pyruvate kinase, 

pyruvate dehydrogenase, citrate synthase and isocitrate dehydrogenase fa11 within this 



category (Passonneau and Lowry, 1962; Atkinson, 1968; Shen and Atkinson, 1970). 

Enzymes involved in ATP consumption pathways exhibit the opposite type of control such 

that their activity is inhibitecf by increases in ADP or AMP relative concentrations. These 

enzymes include phosphoribosyl phosphate synthase, aspartate transcarbamyiase and 

nucleoside diphosp hokinase (Harold. 1 986). 

1.7.2 Adenylate energy charge 

Because of the importance of al1 three adenylates in metabolism, Atkinson (1 977) 

defined a mathematical expression (Le. adenylate energy charge) to describe the energy 

statu of the adenine nucleotide pool. The adenylate energy charge (or simply "energy 

charge") is an index of the fiaction of the nucleotide pool that is charged with activated 

phosphoryl groups: 

energy charge = ATP + 0.5 ADP (equation 1.1  ) 

ATP + ADP + AMP 

Only ATP is present at a charge of 1, and oniy AMP is present at a charge of O. 

At any intermediate value, there is a range of possible adenylate compositions. The actual 

relative concentrations of ATP, ADP and AMP at any given value of energy charge are 

determined by adenylate kinase which catalyses the following reaction (At kinson, 1 977; 

Harold, 1986) 

Adenylate kinase catalyses the rapid retum of the adenine nucleotide pool to equilibrium 

following a change in any one of its constituents. The equilibrium constant of the enzyme 



is close to 1 and therefore does not alter the energy charge (Atkinson, 1977). Mutants 

lacking adenylate kinase are seriously impaired in growth and demonstrate the importance 

of maintaining a balanced adenylate system (Harold, 1986) 

There are two types of enzymes that respond to changes in the energy charge 

(Atkinson, 1977). Enzymes that participate in sequences in which ATP is utilized respond 

to variations in the energy charge shown by curve U (Fig. 1.5). These sequences usually 

lead to the biosynthesis of ce11 components, storage compounds or secretory products (eg. 

Mabs). Enzymes participating in sequences in which ATP is regenerated respond to 

variations in the energy charge show by curve R (Fig. 1.5). It is important to note that 

most energy charge responses are at the molecular level and depend on ATP/ADP or 

ATPIAMP ratios and not the ratio of al1 three adenylates (Atkinson, 1977). 

Changes in the energy charge lead to the activation of pathways that in turn lead to 

its stabilization (Chapman et al., 1971). Any tendency for the charge to fa11 would be 

resisted by the increases in the activity of ATP regenerating sequences (curve R) and 

decreases in the rates of ATP utilizing reactions (curve U). A tendency for the charge to 

rise would be opposed by the reverse processes. 

In periods of metabolic stress when nutrient limitations prevent the generation of 

ATP, the energy charge may also be stabilized by adenylate deaminase in eukaryotic cells 

(Chapman et al., 1976). Adenylate deaminase catalyses the production of inosine 

monophosphate (IMP) from the dearnination of AMP (Chapman et ai., 1976). Removai of 

AMP would tend to raise the energy charge according to equation 1.1. Furthemore, 

removal of AMP will also tend to raise the ATPIADP concentration ratio by the adenylate 

kinase reaction which is pushed to the nght (equation 1.2). Adenylate kinase is activated 

when the energy charge falls and may be a usefùl means of lirniting the extent of sudden 

drops in the nucleotide ratio (Chapman and Atkinson, 1973). Decreases in lymphocyte 

AMP have aiso been reported to be catalyzed by a membrane bound 5'-nucleotidase which 

converts AMP to adenine (Matsumoto et al., 1979). 

A tabulation of values for various organisms shows that energy charge in generaily 

stabilized near 0.85 in metaboliring cells (Chapman et al., 1971). Energy charge values for 

tumorigenic cells, however, range for 0.64 for ovarian cancer cells to 0.92 for mouse 





ascites tumor cells (Al-Wadi and AI-Bader, 1987). These values are probably not specific 

to particular ce11 types but may depend on the state of the cells in culture at the time of 

analysis. Findings suggest that energy charge is a more sensitive rneasure of changes in 

energy metabolism than adenine nucleotide content due to the energy charge's faster 

recovery after metabolic stress (Matsui et al., 1994). 

1.7.3 Adenylate nucleotides and energy charge parameters for monitoring growth, 
via bility and protein synthesis 

The importance of adenylates in metabolism has led to atrempts to correlate energy 

charge values to cell culture behavior such as ceIl growth, cell survival (viability) and 

protein synthesis. Cellular growth in E.coli has been show to be more sensitive to 

variations in energy charge than to the changes in the concentration of ATP or other 

intracellular nucleotides (Atkinson, 1977). Decreases in energy charge resulted in 

decreases in growth. However, this latter statement is not reciprocal since decreases in 

growth rate do not necessarily entai1 a decrease in energy charge. High energy charge 

values have been reponed in the stationary phase of prokaryotes (Atknson, 1977) and 

eukaryotes (Ryll et al., 199 1). Density inhibited Chinese hamster fibroblasts were shown 

to have the same energy charge as actively growing cells (Murphree et al., 1974). Ce11 

growth arrest with a DNA synthesis inhibitor also does not appear to alter the energy 

charge level in MAK 33 cells (Modha et al., 1992). 

Attempts have been made to correlate energy charge with ce11 viability or survival. 

It has been show that a level of 0.5 was incompatible with life in most bactena although a 

few types survived at energy charge values as low as 0.1 (Kristensen, 1989). Starvation 

studies with Chinese hamster ovary fibroblasts indicate that the regulation of energy 

charge is closely correlated with ceIl survival (Caiderwood et al., 1985). Other reports do 

not show this correlation as cells with energy charge levels as low as 0.26 (due to 

starvation) recuperated upon supplementation with glucose and glutamine (Live and 

Kaminska, 1975; Kristensen, 1989). The s u ~ v a l  of cells in these experiments seem to 

correlate best with intracellular ATP levels. Cell death occurred below a criticai Iow level 



of ATP in human lung fibroblasts (Kristensen, 1989). Richter et al- (1996) proposed that 

the ATP level or energy charge are important determinants for the mode of ce11 death (Le. 

apoptosis or necrosis). These conflicting reports lead to the conclusion that there is no 

simple correlation between energy charge, ATP and ce11 viability. The effect of energy 

charge and ATP on survival may depend on ce11 type. In addition, the 

compartmentaiization of adenylates between the rnitochondria and the cytosol in 

eukaryotes may complicate the assessment of the effect of energy charge on metabolism 

(Dawes, 1 986). 

Protein synthesis is an energy dependent process. Two high energy phosphate 

bonds of ATP are consumed in the synthesis of aminoacyl-tRNA (Lehninger, 1982). ATP 

is also required for binding of the 40s nbosomal subunit to rnRNA and for the migration 

of the subunit toward the initiation codon (Rubin et al., 1988). It is estimated that 60 % of 

cellular energy is used for amino acid polymerization (Stouthamer, 1979). The fraction of 

the total cellular energy required for Mab synthesis has also been estimated at 19.7 % for a 

high secreting hybridoma ce11 line (Butler, 199 1). 

The importance of ATP in protein synthesis has been demonstrated by several 

investigators who used metabolic inhibitors such as rhein and tributyltin-chloride 

(Castiglione et al., 1990; Marinovich et al., 1990). Inhibition of protein synthesis in these 

experiments was attributed to the impairment of ATP production. However, these studies 

do not explain the observation that protein synthesis can increase even though ATP 

concentration decreases (Swedes et al., 1975). Rather, protein synthesis has been 

correlated to energy charge values. Metabolic studies with an E.coli mutant and Ehrlich 

ascites turnor cells demonstrated that decreases in protein synthesis parallel decreases in 

energy charge (Live and Kaminskas 1975; Swedes et al., 1975). Changes in protein 

synthesis may be due to a hierarchy of ATPIADP sensitivities among ATP utilizing 

reactions (Atkinson 1977; Brown, 1992). The anabolic and less essential processes such as 

the synthesis of polysaccharides, fats and non stnictural proteins would be shut down due 

to subtle changes in the ATPIADP ratio in favor of more critical functions of the ce11 such 

as the biosynthesis of structural macromolecules and ion transport systems (Atkinson 

1977; Brown, 1992). Changes in the energy charge alone, however, cannot fully explain 



its effects on protein synthesis. Ehrlich ascite tumor cells with similar protein synthesis 

rates can have significantly different energy charge values (Live and Kaminskas, 1975). 

Protein synthesis has also been shown to be inhibited by the accumulation of A M .  

or ADP which interferes with peptide chah elongation (Freudenberg and Mager, 1971). 

Since the accumulation of A M .  and ADP results in a decreased energy charge, this is 

further evidence that energy charge is related to protein synthesis. 

Although hybridomas have been used extensively for the commercial production of 

monoclonal antibodies, little information is published concerning their metabolism and 

even less conceniing energy charge and ATF levels. Preliminary studies by Costello 

(1990) seem to indicate that the maximum level of monoclonal antibody production occurs 

dunng the death phase when the energy charge is aiso at its maximum. Modha et d(1992) 

found that growth arrested hybridomas increased specific Mab production without 

affecting energy charge. It was suggested that the cessation of growth provided more 

available energy for the biosynthesis of non-structural or non-essential proteins such as 

Mabs (Modha et d, 1992). Energy charge and energy levels (Le. ATP concentration) may 

be a usefùl parameter for monitoring the productivity of hybridorna under different growth 

conditions. 

1.7.4 Other nucleotide pools and ratios as metabolic parameters 

Metabolic studies involving nucleotides have pnmarily focused on ATP, AûP and 

A M .  because of their relative abundance in cells and their central role as energy carriers 

and regulators. Other nucleotides however are important in major biological processes. 

The uridine fraction (UTP + UDP-glucose + UDP-N-acetylhexosamine) which accounts 

for 30 - 35 % of the nucleotide pool in hybridomas supplies precursors for protein 

glycosylation (Ryll et al., 199 1). Increases in the UDP-N-acetylhexosamine pool has been 

correlated to the transformation of myelocytes and to the reduction in marnmalian ce11 

growth rates (De Korte et al., 1987; Ryll and Wagner, 19%). Studies suggest that an 

imbaiance in the uridine nucleotide pool may play a role in the regulation of glycosylation 



by modulating glycosyltransferases (Sharma et al., 1993). In mammdian cells, UTP also 

serves as a precursor of CTP, a nucleotide involved in phospholipid synthesis. 

GTP acts as a regulator of lipid-mediated glycosylation reactions in animai cells 

(Bossuyt and Blankaert, 1993). Pal1 and Robertson (1988) propose that GTP provides 

energy for anabolic processes involved in growth and proliferation in eukaryotes and 

stimulates these processes by allosteric means. GTP-binding proteins also regulate 

intracellular vesicular trafficking and protein synthesis ( P d  and Robertson, 1988; 

DeMatteis et al., 1991; Stevens, 1993). GTP is essential for protein synthesis as it 

provides the primaq source of energy for the initiation and elongation process (Rubin et 

al., 1988). 

Novel parameters such as the N T P  ratio (ATP + GTP)/(UTP + CTP), U-ratio 

(UTP/UDP-N-acetylhexosamine) and the combined ratio N T P N  have been related to the 

different phases of growth cycle in hybridoma perfused batch cultures (Ryll and Wagner, 

1992). The process for the production of recombinant interleukin-2 with Baby Hamster 

Kidney cells has been controiled by intracellular nucleotide pool measurements (Valley et 

al., 1994). In this case, cultures were kept in an exponential growth phase by adjusting the 

perfusion rate of the bioreactor according to NTP and U ratio values. Other ratios such as 

the purinelpyrimidine, adenindguanine, uracikytosine have been correlated to the 

transformation of myelocytes to the malignant state (De Korte et al., 1987). 

The regulatory potential of nucleotides in ce11 metabolism makes them good 

candidates for monitoring Mab productivity and ceIl viability in hybridomas. 

Understanding how antibody synthesis and ce11 death are regulated will ultimately lead to 

methods for enhanced productivity in large scale processes. 



1.8 Aims of the Ph.D. 

The amount of Mab that can be produced from a ce11 culture is dependent on 

factors such as the specific Mab production rate (qMab), the maintenance of ce11 viability 

(culture longevity) and the availabiiity of nutrients. The main objective of this thesis was to 

determine whether these factors were related to the rnetabolic state of the cell. 

Because of the broad role of nucleotides in cellular rnetabolism, intracellular Ievels 

and ratios of these metabolites were used to evduate the metabolic state of the cells. 

Intracellular nucleotide Ievels have previously been show to correlate to ce11 cycle phases, 

proliferation and transformation of animal cells (Rapaport et al., 1979; De Kone el al., 

1987 Ryll and Wagner, 199 1). It is therefore plausible that fluctuations in the nucleotide 

pools may also infiuence or depend upon other cell culture behavior. 

The aims of the Ph.D. were to: 

1) Test the hypothesis that specific Mab productivity is dependent upon the 
metabolic state of the hybridoma cell. (Re: Chapters 4 - 7) 

Three approaches were used in investigating this hypothesis. First, the relationship 

between qMab and the metabolic state of the cells was determined. This was done by 

cornpanng intracellular nucleotide levels between hybndoma control cultures and 

hybridorna cultures with an altered qMab. It has been shown previously that the qMab can 

be altered by supplernenting medium with a thymidine or sodium butyrate or by varying 

the cultivation temperature (Sureshkumar and Mutharasan, 1990; Hayter et al., 1992; Oh 

et al., 1993). In the second approach, the Mab-secreting hybridoma and non-Mab- 

secreting parent myeloma were cornpared for differences in intracellular nucleotide 

profiles. Differences in intracellular nucleotide pools between the two ce11 iines may be 

related to Mab synthesis. The third approach consisted of specifically altering the 

intracellular level of a nucleotide pool and determinhg the effects on the qMab. The 

specific nucleotide pool altered in these experiments (i.e. UDP-GNac) was chosen based 

on the results fiom the two first approaches. 



Knowledge of the relationship between nucleotide pools and qMab was used to 

answer the following question: Can specific nucleotide levels or ratios be used as monitors 

of productivity? 

2) Test the hypothesis that ce11 culture viability is dependent upon the metabolic 
state (intracellular nucleotide pools) of the hybridoma cell. (Re: Chapter 8) 

To determine the relationship between nucleotide pools and ce11 culture viability, 

hybridomas were subjected to conditions that caused different rates of ce11 culture death. 

Intracellular nucleotide levels may give an early indication of loss of culture viability as 

defined by the ability of cells to exclude trypan blue. Trypan blue exclusion is a method of 

determining ce11 viability based on an assessrnent of the integrity of the ce11 membrane. 

Three question arose from these studies: 

1. What is the predominant mode of ce11 death in hybridoma cultures (apoptosis or 

necrosis) 

2. Can cultures be rescued once decreases in vîability have begun. 

3. Can intracellular nucleotides can be used as monitors of imminent ce11 death. 

These questions were answered with respect to intracellular nucleotide levels. 

3. Test the hypothesis that intracellular nucleotide levels are dependent upon the 
extracellular nutrient concentration. (Re: Chapter 9) 

The ability of cells to derive energy from available nutrients is required for the 

maintenance of healthy ce11 cultures. Two major nutrients, glucose and glutamine are 

particularly important in hybridoma metabolism. Glucose and glutamine concentrations in 

the medium were compared to intracellular nucleotide levels in an effort to determine the 

contribution of each component to the cellular energetic state. Oxygen uptake at varying 

nutrient levels was evaluated to provide information on the contribution of substrate 



oxidation to intracellular nucleotide maintenance. Understanding energy production in 

hybridornas can form the bais  for the development of control strategies such as nutrient 

feeding which would ensure sufficient energy is available for maintainhg culture viability 

and high antibody production. 

4) Develop a serum-free medium for the culture of the CC9ClO hybridoma ceIl line. 

(Re: Chapter 3) 

A chernicaily defined medium would eliminate problems associated with semm 

usage (i.e. variability of growth promoting properties, potential source of contamination, 

cost, etc.) 



CHAPTER 2 

Material and Methods 

2.0 Chemicals and reagents 

Chernicals and reagents used were obtained fiom Sigma Chemical Co. Ltd. unless 

othenvise stated. Al1 aqueous solutions were prepared from punfied water obtained after 

reverse osmosis followed by either distillation or Milli-Q (Millipore) filtration. Aseptic 

manipulations were carried out in a lamina flow cabinet (Nuaire Class II, Nuaire). 

2.1 Growth media preparation 

a) RPMI 1640 (Gibco) 

RoswelI Park Memorial Institute medium O(PM1 1640) was obtained as a 

glutamine-f?ee (lx) strength liquid to which sterile glutamine was added prior to use. 

Glutamine was added at 2 - 4 mM fiom a 200 mM stenle stock solution (section 2.3). 

b) DMEM (Gibco) 

Dulbecco's Minimal Essential Medium @MEM) was prepared in two ways. 

DMEM was originally obtained as a glutamine-free (lx) strength liquid to which sterile 

glutamine was added at 4 rnM fkom a 200 mM stede stock solution (section 2.3). In later 

studies, DMEM was obtained as a powder without glucose, glutamine, phenol red or 

sodium bicarbonate (NaHC03). DMEM powder was dissolved in 0 . 9 ~  of the required 

volume of water and supplements were added: glucose, 4.5 g/L (25 mM); glutamine, 584 



mg/L (4 mM); NaHC03, 3.7 g/L (44 mM) and phenol red, 15 mg/L. The medium was 

adjusted to pH 7.1 - 7.2 with 5M HCI p ior  to increasing to the final volume. The 

reconstituted powdered medium was stenlized by penstaltic purnping (pump mode1 5035, 

Watson-Marlow) through a 0.2 pn AcroCap filter (Gelman Sciences) into sterile bottles. 

c) DMEM: Ham's FI2 (1:l mixture) 

The 1: 1 mixture of DMEM and Ham's F12 was prepared From powdered and 

Iiquid media as descnbed in Table 2.1. DMEM powder (Gibco) was obtained without 

glucose, glutamine, NaHC03, or phenol red. Ham's Pl2  was obtained in three formats: 

i. powder without NaHC03 (Gibco). 

ii. powder without glucose and NaHCO, (Gibco). 

iii. Iiquid without glutamine (Sigma). 

The 1 : 1 mixture was dissolved in 0.9~ of the required volume of water, adjusted to pH 7.1 

- 7.2 and filtered stenlized as previously described (section 2.1. lb). 

2.1.2 Serum-based media 

Basai medium as prepared in section 2.1.1 was supplemented with 2 - 10 % (v/v) 

fetal bovine serum or iron-enriched calf serum (Gibco). 

2.1.3 Commercial serurn-free medium 

Hybndoma Semm-Free Medium was purchased fiom Gibco as a ready to use (lx) 

strength liquid. 



Table 2.1 Preparation of DMEM: Ham's El2  basal medium (1:l). Values are for 
preparing 1 liter of basal medium. Al1 media contained final concentrations of NaHCOj 
(3.7 g/L) and phenol red (8.1 m&). According to needs, different glucose and glutamine 
concentrations were obtained by rnixing media in the correct ratios or by removing/adding 
glucose and glutamine from original formulations. 

DMEM/HamPs F 12 1:l 1: 1 1: 1 1:l 1:l 
Final glucose 
concentration (mM) 25 25 O O 5 
Final glutamine 
concentration (mM) 6 O. 5 6 0.5 O 

DMEM' 
Ham's FI zb 
Ham's FI 2' 
Ham's F 1 2d 
NaHCO; 
Glucose 
Glutamine 
Phenol red 

'DMEM powder without glucose, glutamine, NaHC03 and phenol red. 
%am's F 1 2 powder without NaHCO, (contains glucose and glutamine). 
'Ham's F 1 2 powder without glucose and NaHC03 (contains glutamine). 
d Ham's F12 powder without glutamine (contains glucose and NaHC03). 



NB-SN consisted of DMEM: Ham's F12 in a 1 : 1 mixture supplemented with 10 

pg/d insulin, 10 &ni transfemn, 10 nm NaSe, 10 p.M ethanolamine, 100 pM 

phosphoethanolamine and 0.1 % (wfv) Pluronic F-68. Supplements were added to the 

filter sterilized basal medium fiom stock solutions. Al1 stock solutions were sterilized by 

filtration through a 0.2 pm syringe filter (Nalgene) or 0.2 pm AcroCap filter (Gelman 

Sciences). In standard NB-SFM, glucose and glutamine concentrations were 25 m .  and 6 

mM respectively. 

Stock solutions 

1) Insulin (5 mg/ml) - 30 mg bovine insulin was dissolved in 30 ml HCl (0.025 M). The 

solution was filter sterilized, aliquoted into 5 ml quantities and stored at -20°C. 

2) Transfemn (5 mg/ml) - 30 mg bovine iron-saturated hoio-transfemn was dissolved in 

30 d water. The solution was filter sterilized and stored at 4°C. 

3) NaSe (10 pM) - 5.2 mg NaSe was dissolved in 30 ml water to make a solution of 1 

rnM. 250 pl of Nase (1 mM) was diluted in 24.75 ml water to give 10 W. The solution 

was filter sterilized and stored at 4°C. 

4) Ethanolamine (4 mM) - 7.5 pi ethanolamine was diluted in 30 ml water. The solution 

was filter sterilized and stored at 4°C. 

5) Phosphoethanolamine (50 rnM) - 282.2 mg phosphoethanolamine was dissolved in 40 

mi water. The solution was filter sterilized, aliquoted in 5 ml quantities and stored at - 

20°C. 



6) Pluronic F-68 (10 % wfv) - 10 g Pluronic F-68 was dissolved in 100 ml water. The 

solution was filter sterilized and stored at 4°C. 

2.2 Ce11 lines and stock culture maintenance 

CC9ClO hybridoma and SP2/O myelorna ceii lines were obtained from the 

Amencan Type Culture Collection, catalogue numbers HB 123 and CRL 1 5 8 1, 

respectively. The CC9ClO hybridoma was produced by fusing lyrnph node cells of a 

bovine insulin imrnunized Balbk mouse with the SPUO - Ag14 myeloma ce11 line (Schroer 

et al., 1 983). CC9C 1 O secretes an IgGiK monoclonal antibody against bovine insulin. The 

SP2/0 myeloma cell line is a parent cell line of CC9ClO hybridomas and does not secrete 

monoclonal antibody. 

Both ce11 lines were maintained in tissue culture flasks (T-flasks) containing 

growth medium. T-flasks were available in 25 cm2, 75 cm2, 150 cm2 sizes and were 

typically used with 10, 30 and 50 ml medium respectively. Flasks were incubated in a 

humidified incubator (Nu2700 from NuAire) at 37°C with a 10 % CO2 overlay. The caps 

of the flasks were left loose to allow for gaseous equilibration and pH stabilization of the 

medium. Routine subculturing of stock cells was done every 72 hours. Stock culture flasks 

were shaken to homogeneously suspend cells, a sarnple of ce11 suspension was then diluted 

1 :9 into a new flask. Aiternatively, the viable cell density was determined (section 2.5.1 ) 

and the dilution factor was calculated to give a final ce11 density of 1 - 1.5 x 10' cells/mi. 

Similar procedures as those described above were used for the preparation of T- 

flask cultures for growth and metabolic studies. Differences from this protocol are 

indicated for each experiment when necessary. 



2.3 Ceil culture feeding and pH adjustment 

In experiments where it was desired to prevent glucose and glutamine limitation, 

cultures were fed daily starting on day 2 with 5 mM glucosdday and 1 pnol glutamine/106 

cells per day. The addition of  glutamine to flasks was based on the concentration of cells 

designated as control cultures for a particular expenment. This feeding regirne was 

adapted from Reuveny et al. (1986). Glucose was added f?om a sterile stock solution of 

1.5 M (stored at 4°C). Glutarnine was added from a sterile stock solution of 200 rnM 

(stored at -20°C). Stock solutions were sterilized by filtration through a 0.2 pm syringe 

fiker (Nalgene). 

The pH of cultures were adjusted visually to 6.8 - 7.0 (medium color: orange to 

redorange) when needed by the dropwise addition of sterile sodium bicarbonate 1 M (pH 

10.0). Within a given experiment, the sarne arnount of NaHC03 was added to al1 flasks. 

The addition of NaHCO, to cultures typically raised the osmolarity from 335 mOsdcg at 

the beginning of the culture to 374 mOsmkg at the end of the culture. 

2.4 Cryopreservation of ceIl lines and recovery from liquid nitrogen 

Cells were frozen in liquid nitrogen for long periods of storage. A ce11 suspension 

from a mid-exponential phase culture was centrifiiged at 200 x g for 5 min. The 

supernatant was discarded and the ceIl pellet was resuspended at 1 x 10' celldrnl in 

growth medium supplemented with 10 % (v/v) dirnethylsulfoxide. The growth medium 

used for the resuspension was of the same formulation as the medium used to grow the 

cells. Aliquots (1 ml) of the ce11 suspension were transferred into cryogenic vials 

(Nalgene). Vials were placed at -80°C for 24 hours prior to transfemng to a liquid 

nitrogen cylinder (Locator 8 Cryo Biological Storage System, Themolyne). 

For the recovery process, a vial of frozen cells was removed from the liquid 

nitrogen and thawed in a 3PC water bath. Pre-wanned growth medium (0.5 ml) was 

added to the vial, cells were suspended and then transferred to a sterile centrifuge tube 



containing 10 ml growth medium. The ceIl suspension was centrifbged at 200 x g for 5 

min. and the supernatant was decanted. The ce11 pellet was resuspended in 20 ml of fresh 

medium and transferred to two 25 cm2 T-flasks for incubation at 37°C. After 24 hours, 

cells were counted (section 2.5.1) and subcultured as previously described (section 2 -2). 

2.5 Cell counting 

2.5.1 Trypan blue exclusion method 

Sarnples of ce11 suspension were diluted 1:l with 0.2 % (wh) trypan blue in 

Dulbecco's phosphate buffered saline (Gibco). Both g d s  of a Neubauer haemocytorneter 

slide were loaded with the ce11 suspension and the number of cells present in four large 

squares of each grid were counted by microscopy. Ce11 counts were averaged from 8 

squares and multiplied by 2.0 x 10' to give cells/ml. Cells which did not take up the dye 

were counted as viable, those that appeared blue were counted as non-viable. Total ce11 

counts were calculated as the sum of viable and non-viable cells. The viability of a culture 

was determined by viabldtotal cells x 100 %. 

2.5.2 Coulter counter 

Total ce11 counts were made with a mode1 ZF Coulter Counter (Coulter Zcctronics 

Ltd.). The instrument was set to count particles greater than 10.0 Fm. The apenure tube 

orifice was 100 pm and sampling volume was 0.5 ml. Ce11 samples (0.1 - 0.4 ml) were 

diluted in 20 ml of Isoton II buffer (Coulter Electronics Ltd.) in a Coulter cuvette. The 

cuvette was inverted for mixing pnor to taking counts wirh the instrument. Isoton II buffer 

solution was used as a blank. Concentration of cells in the original sample were calculated 

as follows: 

ce11 sarnple = (diluted sample count - blank count)/ 0.5 ml x factor of dilution 
concentration 



2.6 Monoclonal antibody (Mab) analysis 

2.6.1 Determination of Mab concentration by HPLC 

Monoclonal antibody concentration was determined by affinity chromatography 

using the ProAna Mabs kit (Hyclone Lab Inc.). The kit consisted of the ProAna Mabs 

column (50 x 5 mm, I d ) .  a pre-column filter and buEer concentrates. The ProAna Mabs 

column contained bacterial Fc receptor (Protein A) attached to a 10 pm silica support. The 

chrornatographic system consisted of two HPLC pumps (Model 2150, LKB), a solvent 

conditioner (Model 2 156, Lm), an KPLC controller (Model 2 152, LKB) and a spectral 

detector (Model 2140, LKB). Sample injection was done through a manual valve fitted 

with a 1 ml loop. Chrornatograms were collected by Wavescan software and analyzed 

using Model 2600 Chromatography software (PE Nelson). Both software prograrns were 

later replaced by EZChrom v.3.2 computer software (Shimadzu). 

Binding buffer concentrate was diluted 1 in 20 in water and the pH adjusted to 5.0. 

Elution buffer concentrate was diluted 1 in 20 in water and the pH adjusted to 1.6. The pH 

was adjusted with SM HCI or 10M NaOH. Water used for buffers was pre-filtered 

through a 0.2 pn AcroCap filter (Gelman Sciences) by peristaltic purnping. The gradient 

cycle for Mab detection is shown in Table 2.2. 

Ce11 culture supernatant was diluted 1: 1 or 1 :2 in binding buffer prior to analysis. 

One ml of diluted sample was injected ont0 the column. Monoclonal antibody was 

detected by absorbance at 280 nrn (Retention time: 2.9 min.). Quantitation of Mab was 

done by comparing the peak area to a standard peak area curve. Standards were prepared 

fiom polyclonal IgG (Hyclone Lab Inc.) diluted in binding buffer and ranging in 

concentration fiom 6.25 - 200 pg/mi. 



Table 2.2 Gradient cycle for HPLC analysis of Mab 

Time Binding buffer' Elution bufferb Flow rate 
(min) (%> (%) (mVrnin) 

'Binding buffer concentrate (ProAna Mabs, Hyclone) diluted 1/20 in water, pH 5 .O. 
%lution buffer concentrate (ProAna Mabs, Hyclone) diluted 1/20 in water, pH 1.6. 



2.6.2 Mab purification 

2.6.2.1 Affmity chromatography 

Monoclonal antibody was p~rified with a protein A aflinity column using a 

modified version of the manufacturer's protocol (Econo-Pac from BioRad Lab.). Three 

Econo-Pac protein A columns connected in series were attached to a Nalgene 0.2 prn pre- 

filter. The eluate was monitored by comecting the colurnns to a spectrophotorneter 

(Lntrospec II, Pharmacia) equipped with a flow ce11 (Fisher) and a recorder (Model SE 

120, ABB Goerz, AG). The columns were loaded with boffer or samples by a penstaltic 

pump (Model 101U, Watson Marlow). To equilibrate the system, binding buffer was mn 

through the colurnn assembly at 4 rnl/min. for 10 minutes. Ce11 culture supernatant diluted 

with an equal volume of binding buffer was then loaded onto the affinity column at 1 

milmin. The column was subsequently washed with binding buffer (4 d rn in )  until a stable 

absorbance at 280 nm was achieved. This was to ensure al1 unbound cornponents were 

removed fiom the column. Monoclonal antibody was then eluted at 1 d m i n  with 20 ml of 

elution buffer and collected as a peak at 280 nm. The Mab fraction was neutralized with 

1.0 M Tns (pH 9.0) and dialyzed (section 2.6.2.2). The column was regenerated with 50 

ml methanol (50 %) and re-equilibrated with binding buffer (4 d r n i n ) .  The column was 

cleaned periodically with 0.1 M NaOH. Al1 buffer solutions were filtered with a 0.2 p m  

AcroCap filter (Gelman Sciences). 

Buffer solutions 

1) Binding buffer (O. 1 M Tns; 1 -5 M (NHi)2SO4; pH 7.5) 

12.1 1 g Tris base 

- 900 ml water The pH was adjusted to 7.5 with 5 M HC1. The solution 
was made up to 1000 ml with water, filtered and stored 
at 4°C. 



2) Elution buffer (0.1 M citrate-trisodium citrate dihydrate buffer, pH 5.0) 

a) 5 -76 g citrate was dissolved in 300 ml water. 

b) 20.58 g trisodium citrate dihydrate was dissolved in 700 ml water. 

Solution a) was added to 650 ml solution b) until the pH reached 5.0. The solution 

was filtered and stored at 4°C. 

3) Neutralizing buffer (1  .O M Tris, pH 9.0) 

12.1 1 g Tris base 

- 90 mI water The pH was adjusted to 9.0 with 5 M HCl. The solution 
was made up to 100 ml with water and stored at 4°C. 

2.6.2.2 Dialysis 

Neutralized Mab Fractions were dialyzed against 4 liters of water containing 0.05 

% (w/v) sodium azide at 4°C. Dialysis tubing with a molecular weight cutoff of 12 000 - 
14 000 kD was used (SpectraPor fiom Fisher). Dialyzed Mab was quantified by the 

bicinchoninic protein assay (section 2.1 1)  and stored at -80°C in 5 ml aliquots. Sarnples 

were fiozen in an angle to maxirnize surface area for lyophilization (section 2.6.2.3). 

2.6.2.3 Lyophilization and reconstitution 

Aliquots of monoclonal antibody prepared in section 2.6.2.2 were fieeze dned by 

using a lyophilizer (Virtis). Caps fiom sarnple tubes were removed and replaced by 

parafilm. Three to four holes were punched through the parafüm to permit the escape of 

water vapor. Tubes were placed in a sealed dessicator unit and attached to the vacuum of 

the lyophilkr (-50°C) ovemight. Lyophilized Mab was dissolved in water at a 

concentration of 0.5 - 5 mg/d and stored at -80PC. 



2.6.3 Mab deglycosylation 

Monoclonal antibody was deglycosylated with N-glycosidase F (Boehringer- 

PAannheim Biochemica) following a modification of the manufacturer's protocol and 

Curling et al. ( 1990). 

Add 21.3 pl Purified Mab (5 mg/rnl) 

1.2 pl 2-mercaptoethanol 

2.5 u1 10 % (wlv) SDS (sodium dodecyl sulfate) 

25 pl 

The MabImercaptoethanoVSDS solution was boiled for 3 minutes and then buffered with: 

90 d phosphate buffer (275 mM Na2HP04, 14 mM EDTA, pH 8.0) 

10 f i  1 2.5 % Nonidet P-40 

The buffered solution was mixed and aiiquoted into 25 pl volumes. 1.5 pl N-glycosidase F 

(20 unitsfml) or 1.5 pl water (control) was added to a 25 pl aliquot and the solution was 

incubated for 1 8 hours at 3 7°C. 

2.6.4 SDS-PAGE 

Electrophoresis of purified Mab was performed in a discontinuous polyacrylamide 

gel under reducing conditions according to the method of Laernmli (1970). The 

separating gel consisted of 8.55 % crosslinked polyacrylamide. The stacking gel 

consisted of 4 % crosslinked polyacrylamide. Minigels (7 cm x 8 cm) were mn using the 

Mini-Protean II apparatus (BioRad Lab). The apparatus consisted of an electrophoretic 

cell, glass plates, combs and spacers (1.5 mm), and a casting stand assembly. Electrical 

current was supplied by an external power supply (Model 1000/500, BioRad). 



2AA1 Stock solutions 

1 ) 30 % acrylarnide/bis (BioRad) 

14.6 g acqhn ide  

0.4 g N'N'-bis methylene acrylarnide Acrylarnide was dissolved in water, 
made up to 50 ml, filtered and stored 
at 4°C in the dark. 

2) 1.5 MTris-HCl, pH 8.8 

18.15 g Tris base was 70 ml water. The pH was adjusted to 8.8 with 1 M HCl. 

The solution was made up to 100 ml with water and stored at 4°C. 

3) 0.5 M Tris-HC1, pH 6.8 

6 g Tris base was dissolved in 60 ml water. The pH was adjusted to 6.8 with 1 M 

HC1. The solution was made up to 100 ml with water and stored at 4°C. 

4) IO % (w/v) SDS 

10 g SDS was dissolved in water with gentle stirring and made up to 100 ml. 

5) 0.05 % (w/v) Bromophenol blue 

0.05 g Bromophenol blue was dissolved in 100 ml water. 

6 )  Sarnple buffer 

water 

0.5 M Tris-HCI, pH 6.8 

glycerol 

I O  % SDS 

2-mercaptoethanol 

0.05 % bromophenol blue 



7) 5x electrode buffer, pH 8.3 

9 g Tris base 

43 -2 g glycine 

3 g SDS 

Added to 500 ml of water. The pH was adjusted to 8.3 with 1 M HCl. The solution was 

made up to 600 ml with water and stored at 4°C. 

8) 10 % (wh) ammonium persulfate (BioRad) 

100 mg ammonium persulfate was dissolved in 1 ml water. The solution was 

prepared fiesh daily. 

2.6.4.2 Separating gel preparation (8.55 %) 

4.5 ml water 

2.5 ml 1.5 M Tris-HCl, pH 8.8 

0.1 ml IO % SDS 

2.85 ml 30 % acrylamide/bis 

The 8.55 % acrylamide solution was deaerated under vacuum for at least 15 

minutes. 50 p1 of 10 % ammonium persulfate and 5 pl of TEMED (BioRad) were added 

after deaeration. The acrylamide/TEMED/persulfate mixture was immediately pipetted 

between the electrophoresis assembled giass plates so that the level was at least 1 cm 

below the expected level of the teeth of the cornb. The acrylamide solution was overlaid 

with water-saturated isobutanol and allowed to polymerize for 45 minutes. Mer 

polyrnerization, the water-saturated isobutanol was nnsed off with distilled water and the 

top of the separating gel was dned with filter paper. 



2.6.4.3 Stacking gel preparation (4 %) 

6.1 ml water 

2.5 mI 0.5 M Tris-HCl, pH 6.8 

0.1 ml 10 % SDS 

1.3 ml 30 % acrylamide/bis 

The 4 % aciylarnide solution was deaerated under vacuum for at least 15 minutes. 

50 pl of 10 % ammonium persulfate and 10 pi of TEMED (BioRad) were added after 

deaeration. The acqlamid~MED/persulfate mixture was immediately pipetted onto 

the separating gel and the comb placed between the plates rnaking sure no air bubbles 

were trapped. The gel was allowed to polyrnerize for 45 minutes, the comb was then 

removed and the welIs were rinsed with distilled water. 

2.6.4.4 Sample and standard preparation 

Molecular weight standards were purchased fiom Gibco-BRL: (myosin 200 kD; 

phosphorylase 97.4 kD; bovine semm albumin 68 kD; ovalburnin 43 kD; carbonic 

anhydrase 29 kD, B-lactoglobulin 18.4 kD and lysozyme 14.3 kD). Each standard was at 

a concentration of 1 mglml. Pnor to use standards were diluted to 0.25 mg/d  in water. 

Sarnples (Le. Mab at 0.5 mg/ml) or diluted standards were rnixed 1 :1 with sarnple buffer 

and boiled for 4 minutes. 

2.6.4.5 Electrophoretic procedure 

The lower and upper reservoirs of the electrophoretic ce11 were filled with Ix 

electrode bufier (Le. combine 60 ml of 5x electrode buffer with 240 ml water). Sarnple 



and standards were loaded into wells (25 pllwell). The MiniProtean II apparatus was set 

at 200 volts for 50 - 55 minutes. 

2.6.4.6 Gel staining, MW determination and quantification 

M e r  the electrophoresis was complete, the gels were removed fiom the glass 

plates and placed for 30 min. in a staining and fixative solution (Coomassie blue R-250 in 

40 % methanoVI0 % acetic acid). Destaining of the gel to remove background coloration 

was done by placing the gel in 40 % methanoVI0 % acetic acid for 1 - 3 hours. Gels were 

then placed on 3MM paper, covered in Saran wrap and dned in a slab gel dryer (Savant) 

at 70°C for 100 minutes. Gels were stored between glass plates. 

Molecular weights were determined by cornparison to the migration of protein 

standards. Stained gels were also anaiyzed with BioRad Gel Doc 1000 accompanied by 

Molecular Analyst Software (BioRad Lab.). Quantitative analysis of protein bands was 

based on the number of pixels in the bands subtracted by background values. 

2.6.5 Western blot 

Protein bands of unstained SDS-PAGE gels (section 2.6.4) were transferred to a 

0.2 pm nitrocellulose paper by a modification of the method descnbed by Towbin et al. 

(1 979). 

2.6.5.1 Stock solutions 

1) 1 .O M Tris-HCI, pH 8.0 

1 1.82 g Tris base was dissolved in 60 ml water. The pH was adjusted to 8.0 with 1 

M HCl and the solution was made up to 75 ml with water. 



2) Blotting buffer (25 mM Tris- 192 rnM glycine/ 20 % methanol, pH 8.3) 

glycine 

600 ml methanol The solution was made up to 3 L with water. 
If necessary, the pH was adjusted to 8.3 
with HCl or NaOH. 

2.6.5.2 Preparation of the electrophoretic ce11 (BioRad) 

1) Nitrocellulose paper (0.2 pm, Micron Separations Inc., USA) and 3MM paper were cut 

to match the site of the unstained polyacrylamide gel. 

2) The polyacrylamide gel was pre-soaked in blotting buffer for a few minutes. 

3) Two pieces of 3MM paper were bnefly wet in blotting buffer and laid one on top of 

the other in the middle of the electrophoretic grid pad. Air bubbies were rernoved from the 

paper by rolling a Pasteur pipette over the surface of the paper. 

4) The polyarylarnide gel was placed "upside down" on the 2 pieces of 3MM paper and air 

bubbles were removed as in step # 3. 

5) The nitrocellulose paper was wet bnefly in blotting buEer and laid on top of the gel. Air 

bubbles were removed as in step # 3. 

6) Two more pieces of 3MM paper were wet bnefly in blotting buffer and laid on top of 

the NtrocelIulose sheet. Air bubbles were removed as in step # 3 and the electrophoretic 

grid assernbly was ciosed. 



7) The electrophoretic ce11 charnber was filled with blotting buffer and the grid was 

submerged so that the acrylamide gel was facing the negative electrode and the 

nitrocellulose paper was facing the positive electrode. 

8) The electrophoretic ceIl was connected to an extemai power supply (Mode1 1000/500, 

BioRad) and was run ovemight at 5 volts. 

9) The nitrocellulose sheet was air dried and stored at -20°C. 

2.6.6 Glycosylation detection 

Glycosylated proteins (Le. Mab) were detected on nitrocellulose sheets with a 

carbohydrate detection kit (Glycofrak from Oxford GlycoSystems). In brief, the 

carbohydrate moieties of glycoproteins are oxidized with periodate which generates 

aldehyde groups. These aldehyde groups react spontaneously with biotin-hydrazide and 

leads to the incorporation of biotin into the glycoprotein (Bayer et al., 1990). The 

biotinylated glycoprotein is ligated to streptavidin-alkaiine p hosp hatase conjugate and 

visualized with a substrate which reacts with the complexed enzyme to form a colored 

precipitate. 

2.6.6.1 Stocksolutions 

1) Tris buffered saline (TBS), pH 7.2 

6.05 g Tris was dissolved in 900 ml water and the pH was adjusted to 7.2 with 1 

M HCl. NaCl (1 -6 g) was added and the solution was made up to 1000 ml with water. 



2) 200 rnM sodium acetate buffer, pH 5.5 

a) 6.80 g sodium acetate tnhydrate was dissolved in 250 ml water 

b) 600 pi acetic acid was diluted in 49.4 ml water 

220 ml of solution a) was added to 30 ml solution b). The pH was checked and 

adjusted to 5.5 by adding dropwise arnounts of solution a) or solution b) 

3) 100 mM sodium acetate buffer, pH 5.5 

Solution #2 was diluted 1 : 2 with water. 

4) TBS/Mg, pH 9.5 

1.21 g Tris base was dissolved in 80 ml water. The pH was adjusted to 9.5 with 

0.1 M HCl. NaCI (0.58 g) and MgC12.6H20 (1 .O 1 g) were added. The solution was made 

up to 100 mi with water. 

6) Phosphate buffered saline (PBS), pH 7.2 

575 mg NazHPOj 

100 mg NaHzPOj 

800 mg NaCl 

Added to 400 ml water. The pH was adjusted to 7.2 with 1 M HCI or 1 M NaOH. 

The solution was made up to 500 ml with water. 

7) Sodium acetatd EDTA buffer 

125 ml 200 mM sodium acetate, pH 5.5 

465 mg EDTA disodium salt 

The solution was made up to 250 ml with water. The pH was not adjusted. 



8) GlycoTrak solutions (A-F) 

A. The contents of GlycoTrak vial A were emptied into 500 ml sodium 

acetateEDTA to make 10 mM periodate. 

B. 500 pi dimethylformamide was added to the contents of GlycoTrak via1 B to 

make a biotin-hydrazide solution. 

C. 0.5 g of GlycoTrak blocking reagent C was dissolved in 100 ml TBS by heating 

at 60°C for 45 min. (Some particulate matenal may not dissolve). 

D. GIycoTrak S treptavidin-aikaline phosphatase, vial D- ready to use. 

E. 1.3 ml 70 % (v/v) dimethylformarnide was added to the contents of GlycoTrak 

via1 D to make a nitroblue tetrazolium solution, 

F. 1 ml dimethylformamide was added to the contents of GlycoTrak vial F to make 

a BCIP solution (5-bromo 4-chloro 3-indolyl phosphate). Some particulate matenal rnay 

not dissolve. 

Stock solutions 1 - 7 and GlycoTrak solutions A - D were stored at 4°C. GIycoTrak 

solution E - F were stored in the dark at -20°C. 

2.6.6.2 Labeling protocol 

1) The nitrocellulose membrane blot was placed in a Petri dish and immersed in 15 ml 

PBS. The membrane was agitated at room temperature for 10 minutes. PBS was discarded 

f i e r  use. 



2) The membrane was submerged in 15 ml of GlycoTrak solution A and agitated in the 

dark at room temperature for 20 minutes (Le. The dish was wrapped in aluminum foil). 

The used solution was discarded 

3) The membrane was washed 3 times using 15 mi fresh PBS. For each wash, the 

membrane was agitated at room temperature for 10 minutes. PBS was discarded afler 

each wash. 

4) 3 pl GlycoTrak solution B was added to 15 mi sodium acetate/EDTA buffer. The 

membrane was submerged in this solution and agitated at room temperature for 60 

minutes. The TBS solution was discarded after use. 

5) The membrane was washed 3 times using 15 ml fresh TBS. For each wash, the 

membrane was agitated at room temperature for 10 minutes. TBS was discarded after 

each wash. 

6) The membrane was submerged in 15 ml GlycoTrak solution C and agitated at room 

temperature for at least 30 min or at 4°C overnight. The used solution was discarded and 

the membrane was washed as in step 5. 

7) 7.2 pl GlycoTrak solution D was added to 12.5 ml TBS. The membrane was 

submerged in this solution and agitated at room temperature for 60 minutes. The used 

solution was discarded and the membrane was washed as in step 5. 

8) 62.5 pl GlycoTrak solution E and 47 pl GlycoTrak solution F were added to 12.5 ml 

TBS/Mg and vortexed. This solution was made immediately prior to use. The membrane 

was submerged in this solution at room temperature and was not agitated. The blue-brown 

color was allowed to develop to the desired intensity (3 - 60 min). The membrane was 

rinsed several times with distilled water and ailowed to air dry. 



2.7 Nucleotide analysis 

2.7.1 Nucleotide extraction 

Samples of ce11 cultures (1 - 4 x 106 cells) were transferred to a 15 ml stede 

centrifuge tube and sedimented at 350 x g for 8 minutes. The supernatant was aspirated 

and stored at -20°C. The ce11 pellet was resuspended in 120 - 150 pl ice-cold 6 % 

trichloroacetic acid, kept in an ice bath and sonicated for 15 seconds (Micron Ultrasonic 

Ce11 Disruptor, Mandel). The suspension was subsequently kept on ice for 15 - 20 min. 

The tnchloroacetic acidkell suspension was transferred to 1.5 ml centrifuge tube and 

sedimented at 14 000 x g for 10 minutes at 4°C. Supematants were collected and 

neutraiized with 27 pl Tris 0.5 M, pH 9.0 and 11.5 pl NaOH 2 M per 100 pl of 

trichloroacetic acid extract. Neutralized extracts were stored at -20°C. 

2.7.2 Quantification of  nucleotides by ion pair reverse phase EIPLC 

The HPLC hardware and computer software has been previously descnbed 

(section 2.6.1). Instead of a manual injection valve, the system was Iinked to an 

autoinjector set to deliver 100 pi samples (Shimadm SIL-9A). The spectral detector was 

set to read absorbances at 254 m. An Adsorbosphere C-18 colurnn (200 mm x 4.6 mm 

I.D., 5 pm particle size, Alltech) was used with a guard colurnn containing the same 

adsorbant (Waters). Nucleotides were separated by using a gradient of two buffers 

modified from Ryll and Wagner (1991). Two gradient profiles were used (Le. Gradient 1 

and Gradient 2), both of which separated 1 1 nucleotides. 

Gradient 1 : 100 % buffer A for 2.5 min., O - 40 % buffer B for 14 min., 40 - 
100 % buffer B for 8.5 min., 100 % buffer B for 12 min., 100 - O % buffer B for 4 min., 

100 % buffer A for 9 min. Total run time: 50 min. Flow rate 1.5 mlhin. 



Gradient 2: O - 20 % buffer B for 5 min., 20 - 24 % buffer B for 10 min., 24 - 
60 % buffer B for 5 min., 60 - 100 % buffer B for 8.5 min., 100 % buffer B for 12 min, 

100 - O % buffer B for 4 min., 100 % buffer A for 8 min. Total run time: 52.5 min. Flow 

rate 1.5 d m i n .  

Nucleotide peaks were identified by comparing retention times with standard 

mixtures and by spiking samples with standards. Quantitation was performed by 

comparing the sample peak area to a standard peak area curve at 254 nm. A typical 

chromatograrn of a ce11 extract is s h o w  in Figure 2.1. Good separation of al1 nucleotides 

was achieved with a new column. As the column aged, the UTP and ADP peaks fused. In 

this case, the UTP peak area was determined by subtracting the calculated peak area of 

ADP concentration as determined by luminometry (section 2.7.3), from the füsed peak 

area. 

The possibility of interference with aromatic amino acids was considered by spiking 

with amino acid standards. Tiyptophan was the only amino acid which coeluted with a 

nucleotide (UDP-GalNac). However, a positive identification of the nucleotide was made 

by detemination of the characteristic absorbante ratio (A28dAZ14) of 0.33, which differed 

significantly from the corresponding ratio for tryptophan (1 -98). 



Figure 2.1 Gradient profiie and chmmatogmm of a cell extmct h m  a fed-batch 
culture of CC9C10 hybridomas. Peaks 1 = NAD, 2 = UDP-Glucose (UDP-Glc), 3 = 
WDP-N-acetyl galact~samHae (UDP-G~IN~C), 4 = UDP-N-m1 gh~0Samme (UDF 
GlcNac),S=AMP,6=GDP, 7=CTP, 8=ADP, 9=üTP,  8+9=ADP+UTP, 10= 
GTP, 11 = ATP. Ali other peaks are imlaiown componmts. 



2.7.2.1 HPLC buffers 

1) Buffer A 

46.8 g WZPOJ 

9.6 g K ~ ~ O J  

10.88 g tetrabutyl ammonium hydrogen sulfate 

Dissolved in 3.8 L water. The pH was adjusted 5.3 with 85 % (v/v) phosphoric 

acid. The solution was made up to 4 liters with water and filtered through a 0 . 2 ~  

AcroCap filter. 

2) Buffer B 

1050 ml buffer A 

450 ml methanol (HPLC grade) The pH was adjust to 5.9 with 

2.5 M KOH. 

2.7.2.2 Preparation of samples and standards 

Nucleotide extracts were diluted 1:l with a 50 % (v/v) solution of buffer A. 

Samples were mixed by vortex and centrifuged at 14 000 x g for 10 min at 4°C. Standards 

were prepared as follows: 

1) standard 1 (2.78 x 10" M) 

40 pl each of 1 x 10') M NAD, UDP-Glc, UDP-GalNac, AMP, GDP, CTP, UTP. 

+ 440 pi water 

+ 720 pi 50 % buffer A. The solution was mked and centrifuged as with 
samples. 



2) standard 2 (5.56 x 1 o4 M) 

100 standard 1 + 200 pl water + 200 pi 50 % buffer A. 

The solution was mixed and centrifuged as with samples. 

3) standard 3 (2.78 x 10" M) 

40 pi each of 10') M ADP, ATP, GTP, UDP-GlcNac. 

+ 560 pl water 

+ 720 pi 50 % buffer A. The solution was rnixed and centrifùged as with 
samples. 

4) standard 4 (5.56 x 1 o6 M) 

100 pl standard 3 + 200 pi water + 200 pi 50 % buffer A. 

The solution was rnixed and centrifûged as with samples. 

5) standard mix 

Standard 1 and standard 3 were mixed in a 1: 1 ratio. The standard mix was used at 

the beginning of each multiple mn to monitor retention time and column resolution. 

2.7.2.3 HPLC column and autoinjector set-up 

To avoid precipitation in the HPLC pumps and lines, water must be flushed 

through the system before the addition of buffer A and buffer B. 

1) The C-18 column was comected to the HPLC system and the methanol content 

reduced in the column from 70 % to O % by replacement with 0.2 pm fiItered water (Flow 

rate 1.5 d m i n ) .  Ail lines were purged with water for 5 minutes. 

2) The 20 % ethanol in the purging system of the autoinjector was replaced with 0.2 pm 

filtered water. Autoinjector lines were purged with water for 5 minutes. 



3) The water in the solvent conditioner was replaced with buffer A and buffer B. The 

HPLC lines were then purged with both buffers. The flow rate was set at 1.5 ml/min. at 

100 % buffer A. The HPLC system and autoinjector were now ready for sarnple loading 

and initiation of the gradient protocol(2.7.2) 

2.7.2.4 Column storage 

To store the colurnn, buffer A and buffer B in the solvent conditioner were 

replaced with 0.2 Fm filtered water. The system was flushed at 1.5 mVrnin for 20 minutes 

with water. Buffer B was then replaced with 100 % methanol and a gradient was mn from 

O - 100 % buffer B at 1.5 mlhin .  (i-e. a step increase of 10 % buffer B each 10 minutes 

was used). 100 % buffer B was then run for 10 minutes and decreased to 70 % buffer B 

for another 10 minutes. The column was removed and stored at room temperature. 

2.7.3 Quantification of adenylate nucleotides by luminometry 

2.7.3.1 Principle 

AdenyI nucleotides were quantified by using a modified biolurninescent assay 

(Lundin ef  al., 1986). This assay is based upon the quantitative measurement of a stable 

level of light produced from the reaction catalyzed by firefly luciferase in the presence of 

ATP (equation 2.1). Light ernission was measured with a luminescence photornoter 

(Luminometer 1250, LKB-Wallac) linked to a chart recorder (Mode1 SE 120, ABB 

Goerz, AG). 

ATP + lucifenn + O2 -O------- > oxyluciferin + AMP + PPi + C G  + light (Reaction # 1) 

firefly 
luci ferase 



The intensity of light emission is directly proportional to the ATP concentration 

ranging from 104 M to 10-l~ M. ADP and AMP can quantified by the bioluminescent 

method after enzymatic conversion to ATP. 

1) ADP conversion to ATP 

2 ADP + 2 phosphoenolpyruvate ---O---- > 2 ATP + 2 pymvate 
pyruvate 
kinase 

(Reaction # 2) 

2) AMP conversion to ATP 

A&p + CTp -------- > ADP +CDP (Reaction # 3) 
myo kinase 

2.7.3.2 Stock solutions 

1 )  1 .O M potassium acetate 

0.98 g potassium acetate was dissolved in 10 ml water and stored at 4°C. 

2) Tris-acetate buffer (0.1 M Tris, 6mM EDTA) 

1.2 1g Tris base 

0.06g. EDTA (fiee acid) 

Dissolved in 80 ml water. The pH was adjusted to 7.75 with acetic acid (2 M). The 

solution was made up to IOOrnl and stored at 4°C. 



3) ATP-MR (ATP monitoring reagent, luciferin-luciferase-Mg) 

1 via1 ATP monitoring reagent (LKB-Wallac) was reconstituted with 4200 pI Tns- 

acetate buffer and 1050 pi 1 M potassium acetate. Aliquots (1050 FI) were stored at 

1 via1 ATP standard (LKB-Wallac) was reconstituted with 10 ml water. Aliquots 

(300 pl) were stored at - 20°C. 

5) 0.2 M Phosphoenolpyruvate (PEP) 

125 mg tricyclohexylammonium salt of phosphoenolpyruvate was dissolved in 

13 75 pi Tris-acetate buRer. Aliquots (60 pl) were stored at - 20°C. 

6) Pymvate kinase (2000 U / d )  

Pyruvate kinase (5000 U, Sigma P9136) was dissolved in 2.5 ml Tris-acetate 

buEer. Aliquots (60 4) were stored at - 20°C. 

7) Myokinase (1750 U/rnl) 

Myokinase (5000 U, Sigma M5520) was dissolved in IO-fold diluted Tris-acetate 

buffer. Aliquots (120 pi) were stored at - 20°C. 

8) llOrnMCTP 

25 mg CTP (Sigma C9274) was dissolved in 100 p1 Tris 0.5 M pH 9 (Tris-buffer). 

20 pl aliquots of Tris-buffer was then added until the pH was between 6 - 7. The solution 

was diluted up to 400 pi with water. Aliquots (12 pi) were stored at - 20°C. 



2.7.3.3 Luminometry reagents (20 assays) 

1)  ATP-MR - 1 aliquot of 1050 pi kept on ice. 

2) PK - 60 CiI PEP (0.2 M) + 60 pi pyruvate kinase (2000 U/ml), kept on ice. 

3) MK - 12 CTP (1 10 mM) + 120 pi myokinase (1750 U / d )  kept on ice. 

4) ATP standard - 1 aliquot of 300 pl kept on ice. 

5) TA buffer - Tris-acetate buffer (0.1M Tris, 6rnM EDTA) kept at room temperature. 

6) TCA blank - 100 pl 6% (vh) TCA + 27 pl Tris (0.5 M, pH 9) neutralized with 2 M 

NaOH. 

2.7.3.4 Luminometry assays 

Assays were performed in luminometer polystyrene cuvettes. Solutions were 

mixed in cuvettes at the lowest vortex speed. Light ernission were read after each step 

until a stable line was achieved. After each completed assay, the cuvette was rinsed 

imrnediately with distilled water. For more thorough cleaning, cuvettes were rinsed with 

distilled water and filled with 1 M HCI ovemight. 

a) Blank assay (Figure 2.2A) 

1. Combine 430 pl TA buffer + 50 pl ATP-MR + 5 pl TCA blark . 

2. AddSpIPK 

3 .  Add 5 plMK 



b) standard assay (Figure 2.2B) 

1. Combine 430 pl TA buffer + 50 pl ATP-MR + 5 pl TCA blank. 

2. Add I O  pl ATP standard (STl). 

3. Add 5 pl PK. 

4. Add 10 pi ATP standard (ST2). 

5. Add 5 $ MK-CTP. 

6. Add 10 pl ATP standard (ST3). 

c) sample assay (Figure 2.2C) 

1. Combine 430 pl TA buffer + 50 pi ATP-MR + 5 pl TCA blank. 

2. Add 10 pi sample ( K A  nucleotide extract -seaion 2.7.1) 

3. Add 5 pl PK. 

4. Add 5 pi MK. 

2.7.3.5 Calculation of ATP, ADP and AMP concentration 

Refer to Figure 2.2 

ATP in sample (pM) = sATP IV') x concentration of ATP standard. 
sri (V) 

A D P  in sample (pM) = sADP (V) - PK (il) x concentration of ATP standard. 
ST2 (V) - PK (V) 

AMP in sarnple (p.M) = sAMP (IO - MK IV) x concentration of ATP standard. 
ST3 (V) - MK (V) 



STZ 

Tirne (min) 

Figure 2.2 Measurernent of ATP, ADP and AMP concentration with a 
bioluminescent assay. A) blank assay; B) standard assay; C) sample assay. 
PK - pynivate kinase + phosphoenolpymvate; MK - myokinase + CTP; STl , ST2 and 
ST3 - ATP standards (10" M). 



2.8 Glucose and lactate analysis 

Ce11 culture supernatants (25 pi) were injected into a YS1 Mode1 27 glucose/lactate 

analyzer (Y SI Instruments) containing a glucose oxidase or lactate oxidase membrane. 

The analyzer was calibrated with either glucose standards (YS1 Instruments, glucose 200 

rnglml or 500 mg/ml) or lactate standards (YS1 Instruments, lactacte 15.00 mM). The 

anaiyzer was calibrated after every 5 - 6 samples. In cases where lactate concentrations 

exceeded detection lirnits, ce11 culture supernatants were diluted 1 :2 with distilled water. 

2.9 Glutamine analysis 

2.9.1 Principle 

The concentration of glutamine in ce11 culture supernatant was quantified by a 

modification of an enzymatic method descnbed by Lund (1985). Glutamine was first 

converted to glutamate by glutaminase at pH 5.0 (Reaction # 1). In Reaction X 2, 

glutamate conversion to 2-oxoglutarate by glutamate dehydrogenase was coupled to the 

reduction of NAD+ to NADH. To overcome the unfavorable kinetics a high concentration 

of NAD, a low proton concentration (pH 9.0) and a trapping agent for 2-oxoglutarate 

(hydrazine hydrate) were used. The ADP in Reaction # 2 is a glutamate dehydrogenase 

activator. The formation of NADH is proportional to the concentration of glutamate and 

was measured by the change in absorbance at 340 nrn. 

(Reaction # 1) 

L-glutamate + NAD+ + ~~0 ...................... > 2-oxoglutarate + NI&- + NADH 
glu tamate dehydrogenase 

ADP (Reaction # 2) 



2.9.2 Stock sotutions 

1) Acetate buffer (OSM, pH 5.0) 

a) 6.8 g sodium acetate trihydrate was dissolved in water and made up to 100 ml. 

b) 2.9 ml acetic acid was diluted with 100 ml water 

67.8 ml of solution (la) was rnixed with 32.2 mi solution (lb). The pH was 

checked and adjusted to pH 5 .O if necessary with solution ( la) or (1 b). 

2) GIutarninase (10 k m )  

Glutaminase (Sigma G5382) was dissolved in 10 fold diluted acetate buffer to 

obtain lOkU/L. The solution was aliquoted into 250 pI quantities. 

3) Hydroxylarnine hydrochioride(2OmM) 

13.9 mg hydroxylarnine hydrochloride was dissolved in 10 ml water 

4) L-glutamine standard (1 00rnM) 

146 mg L-glutamine was dissolved in 10 ml water. 

5) Tns-EDTA (Tris 0.25M. EDTA 5rn.M) 

3g Tris base and 185 mg disodium EDTA was dissolved in 100 ml water. 

6) Hydrazine hydrate 64% (wh)  

7) P-NAD (30mM) 

200 mg P-NAD (free acid) was dissolved in 10 ml water. Aliquot were made in 1.5 

ml quantities. 



8) ADP (1OOmM) 

48.0 mg ADP-sodium sait was dissolved in 800 ml water, neutralized with 50 - 
100 pi NaOH (2M), and made up to I ml with water. Afiquot were made into 150 pl 

quantities. 

9) Glutamate dehydrogenase (GDH) 

Sigma G2626 ,2500 kU/L 

10) TndHydrazine buffer 

9 ml Tris-EDTA (5) + 1.125 ml hydrazine hydrate (6) were mixed together and 

the pH adjusted to 9.0 with 5 M HCl. The solution was made up to 15 ml with water. The 

Tnshydrazine buffer was stable for 1 week at 4°C. 

Solutions 1, 3, 5 and 9 were stored in 4°C. Solutions 2, 4, 7, 8 are stored at -20°C. 

2.9.3 Assay 

The following solutions were made prior to use. Quantities were sufficient for one 

96 well plate analysis. 

Solution A: 2.16 ml acetate buffer (1) 

1 -08 ml hydroxylamine (3) 

1.155 ml water 

Solution A was kept in a 37°C water bath, and 108 pi 
glutaminase(2) was added prior to use. 

Solution B: 2.16 ml acetate buffer (1 ) 

1 -08 ml hydroxylarnine hydrate (3) 

1.265 ml water 

Solution B was kept in a 3PC water bath 



Solution C: 

Glutamine : 
standard 

3.1 mi water 

This solution was put in a 37°C water bath for 15 min. 1.44 ml 
NAD (7) , 144 pi ADP (8) and 90 pl GDH (9) were then added to 
just prior to use. 

stock solution (4) was diluted in water to give doubling 
dilutions ranging fiorn 0.5m.M to 0.03 125mM 

2.9.4 Procedure 

A 96 well plate (NUNC) was divided into 2 sections. The first section (A) was 

treated with solution A (conversion of glutamine to glutamate). The second section (B) 

was treated with solution B (no conversion). 

1) 70 pI samples were pipetted into wells. Each sample was present in both sections (A 

and B) of the 96 well plate. 70 pl standard glutamine solutions were pipetted on the 

solution A section (in duplicate). 

2) 50 pl solution A was added to wells in section A. 50 pi solution B was added to wells 

in section B. The plate was covered with parafilm and incubated in a Thermomax 

multiplate reader (Molecular Devices) or in a CO2 incubator for 75 min. at 37OC. 

3) After the incubation period, 120 pl solution C was added to al1 of the wells. The plate 

was covered with parafilm and incubated in a Thermornax multiplate reader (Molecular 

Devices) or in a CO2 incubator for 30 min at 37°C. After the incubation penod, 

absorbance was read at 340 nm with the Thermomax multiplate reader and data was 

analyzed with Sofimax software (Molecular Devices). 



4) To calculate the concentration of glutamine in a sample, the absorbance at 340 nm was 

compared to the linear glutamine standard curve. Values for samples in section B (x) were 

then subtracted from values for samples in section A (glutamine + x). X was the 

background value of glutamate and interfenng amino acids. 

2.9.5 Preparation of samples 

Sarnples to be treated with solution A had glutamine concentrations in the range of 

0.05mM - OSmM for andysis. Samples were diluted with water to fa11 within this range. If 

the expected glutamine concentration was between 2 - 6 mM, samples were diluted 111 5 

and 1/10. If the expected glutamine concentration was between O - 1 mM, samples were 

diluted 1/5, or not diluted. 

Samples to be treated with solution B had glutamate concentrations in the range of 

0.05mM - 0.Sm.M. Dilutions of 1/5 and no dilution of sampies were found to be sufficient 

to fa11 within this range in batch culture sarnples. 

2.10 Ammonium ion analysis 

The concentration of ammonium ion (NHi-) in a sample was determined by 

converting m' to ammonia gas (NI-33) by the addition of concentrated NaOH. The 

amount of N H 3  formed in the reaction was directly proportional to the m' concentration 

and was measured with a specific ammonia probe (Orion 9512) comected to an electrode 

meter (accumet 25, Fisher). Quantification of NHi' in a culture sample was done by 

comparing to a standard curve. 

Standards (1 ml) ranging from 0.1 - 10 mM were put in test tubes containhg a 

mini-magnetic stir bar. 10 pi NaOH (10 M) was added to the tubes just prior to inserting 

the probe. The ammonia probe was placed in the solution ensuring that no air bubbles 

were trapped under the electrode membrane and the solution was rnixed at low speed. The 



mV reading was allowed to stabilize (2 - 3 min.) and the final value was recorded. A 

computerized standard curve was generated by the electrode meter. Subsequent analysis 

of culture sampies were displayed as mV or rnM units. Ceil culture sampies (200 pl) were 

diluted with 800 pl distilled water. The 1 ml diluted samples were analyzed in the same 

manner as standards. 

2.11 Bicinchoninic protein assay 

The concentration of protein in a solution was determined by a modification of the 

bicinchoninic assay described by Smith et ai. (1985). The reagents for the assay were 

available as a kit from Sigma. 

2.1 1.1 Stock soIutions 

1) Bicinchoninic acid solution - Reagent A. 

2) Copper sulfate pentahydrate 4 % solution - Reagent B 

3 )  Protein standard solution 

100 mg of bovine serum albumin was dissolved in 1 O0 ml saline solution (0.15 M 

NaCl. 0.05 % sodium azide). 

2.1 1.2 Assay 

1) The required amount of protein determining reagent (PDR) was prepared by adding 1 

part reagent B to 50 parts reagent A. 



2) Protein standards ranging corn 0.2 - 1.0 m g h l  were prepared by diluting stock 

solution (3) in distilled water. Distilled water (i.e. O m g h l  protein) was used as a blank. 

3) Samples were prepared by diluting in distilled water so that the concentration would fa11 

within the protein standard range. 

4) 2.0 ml PDR was added to 100 pl sample, standards or blanks and vortexed. Tubes were 

incubated at 37°C for 30 minutes. 

5) The tubes were cooled at room temperature for 1 hour. The absorbances were then 

read at 562 nm with a spectrophotometer (IAtraSpec II, Pharmacia) using the tube 

containing O mg/mI protein to zero the instrument. 

6) The concentrations of unknown sarnples were determined by comparing absorbances to 

a protein standard curve and then multiplying by the dilution factor of the unknown. 

2.12 Quantitation of apoptosis and ce11 viability using fluorescent dyes (Mercille and 

Massie, 1 994a) 

2.12.1 Reagen ts 

1 ) Dye rnix working solution (1 00 &mi) 

5 pl acridine orange (10 m g l d )  and 5 pl ethidium brornide(l0 m g h i )  were diluted 

in 490 pl of Dulbecco's phosphate buffered saline (Gibco) and stored at 4°C. Both dyes 

were purchased from Molecular Probes. 



2-12.2 Procedure 

A volume of 4 pi of dye mix was added to 100 pl of ce11 suspension. The mixture 

was placed on a microscope slide and covered with a coverslip. The slide was examined at 

400 x with a fluorescence microscope using a mercury lamp as source of illumination. The 

fluorescence microscope was fitted with a filter combination suitable for observing 

fluorescein (i. e. exciter filter B and banier filter 5 1 5 W). 

Acridine orange (AO) is a membrane permeable dye that intercalates into double 

stranded DNA (dsDNA) and makes it appear green. Ethidium bromide (EB) is a 

membrane impermeable dye that intercalates into dsDNA and makes it appear orange. The 

integrity of the membrane was therefore detennined by the color of the chromatin. Cells 

with intact membranes had green chromatin due to AO. Cells with damaged membranes 

had orange chromatin due to both EB and A 0  intercalation (In this case EB fluorescence 

overwhelmed A 0  fluorescence). 

The morphology of cellular chromatin was used to distinguish between apoptotic 

and nonapoptotic cells. Non apoptotic nuclei showed a difise fluorescent intensity 

reflecting the distribution of the chromatin. Apoptotic nuclei, in contras, exhibited highly 

condensed chromatin that was uniformly stained. The condensed chromatin appeared as 

groups of spherical beads or in the form of crescents around the penphery of the nucleus. 

This type of condensation was easily distinguishable frorn that observed during ceIl 

division which was more ordered. 

A minimum of 200 total cells were counted per ce11 culture sarnple. Four distinct 

type of cells were recorded according chromatin morphology and membrane integrity: 

1) Viable cells (V) - green chromatin with diffiise fluorescence intensity (Fig. 2.3) 

2) Apoptotic cells with intact membranes (Aprn') - condensed green chromatin in the 

shape of beads or crescents (Fig. 2.3) 



3). Apoptotic- cells with damaged membranes (Apm3 - condensed orange chromatin in the 

shape of beads or crescents (Fig. 2.3) 

4) Non-viable or necrotic cells (N) - orange chromatin with diffuse fluorescence intensity 

(Fig. 2.3) 

The percentage of each type of ce11 was determined in relation to total celIs counts 

(i.e. % V = V/ total ce11 x 100 %). Apoptotic cells with intact membranes (Apm3 were 

considered to be cells in the early stages of death and were included in calculations of the 

total dead ce11 population (i.e. total dead cells = Apm' + Apm' + N). Photographs 

of cells were taken with camera mounted on the fluorescence microscope. Kodak 

Ektachrome daylight color slide 400 film was used with exposure times ranging from 5 - 

20 seconds. 



Figure 2.3 Fluorescent photomicrographs of CC9C10 hybndomas stained with 
acridine orange and ethidium bromide. 
(A) Viable ce11 (v) and apoptotic ce11 with damaged membrane (a). 
(B) Viable cells (v) and apoptotic ce11 with intact membrane (am). 
(C) Necrotic cell. 
@) Mitotic cell. 



2.13 Determination of oxygen consumption rate (Wohlpart el al., 1990) 

Oxygen concentration was determined with an oxygen probe (YS1 Model 5331) 

comected to a biological oxygen monitor (YS1 Model 5300) and a chart recorder (Model 

SE 120, ABB Goerz AG). Filtered air was bubbled in 37OC distilled water and used to 

cdibrate the probe to 100 % dissolved oxygen at air saturation. The bioiogical oxygen 

monitor had an electronic zero. Calibration was done every 7 samples. 

The calibrated probe was inserted into a YS1 glass chamber containing 10 ml of 

ce11 suspension (5 x 10' cells/rnl) and a 20 mm Teflon coated magnetic stir bar. The probe 

was inserted making sure that aîi the air was removed from the charnber. The assembly 

was put in a 37°C stirred water bath containing a subrnergible stir plate set at 700 rpms. 

Oxygen depletion was monitored for 10 - 15 minutes. The specific oxygen uptake rate 

(OUR) was calculated from the dope of the oxygen concentration (expressed as % of air 

saturation) versus tirne. It was assumed that an air saturation value was 224.7 pM at 37°C. 

OUR = % O depletion x 224.7 umol Oz x 106 cells 
(pmol Oz/hour per 106 cells) time (100 %)(1000 ml) ceil concentration 

where tirne is expressed in hours and cell concentration is expressed in cells/ml. 

Sirnplified formula: 

OUR - - % 01 depletion x 2247 
(pmol Ozhour per 1 o6 cells) (time)(celI concentration) 



2.14 Mathematical fomulae 

2.14.1 Maximum specific growth (b-) 

The maximum specific growth rate (b) is defined as: 

Where N and No are ce11 concentrations at tirne points t and to dunng the 

exponential growth phase 

2.14.2 Viability index (VI) 

The viability index (VI) is defined as: 

Where X .  is the viable ce11 concentration at time point t. The VI was calculated 

fiorn the integration of the viable ceil density curve versus tirne curve by the trapezoidai 

rule (SigmaPlot software). 

2.14.3 Specific production and consumption rates 

The specific consumption/production rate of media components during batch 

culture (qc) was calculated fiom the slope of the viability index (VI) versus component 

concentrat ion: 



Where C and Co are concentrations of media components at time t and to. Where 

VI and Vro are the viability index values at time points t and to. (Note: t and to are 

chosen in the linear part of the curve). Qc is measured in pg/l o6 cell-days or y moi/ 1 o6 cell- 

days. 



CHAlPTER 3 

3. Development of a serum-free medium 

3.1 Introduction 

Hybridomas are designed for the purpose of producing large quantities of 

monoclonal antibodies which have become important tools in biological research and 

medical applications. Traditionally, basai nutrient medium has been supplemented with 

animal semm (5 - 10 % v/v) in order to sustain the growth of hybridomas as well as many 

other ce11 types (Bames and Sato, 1980; Bjare, 1992). Basal nutnent medium is a complex 

isotonic mixture of chemicaily defined components such as amino acids, carbohydrates, 

vitamins and salts (Eagle, 1955; Lambert and Birch, 1985). Serum, the supernatant of 

clotted blood, however contains many ill-defined growth factors and cornpounds essential 

for ce11 growth (Shacter, 1989). This chernically undefined soup of proteins may also Vary 

between batches resulting in inconsistencies in ceil growth and adds to the difficulty of 

product purification (Glassy et al., 1988). Depending on the source, serum can account 

for more than haif of overall medium cost. These disadvantages as well as concems over 

serurn's safety in producing medical products for humans has led researchers to find 

alternative medium additives. Media which exclude animal semm fiom its formulation is 

commoniy known as serum-fiee. Serum cm be replaced by purified proteins, lipids, trace 

elements, peptides and other nutnents (Lambert and Birch, 1 985; Murakami, 1 989). The 

first objective of this research project was therefore to develop a serum-fiee medium for 

the CC9C 10 hybndoma ce11 line. 



3.2 Results 

3.2.1 Establishment of a suitable serum-based medium for CC9CIO growth 

Upon receipt From the Arnerican Type Culture Collection, CC9ClO hybridomas 

were cultured in RPMI 1640 basal medium (Gibco) supplemented with 10 % fetal calf 

serum as suggested by the supplier. Fetd calf serum was subsequently replaced with iron 

e ~ c h e d  calf semm (Fe-CS), a cheaper semm source, with no significant effect on ce11 

growth (data not shown). The basal medium was also eventually replaced by DMEM 

(Gibco), which exhibited sirnilar growth promoting properties as RPMI 1640 (data not 

shown). The switch to DMEM was initially due to the benefits of using a single basal 

medium in the laboratory ( Le. sharing of supplies and reduction of costs). CC9CIO 

hybridomas were routinely maintained in serurn supplemented DMEM until a suitable 

serum-free formulation was found. The typical maximum viable ceil density obtainable in 

DMEM (+ 10 % Fe-CS) was 2.0 x 106 celldrnl in batch culture over 4 days and following 

an inoculation of 1 x 10' cells/mi. 

3.2.2 Adaptation to a commercial serum-free medium 

CC9CIO hybridomas grown in DMEM (+ 10 % Fe-CS) were easily weaned to a 

serum level of 2 % by a gradua1 reduction of supplemented semm over 6 passages. m e r  6 

passages at the 2 % semm level, cells were transferred directly to H-SFM (Gibco), a 

commercial serum-free medium designed for hybndomas. CC9ClO hybndomas were 

passaged 5 times in H-SFM before cornparhg growth profiles with cells grown in DMEM 

(+ 2 % Fe-CS). Exponentially growing cells from each stock culture were collected by 

centrifugation and resuspended at 1.3 x 10' cells/d in 30 ml of each medium. Experiments 

were carried out in duplicate in 75 cm2 T-flasks over 174 hours. As shown in Fig.3.1, 

hybridomas grown in H-SFM reached a 26 % higher maximum viable ce11 density (1.32 x 



Time (houn) 

Figure 3.1 Growth profiles of CC9C10 hybridomas in serum-supplemented and 
serum-free media. Hybridomas previously adapted to DMEM (+ 2 % Fe-CS) or H-SFM 
were inoculated into T-flasks (75 cm2) containing 30 ml of each respective medium. 
Cultures were inoculated at 1.3 x 10' celis/ml in DMEM supplemented with 2 % Fe-CS, 
(O); or H-SFM (a). Viable ce11 concentration values are the mean * S.E.M. corn two 
identical flasks inoculated from the same ce11 stock. 



106 celldml) compared to 2 % serum-based cultures (1 -04 x 106 cells/ml). The ce11 density 

of cultures grown in 2 % serum-based medium was consistently lower than ce11 density of 

cultures grown in 10 % serum-based medium. H-SFM cultures also had a 20 % higher 

w a x  (0.03 1 K') compared to cultures grown in 2 % serum (0.026 Y'). Cells grown in 

semm-based medium however had a prolonged stationary phase (50 -70 hours) while H- 

SFM cultures had a relatively short stationary phase (20 hours). 

3.2.3 Development and optimuation of a serum-free medium specific for CC9C10 
cells 

The first step taken in developing a "homemade" semrn-fiee medium was to find a 

suitable stariing formulation. A literature search revealed a promising formulation which 

had shown success with several hybridoma ce11 lines including SP2/O derived cells. This 

medium developed by Tharakan et ai. (1986), abbreviated in this text as T-SFM was 

cornposed of DMEM, insulin, transfemn, NaSe, ethanolamine and 2-mercaptoethanol 

(Table 3.1). M e r  it was established that CC9C 1 O cells were growing well in H-SFM, they 

were graduaily shified to the T-SFM formulation. The H-SFM medium was replaced in 

steps of 50, 75, 88 and 94 % T-SFM over a 3 week period. Adaptation to 100 % T-SFM 

was however not successful. Passaging CC9ClO hybndomas in T-SFM resulted in 

elevated ce11 death (> 60 %) within the first 24 hours of incubation and reduced ce11 

growth. A maximum of 3 passages in T-SFM was possible before total cell death 

occurred. The elimination of NaSe fiom the T-SFM formulation did not alleviate this 

problem. The removai of 2-mercaptoethanol from the formulation however did prevent 

ce11 death in the first 24 hours of incubation and improved ce11 growth. Reduction of the 

ethanolamine concentration corn 20 pli4 to 10 p.M also improved ce11 yields slightly. 

However continuous passaging in this modified T-SFM (mT-SFM) was not successful and 

ultirnately led to CC9C 1 O culture death. 

The mT-SFM formulation was improved funher to the medium formulation, J- 

SFM, by Dr. Jan in our laboratory (Table 3.1). The addition of 100 pM 



Table 3.1 The composition of serum-free formulations. Al1 media contained 25 mM 
glucose, 3.7 g/L NaHC03 and 8.1 m g R  phenol red 

Semm-fiee medium T-SFMa mT-SFM J-SFM NB-SFM 

basai medium DMEM~ DMEM? DMEM? DMEM: Ham's FI 2' 

insulin (pg/ml) 10 10 10 10 

transfemn (&ml) 1 O 10 10 1 O 

phosphoethanolamine (ph4) ---- _-__ 1 O0 100 

a- Tharakan el al. (1986) 
b - contains 4 mM glutamine 
c - contains 6 rnM glutamine 



phosphoethanolamine, 0.1 % (w/v) Pluronic F-68 and 6 mM glutamine was sufficient to 

allow continuous passaging of CC9C 10 cells. 

Further optimization upon J-SFM was made by changing the DMEM basal 

medium to a 1 : 1 mixture of DMEM: Ham's P l 2  and by adding 10 nM NaSe. The 

comparison of growth of CC9ClO cells in the difFerent media is shown in Fig.3.2. 

CC9ClO hybridomas which had been growing in 6 % H-SFM: 94 % J-SFM were 

collected by centrifugation and resuspended at 2 x 105 cellslml in 10 ml senim-free 

medium differing in basal medium and Nase content. Cultures were grown in 25 cm2 T- 

flasks in duplicate. As seen in Fig.3.2, serum-free medium composed of DMEM: Ham's 

FI2 and Nase was optimal for growth. Nase caused a 32 % and 6 % increase in the 

maximum viable ce11 density in DMEM and DMEM: Ham's F12 basal medium 

respectively. Maximum celi densities were also maintained for a prolonged period in 

cultures grown in serum-free media containing DMEM: Ham's F I 2  instead DMEM. 

Senim-fiee medium containing DMEM: Ham's F12 and Nase was also optimal in 

independent expenments in which CC9C IO cells were directly transferred from H-SFM 

(data not shown). 

The last step in medium optirnization was the increase in the glucose concentration 

of the DMEM: Ham's F12 which normally contains 17.5 rnM glucose. The comparison of 

growth and metabolism of CC9C I O  hybridomas in serurn-free medium containing 17.5 

mM or 25 m M  glucose is shown in Fig.3.3. Hybridomas which had been growing in 

modified J-SFM @MEM:Harn's F 12, insulin, transfemn, ethanolamine, 

phosphoethanolamine, Pluronic F-68 and NaSe) were inoculated at 1.2 xlo5 cells/ml by 

dilution in media containing 17.5 mM (low) or 25 mM (high) glucose. The 30 ml cultures 

were grown in duplicate in 75 cm2 T-flasks. Cell growth in both media was similar for the 

first 72 hours. At 96 hours, cultures in the high glucose medium reached a 30 % higher 

maximum ce11 density than cultures inoculated in the low glucose medium. A reduction in 

the viable ce11 density was observed in the low glucose medium at 120 hours and this was 

concomitant with the total depletion of the carbohydrate. A decrease in the viable ce11 

density of the high glucose medium culture however only occurred at 168 hours, 48 hours 

later than the low glucose culture. Ce11 death in the high glucose culture was also 



coincident with glucose exhaustion. Analysis o f  both media indicates that glutamine may 

d s o  have been a limiting factor &er 120 hours (data not shown). 

The DMEM: Ham's F12 based serum-fiee medium containing 25 rnM glucose was 

s h o w  to be optimal for ce11 growth and yield. This medium was used for routine CC9C 10 

stock culture maintenance and in ail subsequent expenmentd procedures. The formulation 

o f  this "homemade" semrn-free medium is s h o w  in Table 3.1 and was designated as NB- 

SFM. 



Time (hours) 

Figure 3.2 The effect of basal medium and NaSe on the growth 
hybridomas. Hybridornas previously adapted to 6 % H-SFM: -94 % J-SFM were 
inoculated into T-flasks (25 cm2) containhg 10 mi of modified J-SFM. J-SFM 
formulations differed in basal medium and Nase content: DMEM: Ham's F12, (a), 
DMEM: Ham's F12 supplemented with 10 n M  NaSe, (O); DMEM, (V); DMEM 
supplemented with 10 nM NaSe, (V). Initial ce11 density was 2.0 x 10' cells/ml. Viable ce11 
concentration values are the mean from two identical flasks inoculated from the same ce11 
stock. Errors were less than 10 % of the mean. 
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Figure 3.3 The effect of initial medium glucose concentration on the growth of 
CC9ClO hybridomas. Hybndomas previously adapted serum-free medium (DMEM: 
Ham's F 12, insulin, transfemn, ethanolamine, phosphoethanolarnine, Pluronic F-68 and 
NaSe) were inoculated by dilution into T-flasks (75 cm2) containing the same medium but 
with different glucose levels: 17.5 mM glucose, (0, 0); 25 rnM glucose, (V,V). Initial ce11 
density was 1.3 x 10' ceIls/mi in 30 mi total volume. Glucose concentration is represented 
by open symbols. Viable ce11 concentration is represented by closed symbols. Viable celi 
density and glucose concentration are the mean from two identical flasks inoculated from 
the same ce11 stock. Errors were less than 10 % of the mean. 



3.3 Discussion 

There are several advantages in using senim-fiee medium rather than serum- 

supplemented medium in animal ceIl cultures. Serum-fiee medium is a chemically defined 

mixture which can be prepared consistently. In contrast, supplements such as serum render 

the medium chemically undefined. Semm is a complex mixture of known and unknown 

constituents subject to variations according to genetic, dietary and veterinary history of 

the animal from which it was obtained (Shacter, 1989). Serum-free medium also reduces 

the risk of infeaious agent contamination and simpIifies purification of protein products 

(Glassy et al., 1988). 

In this study, CC9ClO hybridomas which were traditionally grown in serum- 

supplemented medium were conditioned to grow in low serum and serum-free media by 

adaptation. The adaptation consisted of a weaning procedure in which semm in the 

medium was decreased gradually. Low semm containing medium was then replaced by a 

commercial serum-fiee medium, H-SFM (Gibco). The reduction of serum concentration in 

the medium fiom 10 % to 2 % resulted in a 50 % decrease in the maximum viable ce11 

density obtainable. This is consistent with findings from other labs and is probably due to a 

dilution of essential growth factors (Tharakan et al., 1986). Cells adapted to low semm (2 

%) were then successfully transferred to H-SFM without any further loss of ce11 yield. H- 

SFM gave slightly higher maximum viable ce11 densities but shortened the stationary phase 

compared to 2 % serum supplemented cultures. Although cells grew well in H - S M ,  the 

medium formulation was proprietary and essentially undefined. Growing CC9CIO 

hybridomas in H-SFM was therefore used as a stepping stone in the adaptation of cells to 

a "homemade" semm-fiee medium. 

There are numerous published serum-f'iee media formulations that have been 

developed for the in vitro growth and productivity of hybndoma ce11 lines (Kawarnoto et 

al., 1983; Tharakan et of., 1986; Murakami, 1989; Kimata et al., 199 1). Most of these 

formulations consist of comrnonly available commercial media such as DMEM, RPMI 

1640 or Ham's F12 which have been supplemented with ITES (Le. insulin, ~ansferrin, 

ethanolamine and ~elenium). Insulin is a srnaII hormonal polypeptide t hat stimulates - 



glucose uptake and synthesis of RN4 protein and lipids (Schubert, 1979). Insulin is 

included in most serum-free formulations. Transfemn, an iron-binding glycoprotein, 

facilitates the transport of the metai ion across the plasma membrane and may also act to 

detoxi@ trace metals (Trowbridge and Omary, 1981; Bretscher, 1985). Ethanolamine has 

been shown to optimize hybridorna growth in serum-fiee medium (Murakami, 1989). Its 

exact function is unknown but it is likely associated with lipid synthesis (Glassy et a/., 

1988). Selenium is a CO-factor of glutathione peroxidase, an important metabolic 

detoxifier (Nielsen, 198 1 ). 

Tharakan et a h  medium formulation (1 986) which consists of DMEM, ITES and 

2-mercaptoethanol has been s h o w  to be successfùl with a SP2/0 derived hybndoma. 

(Note: CC9ClO is a SP2/0 denvative, Schroer et. al. 1983). Attempts to adapt CC9CIO 

hybridomas to Tharakan et al's formulation (T-SFM) were not successfÛ1. As is the case 

with many published formulations it was necessary to modiQ components to meet specific 

needs. It has been observed in other laboratories that different hybndornas (even when 

they are closely related) may Vary slightly in their growth requirements and as a 

consequence individual optimkaiion for each ce11 line is essential (Fazekas de St . Grot h, 

1983; Glassy et al., 1988; Shacter, 1989). Several modifications to T-SFM were needed to 

adapt CC9CIO cells to the serum-fiee medium. It was found that the removal of 2- 

mercaptoethanol from the medium increased ce11 culture survival. This is in contrast to 

other ce11 lines in which the presence of 2-mercaptoethanol has been shown to stimulate 

cystine uptake, restore the reduced form of glutathione and facilitate the transition from 

G1 to S phase of the ce11 cycle (Broorne and Jeng, 1973). Other modifications to the 

formulation included reducing the ethanolamine concentration; increasing the glucose, 

glutamine and NaSe concentration; and adding phosphoethanolamine and Pluronic F-68. 

Phosphoethanolamine probably has the same function as ethanolamine (Murakami et al., 

1989). Pluronic F-68, a synthetic CO-polymer of propylene oxide and ethylene oxide, is 

effective in preventing ce11 damage dunng ce11 culture suspension, rnixing and aeration 

(Michaels et al., 1 99 1 ; C hattopadhyay et al., 1 995). 

Replacing DMEM with a 1 : 1 mixture of DMEM and Ham's F12 dso resulted in 

better ce11 yields. This dflerence in ce11 yield may be related to the additional components 



present in Ham's F 12 such as CU'*, ~ n ' >  biotin and vitamin B 12. In particular, has 

been show to be important in the biologicd activity of insulin, a major component of 

semm-fiee formulations (Butler, 1992). 

3.4 Conclusion 

CC9C 1 O hybndomas were conditioned to grow in "homemade" serum-free 

designated as N B - S N  by an adaptation procedure (Table 3.1). NB-SFM was used in ail 

subsequent experiments and any modifications to the formulation (Le. glucose or 

glutamine concentration) are indicated for each expenrnent. 



CHAPTER 4 

4. Effixt of temperature on nucleotide pools and monoclonal antibody production 
in CC9ClO hybridomal. 

4.1 Introduction 

The increased commercial importance of monoclonal antibodies (Mabs) has 

resulted in attempts to optimize their yield in ce11 culture systems. The amount of Mab that 

can be produced from a ce11 culture is dependent on factors such as the specific Mab 

production rate (qMab) and maintenance of culture viability. Various repons have 

indicated that high antibody productivity occurs under conditions that are not optimal for 

hybrîdoma ce11 growth. Culture conditions of hyperosmolarity, high temperature or the 

addition of growth inhibitors have al1 been s h o w  to cause an increase in specific 

monoclonal antibody production rates (Sureshkumar and Mutharasan, 1990; Ozturk and 

Palsson, 1991 b; Modha et al., 1992). This suggests the possibility of dissociating the 

conditions of optimal qMab from the conditions that are optimal for ce11 growth in the 

development of culture strategies that maxirnize the final volurnetric titer of Mab (Oh el 

al., 1993). The rationale is to attain a high ce11 density prior to establishing conditions for 

optimal qMab. 

Optirnization of hybridoma ce11 culture productivity depends on a better 

understanding of how antibody synthesis is regulated. In some cases, higher qMab at 

reduced growth rates c m  be explained by ceiis remaining in the Gl phase of the ce11 cycle 

for relatively longer time periods. (Bonh et al., 1992). However, such an explanation is 

not applicable to ail experimental data (Bloemkolk et al., 1992). Monoclonal antibody 

production has also been monitored in relation to culture parameters such as nutrient 

consumption and waste accumulation. These parameters however are insufficient in 

explaining differences in Mab production rates. 

I The contcnts of this chaptcr wert includcd in a papcr: Barnabé, N., and Butîcr, M (1994) E t k t  o f  temperature on 

nuclcotide pools and monoclonaI antibody production in a mousc hybridoma. Bio~eclwiol. Bioeng. 44: 1235 - 1 245. 



Analysis of intraceliular nucleotides may prove to be more useful because they are 

involved in all areas of metabolism. In addition to being substrates, products and energy 

carriers, nucleotides play an important role in the regulation of cellular processes and 

pathways (Atkinson, 1977). Fluctuations in the nucleotide pools cm therefore lead to 

changes in cell behavior. One study has show that imbalances in nucleotide pools 

correlate with ce11 cycle phases, proliferation, differentiation and transformation of 

rnyelocytes (De Korte et al., 1987). Other studies have demonstrated that nucleotide pools 

are good indicators of growth behavior in mamrnalian and plant cells (Meyer and Wagner, 

1985; Ryll and Wagner, 1991). 

In this chapter, we investigate the relationship between incubation temperature, 

Mab production and nucleotide pool imbalances. Increases in Mab productivity coincident 

with temperature increases in the range of 33 to 39°C have been reponed previously in 

mouse hybridomas (Reuveny et al., 1986; Sureshkumar and Mutharasan, 1990). In other 

hybridoma cell lines incubation temperature has no effect on qMab (Bloemkolk el al., 

1992). The purpose of our investigation was to determine whether culture temperature 

affected qMab in the CC9ClO hybridoma which has been well characterized in our 

laboratory (Petch and Butler, 1994) and to determine whether such changes could be 

correlated with changes in intracellular nucleotide pools. 

4.2 Experimental set-up and analysis 

CC9C 10 hybridomas taken from the mid-exponentiai phase of stock cultures were 

inoculated by dilution into 150 cm2 T-flasks containhg NB-SFM (25 mM glucose, 6 mM 

glutamine). The 90 ml cultures were incubated for 7 days at various temperatures with 

daily removd of samples (2- 4 ml) for analysis. Three incubation temperatures were used: 

3 3 T ,  37°C and 39°C . Due to Iimited space, ody one incubator charnber was set at a non- 

standard temperature (33 or 39°C) at a given time. Each experiment was cornpared to a 

control culture at 37°C and prepared in duplicate from the sarne ce11 inoculum. For the 

temperature shift experiment, cells were grown at 37C for 2 days and then transferred to 



33°C or 39°C. To prevent glucose and glutamine limitation in the medium, ail cultures 

were fed daily starting on day 2 with 5 m M  glucose/day and 1 m o l  glutamine/lo6 cells 

per day as previously described (section 2.3) The pH of cultures were also adjusted with 

sodium bicarbonate when necessary (section 2.3). 

Viable ce11 density was determined by the trypan blue exclusion method and Mab 

concentration by HPLC (section 2.5.1 and section 2.6.1). Glucose, lactate and glutamine 

concentrations were determined enzymatically (section 2.8 and 2.9). The concentration of 

ammonia was determined with a specific probe (section 2.10). Two methods were used to 

evaluate the intracellular nucleotide pools of the CC9C 1 O hybridomas dunng culture 

growth. Trichloroacetic acid extracted nucleotides were quantified by ion pair reverse 

phase liquid chromatography (section 2.7.2). Adenyl nucleotides (ATP, ADP, AMP) were 

also analyzed by luminometry (section 2.7.3). The two analytical methods gave similar 

values for ATP and AMP (less than 10 % difference). 

4.3 Resuits 

4.3.1 Growth profile and Mab production 

The growth profiles for the CC9C I O  cells at various temperatures are shown in 

Figure 4.1 and Figure 4.2. The 33°C culture and corresponding control showed an 

apparent lag phase in the first 24 hours, although this may be due to an unexplained low 

sarnple count on day 1 (Fig. 4.1). Similar maximum viable cell densities (0.93 - 0.97 x 106 

celIs/rd) were attained at 33OC and 37C on day 3 of the incubation period. Cells grown at 

33°C also remained at a higher ce11 density for a prolonged penod compared to the control 

culture. In contrast, the maximum viable ce11 density decreased by 45% (to 0.52 x 106 

celis/ml) at 39°C compared to the corresponding 37OC control (Fig. 4.2). M e r  4 days of 

incubation, cell death was more rapid at 3g°C than at 3PC.  

The maximum specific growth rates (b) are presented in Table 4.1. The hK 

values were not significantly different for cultures at 33°C and 3 7°C (0.032 - 0.035 h-l), as 
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Figure 4.1 Growth and monoclonal antibody profiles of CC9ClO hybridomas at 
37°C and 33OC: 37OC (a ,O) and 33°C (V,V). Hybridomas corn the rnid-exponential 
phase were inoculated at 1.3 x IO' cells/ml into T-flasks (1 50 cm2) containing 90 ml NB- 
SFM. Viable ce11 and Mab concentration values are the mean from two identical flasks 
inoculated from the same stock culture. Errors were less than 10 % of the mean unless 
otherwise indicated. 
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Figure 4.2 Growth and monoclonal antibody profiles of CC9C10 hybridomas at 
37°C and 39OC: 3 P C  (a ,O) and 39°C (V,V). Hybridomas from the mid-exponential 
phase were inoculated at 1.7 x 10' cells/ml into T-flasks (150 cm2) containing 90 ml NB- 
SFM. Viable ce11 and Mab concentration values are the mean from two identical flasks 
inoculated fiom the sarne stock culture. Errors were less than 10 % of the mean unless 
ot herwise indicated. 



calculated frorn day 1 to day 3 (i-e. exponential phase). At 3g°C, the ~ 4 ,  was 59% lower 

(0.013 h-l) than at the control temperature (day O to day 2). The reduction in growth at 

39°C is also refleaed in the viability index, the integral of ce11 density-time, which was 

52% lower than the control (Table 4.1). 

The final Mab concentration (volumetric production) was not significantly different 

at 3g°C compared to the control (136 @ml). However, a small reduction (1 1%) in Mab 

yield occurred at 33°C (Table 4.1). The specific Mab production rate (qMab) calculated 

from the slope of the viability index (VI) versus Mab concentration was linear at al1 

temperatures (Fig. 4.3). Under standard conditions at 37°C the mean qMab value was 26.0 

&106 cell-days. The qMab however increased with an increase in culture 

temperature(Tab1e 4.1, Fig. 4.3). Cultures grown at 33°C had a qMab 2 1 % lower than the 

control at 3PC, whereas the resulting qMab at 39°C was 97% higher than the control. 

4.3.2 Temperature shift 

In the previous section, it was found that qMab was enhanced at 39°C. This 

enhanced qMab however did not result in an improvement in Mab yield due to a 

concomitant reduction in bK and viable ce11 density. An attempt was therefore made to 

improve Mab yield by shifiing to a nonstandard temperature (39°C) once the culture had 

attained a high ce11 density. Hybndomas were inoculated into NB-SFM, grown at 37°C for 

2 days and then transferred to 39°C as previously described (section 4.2). Controls for 

temperature shift experiments remained at 37°C. For comparative purposes, a temperature 

shifk to 33°C d e r  2 days was also done with an independent culture. The shift to 33°C did 

not significantly affect the maximum cell density when compared to 37°C (0.9 1 - 0.95 x 1 o6 
celldrnl), although the cells were maintained at a high density for a longer period at the 

lower temperature (Fig. 4.4). In contrast, the shift to 39°C resulted in an irnmediate 

decrease in viable ce11 concentration (Fig. 4.5). 



Table 4.1 Effect of temperature on the maximum specific growth rate (p,) ,viability index (VI), 
Mab concentration,. and specific Mab production rate (qMab). 
- -- 

~ e m ~ e r a t u r e ~  Vi (day7)- Mab production gMab 
( O C )  Fi (x106 ceIl (rdml) ( pg 11 0 ceII day s) 

Values are means from two independent cultures. The errors of qMab was determined from the slope 
of the curve drawn as the best straight line through eight points, each of which was based on dupiicate 
deterrninations. 
'Mab produced from day O to day 7. 
'same cell stock culture used for 33 "C experiment. 
'Same cell stock culture used for 39°C experiment. 



Figure 4.3 Effect of temperature on specific monoclonal antibody production: 37OC 
(*) and 33°C (V); 37°C (0) and 39°C (V). Controls (3PC) were set-up for each non 
standard temperature. The control for the 33°C culture is represented by closed circles 
whereas the control for the 39°C culture by open circles. Values were calculated from 
Figures 4.1 and 4.2. 
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Figure 4.4 Growth profiles of CC9ClO hybrïdomas shifted to 33°C after 2 days: 
37OC (a) and 33°C (V). Hybridomas from the mid-exponential phase were inoculated at 
1.3 x IO' cells/ml into T-fiasks (150 cm2) containing 90 ml NB-SFM. Controls remained at 
37OC for the incubation period. Controls were done in duplicate with errors less than 10 
% of the mean. Cultures at 33°C were done in simplicate from the same cell stock. 
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Figure 4.5 Growth profiles of CC9CIO hybridomas shifted to 3g°C after 2 days: 
3 P C  (0) and 39°C (V). Hybndomas from the rnid-exponential phase were inoculated at 
1.3 x 10' celldmi into T-flasks (1 50 cm2) containing 90 ml NB-SFM. Controls remained at 
37°C for the incubation period. Viable ce11 concentration values are the mean fiom two 
identical flasks inoculated fkom the same stock culture. Errors were less than 10 % of the 
rnean. 



The specific Mab production rates (qMab) are show in Figure 4.6. Control cells 

(37°C) demonstrated a constant rate of production over the course of the cultivation 

period (24.8 k 2.5 pg/106 cell-days). The temperature shifi to 39°C increased Mab 

productivity by 53% (38.0 + 3.3 &1 o6 cell-days), whereas the temperature shift to 33°C 

lowered productivity to a value of 18.5 k 1 .O @l o6 cell-days. However, the effect on the 

final volumetric yield of Mab was insignificant between the 37°C and 39°C cultures, 

although higher Mab concentrations at 39°C occurred at earlier time points. Higher 

volumetric yields were observed at 37C (107 ps/ml) compared to 33°C (85 &ni). 

4.3.3 Ce11 meta bolism 

The concentrations of glucose, glutamine, lactate and ammonia were determined 

for cultures grown at different temperatures. It was found that glucose and glutarnine were 

not lirniting in any cultures due to the feeding regimen. Maximum ce11 density in 33°C and 

37°C cultures coincided with by-product accumulation: lactate 20 and 26 mM; and 

arnrnonia, 3.5 and 4.2 mM respectively. Maximum ce11 density in 37°C and 39°C cultures 

coincided with a lactate and ammonia accumulation of 3 1 mM and 5.2 mM respectively 

for both cultures. 

The specific rates of consumption or production of these substrates and metabolic 

by-products dunng cell growth are presented in Table 4.2. Rates were determined from 

plots of substrate (or product) concentration against the integral of ce11 concentration and 

time (section 2.14.3). An increase in temperature resulted in an increase of specific rates of 

glucose uptake ( q ~ )  and lactate production ( q ~ ) .  The glucose uptake rate was 85% higher 

at 39°C and 13% lower at 33°C. Sirnilar variations were found with the lactate production 

rate. The arnount of lactate produced per unit of glucose, the lactate yield (YLidClc), was 

between 1.6- 1.9 in dl cultures. 

The specific rate of glutamine uptake (qQ) and ammonia production (qA) at 3g°C 

increased by 103 % and 1 14 % respectively when compared to cells at 37OC (Table 4.2). 

Amrnonia yield from glutamine (YMGh) however did not Vary in the range oP37-39°C. 
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Figure 4.6 Effect of temp erature on specific monoclonal antibody production after a 
temperature shift: 37*C, average of two separate experiments (e); 33°C. shift on day 2 
(V); and 3g°C, shift on day 2 (V). Values were calculated from Figures 4.4 and 4.5. 



Table 4.2 Metabolic rates at different temperatures (exponential phase) 

Specific Specific Lactate Specific Specific Ammonia 
glucose lactate yield, glutamine ammonia yield, 

Temperature uptake production Y iAdaic uptake production Y N H ~ + / o I ~  
( O C )  rate ( q ~ )  rate (q],) (mollmol) rate (qQ) rate (qA) (rnoUmol) 
33 7.5 rt: 0.5 12.3 * 0.3 1.6 2.2 5t: 0.1 1.5 0.1 0.68 

w 
4 37" 8.6 0.2 15.7 * 0.4 1.8 2.2stO.1 2.1f0.2 0.95 

37b 9.2k0.5 17,9*1.0 1.9 2.7 k 0.2 2.8 k 0.2 1 .O4 
39 17.0 * 0.6 29.7 f 0.8 1.7 5.5 st 0.2 5.8 * 0.2 1 .O5 

Metabolic rates are in pmo11106 cell days 
'Same cell stock culture used for 33 O C  experiment. 
b~ame  cell stock culture used for 39 O C  experiment. 



At 33"C, no significant change in q~ was observed while the q~ decreased when compared 

to controls. This resulted in a decrease in ammonia yield at 33°C. Both the q~ and q~ 

decreased during the decline phase even though specific Mab production rate remained 

constant (data not shown). 

4.3.4 Nucleotide analysis 

One of the goals of this study was to determine if a relationship exists between 

intracellular nucleotide pools and Mab production. The nucleotide content of cells at 3 3"C, 

37OC and 39°C was determined nom pooled daily samples taken over a 6 day cultivation 

penod for the cultures indicated in Figure 4.1 and 4.2 and also from pooled samples taken 

after the temperature shift (Fig. 4.4 and 4.5). The total intracellular nucleotide 

concentration of cells was not significantly different between 33°C and 37°C (Tables 4.3 

and 4.4). However, at 39°C there was a significant increase in the concentration of al1 

identified nucleotides which included ATP, GTP, CTP, UTP, ADP, GDP, UDP-GalNac, 

UDP-GIcNac, UDP-Glc, AMP and NAD (data not shown). The imbalance of the 

nucleotide content at different temperatures is better reflected in the relative 

concentrations of specific nucleotides, which is expressed as a percentage of the total 

intracellular nucleotide content in Tables 4.3 and 4.4. Only the values at maximal ceil 

density or &er a 24 hour exposure to different temperatures are shown but statistical 

analysis was performed on multiple points fiom daily samples to include al1 phases of 

cultures. Statistical analysis was done with a one-tailed paired Z-test (Appendix A2). 

The main component of the nucleotide pool at al1 temperatures was ATP which 

accounted for about 34 - 40 % of total nucleotide concentration (Tables 4.3 and 4.4). The 

relative concentration of ATP decreased with a rise in temperature. Despite the decrease 

in A n ,  no signifiant differences in the adenylate energy charge 

(ATP+O. SADP)/ATP+ADP+AMP) were found (Tables 4.5 and 4 -6). Values were 

maintained above 0.8 1 for al1 cultures during the 6 day cultivation period (Fig. 4.7). 



Table 4.3 Relative quantities of nucleotides cornparcd to the total nucleotide content at maximum ceIl density. 
Statistical evaluation was performed with a one tailed paired i-test. The total measured nucleotide content is equal to 100 %. 

Tot al UDP- UDP- 
Temperature (nmoll NAD UDP-Glc GalNac GlcNac UTP CTP GTP ATP ADP AMP GDP 

( O C )  106ceils) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) 
33 9.3 6.7 2.1 2.2' 7.3' 1 3 . 8 ~  6.1 7.4' 43.ga 66. 2Sb 1.2 
37c 8.8 7.0 1.4 3.7 13.6 11.1 4.4 8.5 41.5 5.7 1.8 1.3 
3 7d 7.9 7.5 1.3 4.5 15.8 8.2 6.7 8.0 40.3 5.4 1.1 1 .1  
39 12.8" 8.2a O. 8 6. Sa 22.0a 7.2 5.8 8.1 34.2' 4.3" 1.8 0.9 

"Represents significant differences (P < O. 1) deiermined from day 1 to 6 (n = 5) when compared to controls (37 O C ) .  

b~epresents significant differences (P < 0.1) deterrnined from day 3 to 6 (n = 3) wlien compared to controls (37 O C ) .  

'Same ceII stock culture used for 33 O C  experiment. 
d ~ a m e  cell stock culture used for 39 O C  experiment. 



Table 4.4 Relative quantities of nucleotides comprred to the total nucleotide content from the temperature shift 
experiments. Representative values were taken 24 hours afier the temperature shift. Statistical evaluation was performed with 
a one tailed paired !-test. The total measurcd nucleotide content is  equal to 100 %. 

Total UDP- UDP- 
- Temperature (nmoV NAD UDP-Glc GalNac GIcNac UTP CTP GTP ATP ADP AMP GDP 

( O C )  106cells) (%) (% ) (%) (% ) (96) (%) (%) (%) (%) (%) (% ) 
33 11.5 6.5' 1.8 2.5" 11.4* 13.2 5.2 8.5 41.8" 5.4 2.5 1.1  

39 1 3 , 2 ~  8. 3a 1.3 5.9" 18.9" 7.4 4.9 7,4 34.8" 6.9 1.8 2.3 
"epresents significant differences (P < O. 1) determined from day 3 to 5 (n = 3) when compared to controls (37 OC). 
b Same cell stock culture used for 33 O C  experiment . 
'Same cell stock culture used for 39°C experiment. 



Table 4.5 Nucleotide ratios rt maximum cell density. Statistical evaluation was performed with a one tailed 
paired 1-test . 

Temperature Puri ne/ Energy NTP 
(Oc) SA/SU pyrimidin ATPIGTP UTPKTP charge ratio U-ratio NTPRl 

e 
33 2.Oga 1.96" 5-92" 2.27 O. 89 2.59" 1 .44a 1. 79b 
3 7C 1.65 1.72 4.86 2.5 1 0.90 3.23 0.64 5.03 
3 7d 1.57 1.53 5.01 1.21 0.92 3.25 0.40 8.09 
39 1 . 1 0 ~  1.17~ 4.21" 1.26 O. 90 3.26 0.2Sa 12.81a 

"Represents significant direrences (P < O. 1) determined from day 1 to 6 (n = 5) when compared to controls 
(3 7 OC). 
b Represents significant differences (P < O. 1 )  determined from day 3 to 6 (n = 3) when compared to controls 
(3 7 O C ) .  
C Same cell stock culture used for 33 O C  experiment. 
d Same cell stock culture used for 39 O C  experiment. 



Table 4.6 Nucleotide ratios from the temperature shif't experirnents. Representative values were taken 
24 hours afier the temperature shifl. Statistical evaluation was performed with a one tailed paired t-test. 

Temperature Purine/ Energy NTP 
( O c )  SA/SU pyrimidin ATP/GTP UTPKTP charge ratio U-ratio NTPlU 

e 
33 1 .72a 1.74 4.9Za 2.53 0.90 2.73 0.93 2.86 
3 7" 1.65 1.72 4.86 2.5 1 0.90 3.23 0.64 5 .O3 
3 7' 1 .56 1.66 4.74 2.38 O. 85 3.32 O. 50 6.68 
39 1 .30a 1 ,3ga 4.71a 1.49 O. 88 3.42 0.30 1 1 S O  

"Represents significant differences (P < O. 1) determined from day 3 to 5 (n = 3) when compared to controls 
(37 OC).  

b~ame ce11 stock culture used for 33 O C  experiment. 
'Same cell stock culture used for 39 O C  experiment. 
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Figure 4.7 Effect of temperature on adenylate energy charge: 37°C (*) and 33°C (V) 
; 3PC (0) and 3g°C (V). Control cultures (37OC) were set-up for each nonstandard 
temperature. The control for the 33°C culture is represented by closed circles whereas the 
control for the 39°C culture by open circles. 



The relative concentration of UDP-sugars (UDF-GalNac and UDP-GlcNac) 

increased significantly with temperature from 33 - 39°C (Tables 4.3 and 4.4). At 3g°C, the 

relative UDP-GNac pool increased 23 - 40 % compared to cultures at 3 P C .  UDP-GlcNac 

was the predominant sugar - nucleotide at ail temperatures and accounted for more than 

60 % of UDP-sugar content. It was aiso observed that cells regardless of the temperature 

accumulated UDP-GNac (UDP-GalNac + UDP-GlcNac) as the ce11 culture progressed 

through the exponential and decline phases (Fig. 4.8 and Fig. 4.9). A corresponding 

decrease in the relative content of UTP was also found during the progress of each 

culture. The relative concentration of UTP was also significantly higher at 33°C than at 

3 7°C (Fig. 4.8), although no significant differences were found at 39'C. Other significant 

changes in nucleotide levels include a decrease in the relative concentration of GTP at 

33°C and an increase in NAD at 39°C. The UDP-Glc, CTP, GDP pools did not change 

with temperature (Table 4.3 and Table 4.4). 

The imbdance of the intraceliular nucleotide content is also reflected in nucleotide 

ratios as seen in Tables 4.5 and 4.6. For the CC9ClO hybridoma, characteristic changes 

were observed in nucleotide ratios during the course of culture. The U-ratio, (UTP/UDP- 

GNac) decreased fiom an initial value of 1.8 - 2.5 in control cultures to 0.5 at maximum 

cell density, afier which there was a hrther decrease to 0.1 (Fig. 4.10). The NTP ratio, 

(ATP + GTP)/(UTP + CTP), of control cultures increased fiom an initial value of 1.2 to 

3.2 at maximum cell density and increased fùrther to 3.8 - 4.3 at the end of culture 

(Fig.4.11). The NTP/U ratio, (Le. NTP ratio/ U-ratio), increased from 0.5 - 0.7 initially to 

5 - 8 at maximum cell density and then increased funher to a value of 16 - 25 (Fig. 4.12). 

These trends in nucleotide ratio fluctuations (Le. U-ratio decrease, NTP ratio and NTPN 

ratio increase) were also observed at 33°C and 39°C. 

Some significant differences were however observed in the ratio values with 

respect to culture temperature. The SNSU (adenyl nucleotides/uridine nucleotides), 

punndpyrimidine, ATP/GTP and U-ratios al1 decreased with increased culture 

temperature (Table 4.5). The decrease in SAISU and purindpyrimidine ratios are due to a 

rise in relative concentrations of UDP-GlcNac and a fa11 in ATP (Table 4.3). The 

ATPIGTP ratio was constant (4.79 i 0.05; s 1 0 )  at 37°C over a 6 day cultivation period 



(Table 4.5, Fig. 4.13). At 33°C and 3g°C, the ATP/GTP ratio stabilïzed after 2 days of 

incubation to values of 4.86 and 4.18 respeaively. In contras, the pyrimidine triphosphate 

ratio (UTPICTP) did not show any significant differences with respect to time or culture 

conditions. it was aiso found that the NTPN ratio also increased with higher culture 

temperatures. Similar patterns in nucleotide ratios were observed in the temperature shift 

expenment (Table 4.6). 
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Figure 4.8 Changes in the relative quantities of UDP-GNac and UTP at 37°C and 
33°C: The UDP-GNac and UTP fractions are referred to the total arnount of identified 
nucleotides. UDP-GNac is defined as the sum of UDP-GalNac and UDP-GlcNac: 37OC 
(0, 0) and 33°C (V;V). UTP and UDP-GNac values at 37°C and 33°C were statistically 
difTerent based on one tailed paired 1-tests (Re: Table 4.3). 
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Figure 4-10 Effect of temperature on the U-ratio: 37°C (a) and 33°C (V); 37°C (0) 
and 39°C (V). Control cultures (37C) were set-up for each nonstandard temperature. The 
control for the 33°C culture is represented by closed circles whereas the control for the 
39°C culture by open circles. The U-ratio is defined as olTp/UDP-GNac). U-ratios at 
33°C and 39°C were statisticaily different ftom values at 37OC based on one tailed paired 
t-tests (Re: Table 4.5). 
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Figure 4.11 Eflect of temperature on the NTP ratio: 37°C (0 )  and 33°C (V); 37°C 
(0) and 39°C (V). Control cultures (37OC) were set-up for each nonstandard temperature. 
The control for the 33°C culture is represented by closed circles whereas the control for 
the 39°C culture by open circles. The NTP ratio is defined as (ATP + GTP)/(UDP + 
CTP). The NTP ratios at 33OC were statisticdly different fiom values at 37°C based on a 
one tailed paired t-test (Re: Table 4.5). 
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Figure 4.12 Effect of temperature on the NTPN ratio: 37OC (a) and 33°C (V); 37'C 
(0) and 39°C (V). Control cultures (37C) were set-up for each nonstandard temperature. 
The control for the 33°C culture is represented by closed circles whereas the control for 
the 39°C culture by open circles. The NTPN ratio is defined as (NTP ratio/ U-ratio). The 
NTPlLl ratios at 33OC and 39°C were statistically different tiom values at 37°C based on 

-- - - 

one tailed paired i-tests (Re: Table 4.5). 
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Figure 4.13 Ratio between ATP and GTP at vanous temperatures: 37OC (0 )  and 
33°C (V); 37°C (0) and 39°C (V). Control cultures (37OC) were set-up for each 
nonstandard temperature. The control for the 33°C culture is represented by closed circles 
whereas the control for the 39°C culture by open circles. The ATWGTP ratios at 33°C and 
39°C were statisticdly different from values at 37°C based on one tailed paired t-tests (Re: 
Table 4.5). 



4.4 Discussion 

The objective of the work descnbed in this chapter was to determine whether 

changes in the specific monoclonal antibody production rate (qMab) could be correlated 

with changes in intracellular nucleotide pools. To achieve differential rates of qMab, 

CC9C IO hybridomas were cultured in temperatures ranging from 33°C - 39°C- 
Similar maximum viable ceIl densities and 14, were attained at 33OC and 37°C. At 

3g°C, however the maximum viable celi density and b, decreased significantly 2-fold 

compared to controls. It is interesting to note that, although the maximum ce11 densities 

attained at 37OC and 39°C were significantly different, growth ceased at the s m e  time 

point. Lactate and ammonia concentrations at this time point were the same in both 37°C 

and 39°C suggesting that similar factors may have been involved in limiting ce11 yields in 

both cultures. High accumulations of lactate and ammonia at 3g°C despite reduced hX 

and viable ce11 densities were due to increased rates of ceil metabolism. Previous analysis 

of hybridoma growth with respect to temperature range showed a similar decrease in 

maximal cell density at 39°C. Iower h. values at 33°C and unchanged or higher bx 

values at 38-39°C compared to controls at 37°C (Sureshkumar and Mutharasan, 1990; 

Bloemkolk er al., 1992). The effect of temperature on hx therefore appears to be ce11 line 

specific. 

The qMab was linear at al1 temperatures indicating constant productivity during 

the course of each culture. The qMab was therefore independent of ce11 growth, an 

observation which has been made previously for hybridornas (Renard et al., 1988; 

Sureshkumar and Mutharasan, 1990; Ozturk and Palsson, 199 lb). An increase in 

temperature however was concomitant with an increase in qMab. The qMab for the 

control cultures ranged fiorn 24 - 28 &106 cells. The variable qMab values for the 

controls are anributed to a slight loss in antibody productivity with ce11 passage which is 

not uncomrnon for hybridoma ce11 lines (Schmid et al., 1990). The observation of 

increased qMab at eievated temperatures is also compatible with findings from other 

laboratones (Reuveny et al., 1986; Sureshkumar and Mutharasan, 1990; Borth el al., 

1 992). Furthemore, human penpheral blood lymphocytes show enhanced DNA synthesis 
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and proliferation at higher-than-normal temperatures, an effect which has been related to 

the immune response of lymphocytes in vivo dunng fever (Smith et al, 1978; Wooten et 

al., 1993). 

In an effort to improve Mab yield, CC9ClO hybridomas were grown to a high ce11 

density before shifling to a qMab enhancing temperature (i.e. 39°C). This strategy did not 

improve the maximum Mab titer as expeaed. Shifiing the temperature to 39°C did cause a 

significant increase in the qMab however this was accompanied by a significant decrease in 

viable ce11 concentration, an effect which was also noted by Sureshkumar and Mutharasan 

(1990). Cornparisons between cultures inoculated at 39°C and cultures shified to 39°C 

after two days of incubation indicates that CC9ClO cells are less susceptible to 

temperature when they are in the exponential phase of growth. This suggests that 

themotolerance is achieved during the growth phase perhaps due to the synthesis of heat 

shock proteins (HSP's). It has been shown that hyperthermia can induce the expression of 

HW's which confer tolerance to stresshl environments in mammalian ceil cultures 

(Subjeck el al., 1982; Passini and Gochee, 1989). In Ehrlich ascites tumor cells, it is the 

exponential phase rather than stationary phase cells that are more sensitive to 

hyperthermia (Gabai et al., 1995). 

An increase in temperature resulted in an increase in the specific rate of glucose 

uptake and lactate production, a finding consistent with other hybridoma ce11 lines 

(Reuveny et al., 1986; Sureshkumar and Mutharasan, 1990). The amount of lactate 

produced per unit of glucose was relatively constant in the temperature ranges tested. This 

suggests that the catabolic pathway of glucose utilization does not change with 

temperature, a result which concurs with a previous report (Borth et ai., 1992). This is 

however in contrast to Sureshkumar and Mutharasan (1990) who reported a 2.4 fold 

increase in the lactate yield in the same temperature range (33 - 39°C). 

The specific glutamine uptake rate q~ increased at 39°C with no change in 

ammonia yield compared to controls at 3 P C .  At 33"C, q~ was the same as at 37°C 

whereas the arnrnonia yield was lower. These observations were attnbuted to changes in 

ceIl metabolism as opposed to changes in the spontaneous degradation rate of glutamine. 

The rate of spontaneous degradation of glutamine occurs at 10% per day, which would be 



reflected in an increase of 0.6 mM ammonia per day at 37°C in the culture medium used in 

these experiments (Tritsch and Moore, 1962). The degradation rate is a ec t ed  by 

temperature with an increase of 12% at 39°C and decrease of 20% at 33°C. Although 

these rates affect the determined values of qp and qc, they are not sufficient to account for 

the significant differences observed between culture temperatures, which must therefore 

be related to metabolic effects. 

Once it was established that increasing the temperature resulted in a higher per ce11 

formation of Mab, intracellular nucleotides were examined for a possible correlation to 

this phenornenon. Fluctuations in nucleotide pool size have been shown in the past to 

affect enzyxne activities and to correlate with ce11 cycle phases, proliferation, 

differentiation and transformation (De Korte et al., 1987; Sharma el al.. 1993). 

Fluctuations in nucleotide pool size are also indicators of growth behavior in mammalian 

and plant ce11 cultures (Meyer and Wagner, 1985; Ryll and Wagner, 1992). 

The main component of the nucleotide pool at al1 temperatures was ATP which 

accounted for about 35 - 40 % of total nucleotide concentration. The absolute ce11 

concentration of ATP increased at higher temperatures, in line with the increase in total 

intracellular nucleotide concentration and concumng with previous data that ATP 

concentration correlated with qMab (Modha et ai., 1992). However, the relative 

concentration of ATP, expressed as a percentage of total nucleotides, decreased with a 

nse in temperature and qMab. This decrease in ATP may have been related to the 

observed increase in NAD which is synthesized from ATP via NAD pyrophosphorylase 

(Williams et ai., 1987). The adenylate energy charge which is a good indicator of the 

energy status of the ce11 (Atkinson, 1977) was maintained above 0.8 1 in al1 cultures. These 

results agree with Modha et al. (1992) who reported unchanged energy charge values with 

increased qMab in hybndoma cultures in which DNA synthesis was inhibited. 

The most pronounced change in relative nucleotide pool concentrations was the 

fluctuation of the acetylated UDP-sugm (UDP-GalNac and UDP-GlcNac) which 

increased significantly with temperature fiom 33 - 39°C and was concurrent with an 

increase in qMab. The üDP-sugars are precursors of the carbohydrate side chains of 

glycoproteins (including Mab). Rates of intracellular glycosylation and subsequent 



glycoprotein secretion rnay well be related to the availability of the appropriate UDP- 

sugars. This is supported by evidence that higher glycosyltransferase activities are 

associated with elevated Mab productivity (Cole et al., 1993). However, any hypothesis 

relating UDP-sugar pools and qMab rnust take into account the observed accumulation of 

the nucleotide-sugars at an apparently constant qMab during the progress of each culture. 

This event is also accompanied by a corresponding decrease in the relative content of 

UTP, a relationship previously observed in hybridomas (Ryll and Wagner, 1992). This 

decrease in UTP is probably directly related to its conversion to the sugar-nucleotide pool 

(amino sugar + UTP + UDP-GNac + Pi). UDP-GNac accumulation dunng ce11 culture 

has been observed in the past but has been associated with reduced growth rates (Ryll and 

Wagner, 1992) and transformation of neutrophiles (De Korte et d., 1987). 

The NTP, U- and NTPAJ ratios have been suggested as tools for monitoring the 

physiological state of mammalian cells in vitro and as early predictors of the entry of cells 

into a reduced growth phase (Ryll and Wagner, 1992). Decreases in nucleotide ratios were 

also shown d u h g  the transformation of myelocytes (De Korte et al., 1987). For the 

CC9CIO hybridoma, characteristic changes were observed in these nucleotide ratios 

during the course of culture regardless of temperature. For example, the U-ratio decreased 

whereas the NTP and NTPN ratios both increased as the cultures progressed through the 

exponentiai, stationary and decline phases. This is consistent with trends in ratios observed 

by Ryll and Wagner (1992) for hybridomas entenng the stationary phase in pefised 

reactors. Cornparisons with viable ce11 densities also indicate that a significant increase in 

the NTPN ratio after day 2 (39°C) or day 3 (33°C) coincided with the end of the 

exponential phase of growth of CC9C10 hybridomas. This concurs with a previous report 

(Ryii and Wagner, 1992). 

On the other hand some significant digerences were observed in nucleotide ratios 

with respect to culture temperature. The SA&U (adenyl nucIeotides/undine nucleotides), 

punne/pyrimidine, ATWGTP and U-ratios al1 decreased with increased culture 

temperature and correlated with increased qMab. Each temperature was associated with a 

specific ATWGTP ratio. The ATPIGTP ratio reflects the division of purine nucleotide 

synthetic pathways into guanine and adenine nucleotides and has been shown to be 



regulated by the nutntional state in a lower eukaryote (Pal1 and Robertson, 1988). A 

constant ATPIGTP ratio was also reported by Ryll and Wagner (1992) for a perFused 

culture of murine hybridomas with no indication of its effect on Mab production rates. 

4.5 Condusion 

The specific monoclonal antibody productivity (qMab) of CC9C 1 O hybridoma 

increased with incubation temperature in the range 33OC to 39°C. qMab was constant at 

each temperature and was independent of the phase of culture. The qMab increased by 97 

% at 39°C and decreased by 21% at 33OC compared to controls at 37OC. The p-. was 59 

% lower at 39°C compared to control cultures (37°C). Specific rates of substrate (glucose 

and glutamine) utilization and by-product (lactate and ammonia) formation also increased 

with temperature but the yield coefficient, Ybs.~lc was constant for 3349°C and Y-GI. 

was constant for 37-39°C. Y-,ci, at 33°C was lower than the control. 

The increased qMab at elevated temperatures correlated with certain parameters 

related to the intracellular nucleotide pool. T hese included the relative content of UDP-N- 

acetyl galactosamine, UDP-N-acetyl glucosamine, NAD and NTPN ratio which increased 

with qMab whereas the relative ATP content, SNSU ratio, ATP/GTP ratio and 

purinelpyrimidine ratio and U-ratio al1 decreased with qMab. In particular, the relative 

UDP-GNac pool was increased by 23 - 40 % compared to controls at 37°C. The 

correlation of these nucleotide parameters with qMab indicates the possibility that they 

may have a regulatory rote with respect to antibody synthesis or secretion. 

Several changes in nucleotide pool ratios were also associated with progression of 

cultures through exponential, stationary and death phases. The NTP and NTPIU ratios 

increased whereas the U-ratio decreased dunng the course of each culture. The adenylate 

energy charge however remained relatively constant at a value >0.8 during al1 phases. 

Conclusions on the effects of temperature on qMab, ce11 metabolism, nucleotide 

pools and their interrelationships were supported by duplication of the experiments with 

CC9C 1 0 cultures inoculated fiom different ce11 stocks (data not shown). 



5.0 The effect of thymidine or sodium butyrate supplementation on nucleotide pools 
and monocIonal antibody production 

5.1 Introduction 

In previous experiments it was s h o w  that an increase in the cultivation 

temperature was concomitant with an increase in the qMab and specific changes in the 

nucleotide pool (chapter 4). To determine if these nucleotide pool fluctuations were 

consistent with qMab enhancement other methods of increasing Mab production in 

hybridornas were investigated. Two methods were employed: supplementation of cultures 

with thymidine or supplementation of cultures with sodium butyrate. 

Supplementation of cultures with thymidine can increase the specific rate of 

antibody production in hybridomas (Hayter et al., 1992). It is believed that the enhanced 

qMab is due to the thymidine-induced ce11 growth arrest. Other factors such as CAMP 

supplernentation or hyperosmolarity which perturb ce11 growth can also enhance 

productivity (Oyaas et al., 1989; Dalili and Ollis, 1988). Perturbation of ce11 growth may 

result in energy normally destined for building cell mass for replication being directed 

toward non-essential protein synthesis. 

Sodium butyrate supplementation has been s h o w  to enhance the production of 

proteins in several ce11 lines including Chinese hamster ovary cells, HeLa and hybridomas 

(Oh et al., 1993). The increase in protein production due to sodium butyrate may be 

linked to the hyperacetylation of histones which l a d s  to increased accessibility of DNA to 

RNA polymerase. Altematively, an increase in protein production may also be due to the 

growth anesting properties of sodium butyrate @ruce et al., 1992). 



5.2 Results 

5.2.1 The eCfect of thymidine on growth, productivity and intracellular energy 

charge of CC9C10 hybridomas1 

The aim of this experiment was to determine if the specific monoclonal antibody 

production rate (qMab) could be enhanced by thymidine supplementation and whether this 

could be correlated with changes in intracellular nucleotide pools. 

CC9ClO hybridomas from the mid-exponential phase of stock cultures were 

inoculated at 1.5 x 10' cells/ml by dilution into 150 cm2 T-flasks containing NB-SFM (25 

mM glucose, 6 rnM glutarnine). Starting on day 2, cultures were fed daily with glucose 

and glutarnine and the pH was adjusted as previously described (section 2.3). Thymidine 

(O - 8 mM) was added to cultures on the second day of incubation from a concentrated 

stock solution (400 mM). To prepare this concentrate, thymidine was first dissolved in 

0.65 M NaOH to give a final thymidine concentration of 625 M. The solution was filter 

sterilized and stored at - 20°C. When needed the basic thymidine solution was thawed and 

neutralized with 1 M HCI and 1 M NaHCO, to give a final thymidine concentration of 100 

rnM. Each culture condition was done in duplicate from cells inoculated From the sarne ce11 

stock. 

The growth profiles for CC9ClO cells supplemented with varying levels of 

thymidine are shown in Fig. 5.1. Viable ce11 concentrations were determined by the trypan 

blue exclusion method (section 2.5.1). Ce11 growth was partially mested upon addition of 

thymidine (> 4 mM) to CC9ClO cultures. Similar maximum viable ce11 densities were 

reached in control cultures (O mM thymidine) and those supplemented with 4 - 6 rnM 

thymidine (Le. 1 .O 1 - 1.1 1 x 106 cells/rnl). Cultures supplemented with 8 rnM thymidine 

however reached a maximum viable ce11 density of 0.76 x 106 cells/rnl, a value 25 % Iower 

' ~ h e  content of section 5.2.1 were included in a poster presenîation at the CSWSIM Joint Meeting, 1993, 
Toronto, Ontario. 
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Figure 5.1 The effect of thymidine on CC9ClO ce11 growth. Hybridomas were 
inoculated into T-flasks (1 50 cm2) containing 90 ml NB-SFM at 1.5 x 10' cells/ml. After 2 
days of incubation, thymidine was added to the cultures: O mM, (e); 2 mM, ('1); 4 rnM, 
(m); 6 mM, (*); 8 mM (A). Viable ce11 concentration values are the mean from two 
identical flasks inoculated fiom the same ceil stock. Errors were Iess than 1 1 5% of the 
mean. 



than controls. Cultures supplemented with 2 mM thymidine reached a maximum ce11 

density of 1.21 x 106 cells/ml, significantly higher (20 %) than controls. Total ce11 densities 

increased daily in al1 cultures until day 6 (data not shown). 

Intracellular adenylate nucleotides were analyzed with a bioluminescent assay 

(section 2.7.3). It was found that the addition of thymidine after 2 days of incubation 

caused a significant decrease in the adenylate energy charge compared to control values 

(Fig.5.2). Energy charge values were stabilized in al1 cultures after 4 days of incubation 

and were inversely proportional to the amount of thymidine in the medium (Table 5.1). 

Control culture energy charge remained at 0.83 * 0.0 1 fiom day 4 - 7. This is in contrast 

to 8 rnM thymidine supplemented cultures in which energy charge was 0.13 units lower 

than the controls dunng the sarne period. 

The monoclonal antibody concentration of cultures was determined by HPLC 

(section 2.6.1). The Mab yield afler 7 days of incubation was approximately the same for 

controls and thymidine supplemented cultures (95 - 106 ~g/ml) despite the differences in 

the viable ce11 density. A plot of the Mab concentration versus the viability index showed 

that the qMab (Le. dope of the curve) increased significantly when cultures were 

supplemented with 8 m M  thymidine (Fig. 5.3). A cornpanson of the qMab during the 

penod of stable energy charge levels is shown in Table 5.1. The addition of 6 and 8 mM 

caused a 26 % and 61 % increase in the qMab respectively compared to control cultures 

(18.8 pg/lo6 cell days) This increase in qMab coincided with a decrease in energy charge 

Ievels. 
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Figure 5.2 The effect of thymidine on CCJClO intracellular energy charge. 
Hybridomas were inoculated into T-flasks (150 cm2) containhg 90 ml NB-SFM at 1.5 x 
10' celldml. M e r  2 days of incubation, thymidine was added to the cultures: O mM, (O); 
2 mM, (V); 4 mM, (i); 6 rnM, (*); 8 mM (A). Energy charge values are the mean from 
two identicai flasks inoculated from the same ce11 stock. Errors were less than 0.01 units. 



Table 5.1 The effect of thymidine on the intracellular energy charge and the specific 
Mab production rate (qMab). The qMab was determined fiom the dope of the viability 
index venus Mab concentration from days 4 to 7. The error on the qMab was calculated 
from the standard error of the best straight line through 4 points. 

Thymidine (mM) Average energy charge qMab 
(days 4 - 7) (days 4 - 7) - @06 cells-days 

O 0.83 0.01 18.8 * 0.8 
2 0.80 0.01 17.4 * 0.8 
4 0.78 0.01 19.0 * 0.8 
6 0.76 * 0.0 1 23.6 î 2.0 
8 0.70 * 0.01 30.3 * 1.5 



Figure 5.3 The effect of thymidine on specific monoclonal antibody production. 
were inoculated hto  T-flasks (1 50 cm2) containing 90 ml NB-SFM at 1 .5 x 
After 2 days of  incubation, thymidine was added to the cultures: O mM, (a); 

2 mM, (V); 4 mM, (a); 6 rnM, (*); 8 mM (A).Mab concentration and the viability index 
(VI) vaiues are the mean from two identicai fiasks inocdated fiom the same ce11 stock. 
Errors were less than 1 1 % of  the mean. 



5.2.2 The effect of thymidine on intracellular nucleotide pools 

It was found in preliminary experiments (section 5.2.1) that the supplementation of 

CC9C IO cultures with 8 mM thymidine caused a decrease in the adenylate energy charge 

which was concomitant with an increase in qMab. In this experiment, the investigation of 

the effect of thymidine (8 mM) was expanded to include other nucleotide pools which 

have been previously associated with enhanced qMab (chapter 4). CC9ClO cells were 

inoculated at 1.5 x 10' cells/rnl in NB-SFM, supplemented with either O or 8 mM 

thymidine, and cultured as described previously (section 5.2.1). The eEect of thymidine 

supplementation on ce11 growth, energy charge and qMab was consistent with findings 

from previous experiments (section 5.2.1). For exarnple, supplementation with 8 rnM 

thymidine caused a 25 % decreased in maximum viable ce11 density, a 0.1 1 - 0.12 unit 

decrease in energy charge and 65 % increase in qMab. 

Additional data on the effect of thymidine on nucleotide pools was obtained by ion 

pair reverse phase liquid chromatography (section 2.7.2) from pooled daily sarnples taken 

over a 6 day cultivation period. It was found that the total intracellular nucleotide pool 

was significantly higher in 8 rnM thymidine supplemented cultures compared to control 

cultures (Table 5.2). The increase in total nucieotides was due to a broad increase in al1 

detectable nucleotides. The imbalance in nucleotide content was also seen in the relative 

concentration of nucleotides pools which is expressed as a percentage of total nucleotides. 

The addition of 8 mM thymidine caused a significant decrease in the relative ATP 

concentration (Table 5 -3, Fig. 5 -4). Paired daily observations shows that relative 

concentration of ATP was consistently 14 - 16 % lower in thymidine supplemented 

cultures. The addition of 8 mM thymidine however had the opposite effect on the two 

other adenylate nucleotides, ADP and AMP, in addition to GDP (Table 5.3). The mono- 

and diphosphonucleotides pools increased significantly (P < 0.1) when compared to 

control cultures. In both the O and 8 mM thymidine supplemented cultures the relative 

concentration of acetylated UDP-sugars increased and the relative concentration of UTP 

decreased as the cultures progressed through the exponential, stationary and decline 

phases (Fig. 5.5). The relative UDP-GNac of thymidine supplemented cultures was 13 - 



Table 5.2 Relative quantities of nucleotides comprred to the total nucleotide content (%) from thymidine 
supplementation experiments (CC9C10 hybridomrs). Representative values were taken afier 4 days of incubation. 
Statistical evaluation was performed with a one-tailed paired &test. The total measured nucleotide content is equal to 
100 %. 

Total 
Thymidine (nmoV NAD UDP-Glc UDP- GNac UTP CTP GTP ATP ADP AMP GDP 
(mM) 106 cells) (%) (%) (% ) (% ) (%) (74) (% ) (%) (% ) (%) 
O 7.9 7.4 1.3 20.3 8.2 6.7 8,O 40.3 5.4 1.1  1 .1  
8 10.9' 7.6 1.3 23.6' 8.4 2.5 6.8 34 .T  8.9b 4.4b 1 .ga 

a Represents significant direrences (P < 0.05) detemined from day 3 to 6 (n = 4) when compared to control cultures 
(O mM thymidine). 

b Represents significant differences (P < 0.1) determined from day 3 to 6 (n = 4) when compared to control cultures 
(O mM thymidine). 





Time (days) 

Figure 5.4 The effect of thymidine on the relative quantity of ATP. Hybridomas were 
inoculated into T-flasks (150 cm2) containing 90 ml NB-SFM at 1.5 x 10' celldrnl. After 2 
days of incubation, thymidine was added to the cultures: O rnM, (a) or 8 mM (O). ATP 
values are the result of pooled daily samples and are relative to the total arnount of 
identified nucleotides. 
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Figure 5.5 The effect of thymidine on the relative quantity of UDP-GNac and UTP. 
Hybridomas were inoculated into T-flasks (150 cm2) containing 90 ml NB-SFM at 1.5 x 
10' cells/ml. Mer 2 days of incubation, thymidine was added to the cultures: O mM, (m. 
V) or 8 rnM (O, V). UDP-GNac and UTP relative values are represented by circles and 
triangles respectively. Values are the result of pooled daily samples and are relative to the 
total arnount of identified nucleotides. 



16 % higher than controls on days 3 and 4 of incubation. Both cultures eventually attained 

similar UDP-GNac levels on day 6. The relative concentrations of NAD, UDP-Glc, UTP, 

CTP, GTP did not change with the addition of thymidine. 

Some significant differences were observed in nucleotide ratios (Table 5.3). 

Energy charge as mentioned previously decreased with the addition of thymidine. The 

ATPIGTP ratio was dso  significantly lower in thymidine supplemented cultures (Table 5.3 

and Fig.5.6). M e r  day 2, control culture ATPfGTP ratios ranged between 4.7 - 5.0 

compared to 3.5 - 4.4 for thymidine supplemented cultures. No significant differences in 

other nucleotide ratios such as SAfSU, punne/pyrimidine, NTP ratio, U-ratio and NTPN 

were observed between controls and thymidine supplemented cultures. 



Time (days) 

Figure 5.6 The effect of thymidine on the ATP/GTP ratio. Hybridomas were 
inoculated into T-flasks (1 50 cm2) containing 90 ml NB-SFM at 1.5 x 10' cells/mI. After 2 
days of incubation, thymidine was added to the cultures: O mM, (@) or 8 rnM (O). 
ATWGTP values are the result of pooled daily samples. 



5.2.3 The effert of sodium butyrate on ceIl growth, intracellular nucleotide pools 
and monoclonal antibody production 

The aim of this experiment was to determine if the specific monoclonal antibody 

production rate (qMab) could be enhanced by sodium b u t y t e  supplementation and to 

determine if a correlation existed with intracellular nucleotide pools. CC9C 10 hybridomas 

from the rnid-exponential phase of stock cultures were inoculated at 1.5 x 105 cells/ml by 

dilution into 150 cm2 T-flasks containing NB-SFM (25 mM glucose, 6 rnM glutamine). 

Starting on day 2, cultures were fed daily with glucose and glutamine and the pH was 

adjusted as previously descnbed (section 2.3). The NB-SFM was supplemented on day O 

with varying levels of sodium butyrate (O mM, 0.2 mM and 0.4 mM) from a concentrated 

stock solution (200 mM). In another set of tlasks, 0.4 mM sodium butyrate was added 

d e r  2 days of incubation. Each culture condition was done in duplicate from cells 

inoculated fiom the sarne ce11 stock. 

The growth profiles for CC9C 10 cells supplemented with varying levels of sodium 

butyrate are shown in Figure 5.7. Viable ce11 concentrations were determined by trypan 

blue exclusion. The addition of 0.2 and 0.4 m M  sodium butyrate on day O caused a 

significant reduction in ce11 growth compared to control cultures. Maximum specific 

growth rates were reduced by 22 % when compared to controls (Table 5.4). Despite the 

decrease in bS ail cultures reached sirnilar maximum ce11 densities (1 .O - 1 . 1  x Io6 
cells/ml). Controls reached maximum ceIl density on day 3 afler which ceIl nurnbers 

declined. Sodium butyrate supplemented cultures (0.2 mM and 0.4 mM) reached 

maximum ce11 density on day 3 and day 4 respectively. In both latter cultures, high cell 

density was maintained for 3 - 4 days before declining. Cultures in which 0.4 mM sodium 

butyrate was added after 2 days of incubation did not have an altered growth profile 

compared to control cultures (data not shown). Al1 cultures had similar values for the 

viabitity index after 8 days of incubation (Table 5.4). 

Analysis of Mab production by HPLC revealed a significant difference between 0.2 

and 0.4 mM sodium butyrate supplemented cultures compared to controls (Fig. 5.8). 

Control cultures had a constant qMab as indicated by the slope of the Mab concentration 

versus viability index curve (qMab = 19.9 * 0.6 p g / l ~ 6  ce11 days). The qMab dope for 



Time (days) 

Figure 5.7 The effect of sodium butyrate on CC9ClO ce11 growth. Hybridomas were 
inoculated into T-flasks ( 1  50 cm2) containhg 90 mi NB-SFM at 1.5 x IO' cellslml. NB- 
SFM contained varying concentrations of sodium butyrate: O mM, (@); 0.2 rnM, (.); 0.4 
mM, (V). Viable cell concentration values are the mean from two identicai flasks 
inoculated fiom the sarne ce11 stock. Errors were Iess than 10 % of the mean. 



Table 5.4 Effect of sodium butyrate on the maximum specific growth rate (p,,,J ,viability index (Vi), 
Ma b concentration' and specific Mab production rate (qMab). 

- - - 

Mab qMab qMab qMab 
Culture h m  VI (day8) production (day O - 8) (day O - 4) (day 4 - 8) 

of1) (x 1 o6 cell daydml) (&ml) (pgl 1 o6 cell-days) (pg/ 1 o6 cell-days) Oipj 1 0' cell days) 
control 0.036 * 0.002 5.38 * 0.01 114f 2 19.9 k 0.6 18.7* 1.4 22.5 * 1.4 
0.4m.M 0.028 k 0.001 5.38 * 0.03 137 3t 3 25.3 * 1.2 34.6 1.4 20.6 * 1.1 
0.2mM 0.028 0.005 5.31 st: 0.12 1 3 0 * 3  23.4 k 0.7 28.1 * 1.4 21.5 * 1.2 
0.4nMb 0.036 * 0.002 5.87 * 0.45 114k 1 18.7 * 0.8 1 7 . 7 ~  1.2 21.2 * 2.2 
'Mab produced from day O to day 8 
h Cultures were supplemented with sodium butyrate aAer 2 days of incubation 



Figure 5.8 The effect of sodium butyrate on CC9ClO productivity. Hybridomas were 
inoculated into T-flasks (1 50 cm2) containhg 90 ml NB-SFM at 1.5 x 10' cells/ml. NB- 
SFM contained varying concentrations of sodium butyrate: O mM, (0); 0.2 mM, (V); 0.4 
mM, (a). Mab production and viability index (VI) values are the mean from two identical 
flasks inoculated fiom the same ceIl stock. 



sodium butyrate supplemented cultures in contrast was not constant during the cultivation 

period (Fig. 5.8). Two phases of production were present in these cultures (Table 5.4). 

The first phase of qMab occurred between day O - 4. In 0.2 rnM sodium butyrate 

supplemented cultures the qMab was 50 % higher than controls during this period. In 0.4 

mM sodium butyrate supplemented cultures the qMab was 85 % higher than controls. In 

the second phase of Mab production (days 4 - 8), the qMab in sodium butyrate 

supplernented cultures was equai to control values (22.5 k 1.4 &1o6 ce11 days). 

Volumetnc production of Mab was 14 - 20 % higher in cultures supplemented on day O 

with 0.2 and 0.4 mM sodium butyrate (Table 5.4) Cultures in which 0.4 mM sodium 

butyrate was added after 2 days of incubation did not have different qMab or Mab yield 

compared to controls. 

Nucleotide anaiysis of O and 0.4 mM sodium butyrate supplernented cultures was 

done by a combination of Iuminometry and chromatography (section 2.7). It was found 

that the relative concentration of ATP was 2 - 9 % lower during the first 3 days of 

incubation in sodium butyrate supplemented cultures when compared to controls (Fig. 5.9). 

The relative concentration of NAD was also significantly lower compared to 

controls from day 2 - 4. The first four days of incubation corresponded to the high 

production phase of sodium butyrate supplemented cultures. Analysis of the relative UDP- 

GNac concentration dunng this penod showed that this nucleotide pool was 2 1 - 40 % 

higher in sodium butyrate supplemented in the first 2 days of incubation (Fig. 5.10). The 

relative UTP concentration was significantly higher in sodium butyrate cultures in the 

latter 3 days of the high production phase when compared to controls (day 2 - 4). 

Nucleotide ratios were also monitored. It was found that a lower SNSU and a 

higher UTFVCTP ratios coincided with the high production phase of sodium butyrate 

supplemented cultures when compared to controls (not shown). No significant differences 

were observed in other nucleotide ratios such as ATP/GP, energy charge and NTPAJ 

(not shown). 
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Figure 5.9 The effect of sodium butyrate on the relative quantity of ATP and NAD. 
Hybridornas were inoculated into T-flasks (150 cm2) containhg 90 ml NB-SFM at 1.5 x 
1 O' cells/ml. NB-SFM contained varying concentrations of sodium butyrate: O mM, (e, V) 
or 0.4 mM,(O, V). ATP and NAD relative values are represented by circles and triangles 
respectively. Values are the mean + S.E.M. from two identical flasks inoculated corn the 
sarne ce11 stock and are relative to the total arnount of identified nucleotides. 
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Figure 5.10 The effect of sodium butyrate on the relative quantity of UDP-GNac 
and UTP. Hybridornas were inoculated into T-flasks (150 cm2) containing 90 ml NB- 
SFM at 1.5 x 105 cells/rnl. NB-SFM contained varying concentrations of sodium butyrate: 
O mM, (a, V) or 0.4 mM,(O, V). UDP-GNac and UTP relative values are represented by 
circles and triangles respectively. Values are the mean f S.E.M. from two identicai flasks 
inoculated from the same ce11 stock and are relative to the total amount of identified 
nucleotides. 



5.3 Discussion 

The objective of the work described in this chapter was to determine if the qMab 

could be altered by thymidine or sodium butyrate supplementation. Nucleotide analysis of 

cultures with altered qMab would then be used for cornparisons with nucleotide profiles 

fiom other conditions which affect Mab productivity (i.e. incubation temperature). 

Thymidine arrests ce11 growth by inhibiting the formation of dCDP, a DNA 

precursor. Thymidine is normally taken up by cells and rapidly converted to dTTP, an 

alloaeric inhibitor of ribonucleotide reductase (Adams, 1980). 

The effect of thymidine on CC9ClO ce11 growth was dose-dependent. A 

concentration of 8 rnM thymidine reduced the growth rate and inhibited viable cell density 

increases. Ce11 growth however was not completely arrested as total ce11 density continued 

to increase in thymidine supplemented cultures. Lower concentrations of 4 and 6 mM 

thymidine also reduced the growth rate but allowed cultures to reach simiiar viable ce11 

densities as controls. In contrast, a thymidine concentration of 2 mM caused a modest but 

significant increase in the viable ce11 concentration. Substantiaily lower thymidine levels in 

the culture medium (i.e. in the pM range) have been shown to irnprove ce11 yields in 

cultured ceIl lines (Morton, 198 1; Lambert and Birch, 1985). 

The pmial ce11 growth arrest at 4 - 8 rnM thymidine and growth stimulation at 2 

mM thymidine is inconsistent with reports in which 2 - 5 mM thymidine were suflicient for 

cornplete ce11 growth arrest in cultured ce11 lines (Adams, 1980). The inability of thymidine 

to completely arrest DNA synthesis indicates a possible deficiency exists in the conversion 

of thymidine to dTTP in CC9C IO hybndomas. It has been shown that cells deficient in 

thymidine kinase, an enzyme that converts thymidine to d m ,  are not inhibited by 

extracellular thymidine (Bjursell and Reichard, 1973). 

Supplementation of CC9C 10 cultures with 6 - 8 mM thymidine caused a decrease 

in the adenylate energy charge concomitant with an increase in the qMab. The decrease in 

energy charge however is probably an artifact of thymidine addition and is not related to 

Mab productivity. This cornes fiom the observation that energy charge is not reduced 

under other conditions which enhance productivity (Le. cultivation temperature and 



sodium buîyrate supplementation). The reduction in energy charge is neither a 

consequence of reduced ceIl growth as several other growth inhibitors do not alter energy 

charge values in hybridomas (Modha et al., 1992). It is postulated here that energy charge 

may be reduced in thymidine supplemented cultures due to the formation of excess dTMP. 

Excess dTMP would cause a reduction in ATP Ievels via the thymidylate kinase reaction: 

ATP + dTMP + ADP + dTDP 
f- 

thyrnidylate kinase 

It has been suggested that increased Mab productivity may occur as a result of 

decreased ce11 growth brought about by thymidine addition (Hayter et al., 1992). This 

observation is consistent with the data presented here however it does not explain why 

control CC9C10 cells do not have an increased qMab during periods of reduced growth 

(Le. stationary and death phase). 

The analysis of nucleotides fiom thymidine supplemented cultures showed that an 

increase in qMab was also concomitant with a decrease in the relative ATP concentration 

and ATPIGTP ratio; and concomitant with an increase in the relative UDP-GNac 

concentration and total nucleotides. These fluctuations in nucleotide pools have been seen 

previously under temperature conditions which affect Mab productivity in CC9C I O 

hybridomas (chapter 4). 

The inoculation of CC9ClO cells in sodium butyrate supplemented NB-SFM 

caused a significant decrease in the maximum growth rate and resulted in the appearance 

of two Mab production phases. The first phase of Mab production occurred between day 

O - 4 and corresponded to the exponential and early stationary phase of growth. The qMab 

of sodium butyrate cultures during this phase was 50 - 85 % higher than control cultures. 

The second phase of Mab production occurred between day 4 - 8. The qMab dunng this 

period was equivalent to control values which rernained constant dunng the 8 days of 

incubation. Unlike the other method which enhanced qMab (Le. temperature increases or 

thymidine supplementation), the addition of sodium butyrate to the NB-SN resulted in a 



significant increase in the volumetric Mab production compared to control cultures. 

Sodium butyrate can therefore be used to maximize Mab yield in batch cultures. 

In contrast, the addition of sodium butyrate afler 2 days of incubation did not 

affect ce11 growth, qMab or Mab yield. These observations suggest that sodium butyrate 

lost its qMab enhancing properties in the later stages of culture. A loss of sodium butyrate 

effectiveness may be linked to ce11 density or ce11 culture phase at the time of inoculation. 

Further studies are needed to determine if the loss of effectiveness can be reversed by 

increasing the dosage of sodium butyrate in the culture. Daily feeding with sodium 

butyrate may prove to prolong the high qMab phase of cultures thus enhancing the Mab 

yield. 

The exact mechanism of the sodium butyrate qMab enhancing properties are not 

yet clear. Sodium butyrate has been show to be capable of regulating gene expression 

and ce11 growth by hyperacetylation of histones (Bruce et al., 1992). Hyperacetylated 

histones detach from DNA thus rendering segments of chromatin more accessible to RNA 

polymerases. Elevated mRNA expression of certain proteins has been reponed after 

treatment with butyrate (Oh et al., 1993). Bruce ef a1 (1992) also suggest that the qMab 

enhancing propenies of sodium butyrate are related to a reduction in cell growth. 

A correlative relationship between enhanced qMab and nucleotide pools in sodium 

butyrate supplemented was not conclusive. Reasons for the inconclusiveness may be due 

to the short term effect of sodium butyrate on qMab and to errors in defining the end of 

the high production phase. Nevertheless, cenain trends in nucleotide pool fluctuations 

previously associated with enhanced qMab have been identified in sodium butyrate 

supplemented cultures albeit only for the first 2 or 3 days of incubation. These fluctuations 

included an increase in the relative UDP-GNac pool and a relative decrease in the ATP 

pool. No significant changes in the ATPIGTP pool were observed in sodium butyrate 

cultures. This latter finding is not consistent with other qMab enhancing protocols in 

which the ATPIGTP ratio decreased concomitantly with an increase in qMab (section 4.0 

and 5.2.2). 



5.4 Conclusion 

The specific monoclonal antibody productivity (qMab) of CC9C I O  hybridomas 

increased upon supplementation with thymidine which aiso caused partial ce11 growth 

arrest. The increased qMab correlated with an increase in the relative content UDP-GNac, 

a decrease in the relative ATP content, ATWGTP ratio and energy charge. A decrease in 

energy charge may have been due to the action of thymidylate kinase. 

The qMab of CC9CIO hybndomas aiso increased upon supplementation with 

sodium butyrate but was limited to the exponential and early stationary phase of cultures. 

The enhanced qMab phase loosely correlated with a relative increase in UDP-GNac and a 

decrease in the relative ATP content and growth rate. 



6.0 An intraceiiular nucleotide cornparison between CC9C10 hybridoma and SP2IO 
myeIoma 

6.1 Introduction 

The purpose of the following study was to detennine if differences existed between 

the intracellular nucleotide profile of a Mab secreting ce11 line and the profile of a Mab- 

deficient ce11 line. DiEerences between these ceIl types may indicate which nucleotides are 

important for Mab production, assembly or secretion. It was with this objective in mind 

that CC9CIO and SP2/0 cells were chosen for the following study. CC9C IO cells are 

hybndomas produced from the fusion of lymph node cells of a bovine insulin immunized 

Balbk mouse with the SP2/O - Ag14 myeloma ce11 line (Schroer et al., 1983). CC9CIO 

cells secrete an IgG1, monoclonal antibody against bovine insulin. SP2/0 used in this 

study is the parent ce11 line of CC9C 10 and does not secrete monoclonal antibody. 

6.2 Results 

CC9C10 and SP210 taken From the rnid-exponential phase of stock cultures were 

inoculated at 1.5 x 10' cells/d by dilution into 150 cm2 T-fiasks containing NB-SFM (25 

rnM glucose, 6 mM glutamine). The 90 ml cultures were incubated for 7 days at 37OC with 

daily removal of sarnples for analysis. Cultures were fed glucose and glutamine and the pH 

adjusted daily starting on day 2 as previously described (section 2.3). Metabolite and 

nucleotide concentrations of CC9ClO cells were determined fiom independent cultures (n 

= 2) inoculated fiom different ce11 stocks. Metabolite and nucleotide concentrations of 

SPUO cells were determined fiom independent cultures (n = 2) from the same ce11 stock. 

Statistical analysis was done with a one-tailed paired t-test (Appendix At), 



6.2.1 Growth and metabolism 

Viable ce11 density was deterrnined by the trypan blue exclusion method. As show 

in Fig 6.1, CC9C 1 O and SP2/O cells had similar growth profiles. Both ce11 lines attained a 

maximum viable ce11 density of 1 x 106 cells/ml d e r  3 days of incubation. The maximum 

growth rates of SP2/0 and CC9C10 cells were not signifiicantiy different (Table 6.1). 

Glucose, lactate, glutamine and amrnonia concentrations in the ce11 culture 

supernatant were anaiyzed as previously described (section 2.8 - 2.10) and the specific 

production and consumption rates of the metabolites were deterrnined. CC9C IO had a 28 

* 2 % higher glucose uptake rate (qG) and lactate production rate (q~) than SP2M) 

myelomas. Lactate yield was the same in both ce11 Iines (1.8 mol lactate/ mol glucose) as 

was the specific glutamine uptake (qa). The ammonia yield corn glutamine however was 

approximately 1 moYmol for CC9C10 compared to 0.7 moVmol for SP2/0. The qMab rate 

of CC9C IO hybndomas was 19 - 26 &1 o6 cells-days depending on the passage number. 

SP210 did not secrete any monoclonal antibody. 

6.2.2 Nucleotide analysis 

Intracellular nucleotide analysis of cultures was done by a combination of 

luminometry and chromatography (section 2.7). It was found that each ce11 type had a 

charactenstic nucleotide pattern and this was reflected by significant differences in the 

relative nucleotide concentrations (Table 6.2). Over a 4 day period which included the 

mid-exponential and death phases, CC9CIO cultures had a lower relative concentration of 

UDP-Glc and CTP and a higher relative concentration of ATP, ADP and GTP compared 

to SPUO cultures (P c 0.05). Significant differences were also observed in the UDP-GNac 

and UTP relative pools (Fig. 6.2). The relative UTP content of CC9ClO cultures 

decreased during the incubation penod Born 22 to 8 % whereas in SP2lO the same 

nucleotide pool increased fiom 3 to 15 %. In both hybndoma and myeloma cultures the 

UDP-GNac content was stable in the eady to mid-exponential phase after which the 



Time (days) 

Figure 6.1 Growth profiles of CC9ClO hybridoma and SP2/0 myeloma. Both cefl 
lines were inoculated into 90 ml NB-SFM at 1.5 x 10' cells/ml in 150 cm2 T-flasks: 
CC9ClO hybridoma, (O); SP2/0 myeloma, (0). Viable ce11 concentrations are the mean 
S.E.M. from independent cultures inoculated from dflerent ce11 stocks. 



Table 6.1. A metrbolic cornparison between two related cell lines: CC9ClO hybridoma and SPZfO myeloma. 
Metabolic rates for CC9ClO are the mean f S.E.M. from independent cultures inoculated fiom different stock cells 
(n = 2). Metabolic rates for SP2/0 are the mean f S.E.M. from two identical flasks inoculated Rom the same cell stock 
(n = 2). Metabolic rates (pmol/106 cell-days) were calculated for the exponential phase of growth. 

Specific Specific Lactate Specific Specific Arnmonia 
qMab glucose lactate yield, glutamine ammonia yi eld 
(MI 0' uptake production YhdGlc uptake production YNH4+)<iln 

ce11 line l l l l ~ ~  (h-'1 cell-days) rate (qG) rate (qL) (rnoVmol) rate (qo) rate (qA) (moVmol) 
CC9ClO 0.035 * 0.002' 19 - 26' 8.9 k 0.3 16.8 * 1 . 1  1 A 0 .  2.5 k 0.3 2.4 A 0.4 0.99 k 0.04 

SP210 0.03 1 * 0.002~ NA 7.01t0.6 12.9k0.1 1.8kO.1 2.5k0.1 1.7kO.l  0.685t0.06 
'Values are the mean fiom independent cultures inoculated from four different cell stocks (n = 4). 
b Values are the rnean frorn independent cultures inoculated from two different cell stocks (n = 2). 
'qMab values are dependent on passage number. 
NA - not applicable 
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relative sugar-nucleotide content increased daily. The UDP-GNac relative pool in the 

latter days of the culture was significantly higher in the Mab-secreting hybridoma as 

opposed to the Mab-deficient rnyeloma (P < 0.05). 

Other characteristic changes were observed in the nucleotide ratios during the 

course of culture growth (Fig.6.3). In CC9C IO cultures the U-ratio decreased nom 2.1 to 

0.2 over a 5 day period whereas in SP2/0 cultures the U-ratio increased from 0.2 to 1.5 at 

maximum ce11 density before declining to 0.7. The NTP ratio of CC9ClO cultures 

increased from 1.2 to 3.3 during the exponential phase before stabilizing at the latter 

value. In SP2/0 cultures, the NTP ratio decreased f?om 2.2 to 1.5 during the same period. 

The ATP/GTP ratio was relatively constant in both cultures. CC9C 10 cultures had an 

ATPIGTP ratio of 4.8 - 4.9 compared to a value of 4.2 - 4.7 for SP2/0 cultures. 

As seen in Fig.6.4, the NTPN ratio was also significantly different between the 

Mab secreting hybridoma and non-secreting myeloma. The NTPN ratio increased from an 

initial value of 0.6 in CC9C 10 cultures to more than 20 after 5 days. The NTPAJ ratio of 

SPZO cultures decreased fiom an initial value of 9 to 2 during the sarne penod. Other 

nucleotide ratios such as SNSU and purindpyrirnidine were significantly lower in SP2/0 

compared to CC9C I O  (Table 6.3). Energy charge was not significantly different between 

the two ce11 lines. 



Time (days) 

Figure 6.3 Nucleotide ratios in CC9C10 and SP210 ce11 lines. Cells were inoculated 
into 90 ml NB-SFM at 1.5 x 10' cells/mi in 150 cmZ T-flasks: CC9C 10 hybndoma, 
(0,VJ); SP2/0 myeloma, (0, V, O). ATPIGTP. NTP ratio and U-ratio are represented 
by circles, triangles and squares respectively. 



Time (days) 

Figure 6.4 NTPRT ratio in CC9C10 and SP2/0 ce11 lines. Cells were inoculated into 90 
ml NB-SFM at 1.5 x 10' celldml in 150 cm2 T-flasks: CC9ClO hybndoma, (m); SP2/0 
myeloma, (0). 



Table 6.3 Nucleotide ratios of  CC9CI O and SPZ/O culture. Representative values were taken afier 4 days of 
incubation. Statistical evaluation was performed with a one-tailed paired Z-test. 

Purine/ 
ceil line SA/SU pyrimidine ATP/GTP UTP/CTP Energy charge NTP ratio U-ratio NTPN 
CC9C 1 O 1.46 1.45 4.94 1.29 0.92 3.25 0.38 8.57 
SP210 1.14' 1 .06' 4.69 ' 1.53 0.90 1.55' 0.94' 1.65' 

'Represents significant differences (P < 0.05) determined from day 2 to 5 (n = 4) when compared to CC9C 10. 



6.3 Discussion 

CC9CIO hybridomas rnay share as much as 50 % of its genes with the SP2/0 

myeloma, its parental ce11 line. It was therefore expected that their metabolism would be 

similar. CC9C IO and SPUO cells had a sirnilar growth profile and shared several metabolic 

characteristics. Both cell Iines had a similar lactate yield fiom glucose despite the higher 

glucose consumption rate in CC9C 1 O hybridomas. This was consistent with comparative 

studies between CC9ClO and SP2/O ce11 lines using the same serum-free formulation 

(Petch, 1994). A sirnilar glutamine uptake rate between the ce11 lines was also consistent 

with the previously reported work. It was however found that ammonia yield from 

glutamine was significantly lower in SP2/O cultures compared to CC9CI O. This finding is 

in contrat to Petch (1994) who reported no differences in the ammonia yield between the 

ce11 lines. Changes in ammonia yield may be linked to differences in medium glucose 

concentration which was significantly higher in the work presented here (25 mM versus 

17.5 rnM). Glucose and glutamine metabolism are interrelated and are subject to the 

concentration of each substrate in the medium (Medina and Nunez de Castro, 1990) 

The major observable difference in ce11 metabolism between CC9C I O  cells and 

SP210 cells is the production of monoclonal antibody. In CC9ClO cells, the qMab ranged 

from 19 - 26 pg/l o6 cells-days depending on passage number whereas the SPYO is a Mab- 

deficient ce11 line. Comparative analysis of nucleotide pools has revealed many differences 

between the ceil Bnes which may be correlated to the production of Mab. It was found that 

CC9Cl O hybridomas had significantly higher UDP-GNac levels than SP2/0 myelomas in 

the latter stages of the cultures. The larger UDP-GNac pool accumulation in the CC9C 1 O 

cells may be correlated to the greater need of this nucleotide pool in the Mab secreting ceIl 

line compared to the myeloma. The UDP-GNac pool supplies precursors to the 

carbohydrate side chahs of proteins such as monoclonal antibodies. An elevated UDP- 

GNac pool in Mab producing cells is consistent with previous studies using hybndomas 

with altered qMab (section 4.0 and 5 .O). 

CC9ClO hybndomas also had 

triphosphates (ATP + GTP) and a lower 

CTP) than SP2/0 myelomas. The higher 

a higher relative intracellular level of purine 

relative Ievel of pyrimidine triphosphates (UTP + 

purine triphosphate levels in hybridomas may be 



reflective of the importance of these nucleotides in Mab synthesis. ATP and GTP are 

essential for protein synthesis as they are required for the translation of eukaryotic mRNAs 

(Rubin et al., 1988). GTP hydrolysis provides the pnmary source of energy for the 

initiation and elongation process of protein synthesis. ATP is required for binding of 40s 

to the mRNA and for the migration of the nbosomai subunit toward the initiation codon. 

ATP is also essentid for the formation of aminoacyl-tRNA, an activated intermediate 

which is incorporated into a growing peptide chah (Lehninger, 1982). The GTP levels 

may also affect protein giycosylation. The intracellular concentration of GTP has been 

shown to stimulate the incorporation of GlcNac into intermediate lipid acceptors (Bossuyt 

and Blanckaert, 1993). 

The purine and pyrimidine triphosphate imbalances is better reflected in the NTP 

ratio which correlates the relation between these two important nucleotide pools. The 

NTP ratio (ATP + GTP)/ (CTP + Un) was significantly higher in CC9ClO hybridomas 

compared to SP2fO myelomas. The NTP ratio as well as U- and NTP/U ratios have been 

suggested as tools for monitoring the physiological state of rnamrnalian cells in vitro and 

as eariy predictors of the entry of cells into a reduced growth phase (RylI and Wagner, 

1992). In this study, these nucleotide ratios were more characteristic of the ce11 type rather 

than physiological state of the cells. The NTP, NTPRl ratio increased in CC9ClO ceils as 

the cultures progressed through the exponential phase and remained at high levels during 

the stationary and death phases. The opposite behavior was observed in SP2/O myelomas. 

The U-ratio profile during the course of ceil culture was also dependent on ce11 type. 

The ATPlGTP ratio was significantly lower in the SP2/0 myeloma compared to the 

CC9ClO hybridoma. The lower ATPIGTP ratio for the Mab-deficient ce11 line is not 

consistent with studies in which a low ATPIGTP ratio was correlated with a high qMab. 

This suggests that the ratio is not directly related to the qMab. The ATPfGTP ratio has 

been s h o w  to be regulated by the nutritional state in lower eukaryotes (Pal1 and 

Robertson, 1988). The slight difference in nutnent metabolism between SPZ/O and 

CC9C 10 may have contributed to differences observed in the ATP/GTP ratio. 



6.4 Conclusion 

CC9C I O hybndoma and SPZO rnyeloma differ in their nucleotide profiles and this 

may be related to differences in Mab synthesis. The Mab-secreting ceIl line (CC9C IO) had 

a higher purine triphosphate and UDP-GNac leveis and lower pyrimidine triphosphate 

levels than the Mab-deficient ce11 line (SP2/0). The NTP, NTPN and U-ratio fluctuations 

during the course of the culture were dependent on ce11 type. 



CHAPTER 7 

7.0 The relationship between intracellular UDP-N-acetyl hexosamine nucleotide 
pool and monocional antibody production in a mouse hybridomal 

7.1 Introduction 

Most proteins important as biotechnological products and secreted from 

marnrnalian cells have a carbohydrate moiety which is added following protein synthesis 

by the metabolic process of glycosylation which occurs in the Golgi apparatus. An 

understanding of the celIular process associated with glycosylation is essential to ensure 

adequate metabolic control and management of the cells used in large-scale production of 

a glycoprotein. 

Intracellular pools of UDP-N-acetylhexosamine are of major importance in the 

provision of precursors for the glycosylation of secreted proteins. UDP-N- 

acetylhexosamine is present as two major stmctural isomers within the cell, namely UDP- 

N-acetylglucosarnine and UDP-N-acetylgalactosamine, collectively abbreviated to UDP- 

GNac. The two forrns of UDP-GNac can be interconverted by an isomerase enzyme. In 

addition to its role as a precursor, the animal ce11 intracellular sugar-nucleotide pool has 

been correlated to severai cellular events. Increases in UDP-N-acetylhexosamine levels are 

concomitant with the inability of human colon cancer cells to differentiate (Wice er al., 

1985), growth inhibition (Ryll et aI.,1994; Kmg et al., 1984) and ce11 ultrastructure 

modifications such as endoplasmic reticulum distentions (Morin et al., 1983). 

It has been observed that the intracellular UDP-GNac pool of several rnammalian 

ce11 lines can be significantly increased by the addition of ammonium ions to the culture 

medium (Ryll et al., 1994). This accumulation is due to the increased synthesis of the sugar 

'The contents of this chapter wvere included in a papa: Bamabt, N.. and Buga. M ( 1 998) The relationship betlveen 

intracellular UDP-N-acetyl hexosamine nucleotide pool and monocIona1 antibody production in a mouse hybndoma. 

J. Biotechnd in press. 



-nucleotide. Ammonium is incorporated into £hctose-6-phosphate, denved fiom 

glycolysis, to form glucosamine-6-phosphate, a UDP-GNac precursor (Ryll el al., 1994). 

Another method by which UDP-GNac can accumulate in the ce11 is by a reduced 

rate of utilization. Tunicamycin, an antibiotic whose structure is compnsed of N- 

acetylglucosarnine, tunicarnine, uracil and a variable fatty acid residue, specifically inhibits 

the enzyme associated with the transfer of GNac fiom UDP-GNac to dolichol phosphate, 

a lipid carrier involved in the N-linked glycosylation of proteins (Tkacz and Lampen, 

1975; Ito et al., 1980). Inhibition of the enzyme leads to a reduced rate of utilization of 

UDP-GNac and its subsequent accumulation in cells (Morin et al., 1983). Prevention of 

the assembly of the dolichol-linked oligosaccharide also results in the inhibition of 

asparagine-linked protein glycosylation (Hickman et al., 1977). 

In a previous section we showed that a temperature-induced enhancement of the 

monoclonal antibody production rate (qMab) of the hybridoma ce11 line, CC9ClO was 

correlated with an increase in the intracellular UDP-GNac pool (chapter 4). It was 

postulated that the level of UDP-GNac in the ce11 may have affected Mab glycosylation 

and ultimately Mab production. Altematively, the UDP-GNac pool rnay act as regulator of 

the antibody synthesis pathway. In order to test these postdates we grew the hybndomas 

under conditions favorable for the sugar-nucleotide accumulation and monitored the rate 

of synthesis and charactenstics of the secreted antibody. Two agents were used to raise 

intracellular üDP-GNac levels - ammonium and tunicamycin. 

7.2 Experimental set-up and anatysis 

Cells were grown routinely at 37 OC under a 10% COz hurnidified atmosphere in 

NB-SFM (25 rnM glucose, 6 m M  glutamine). Special media differing from this mixture 

are indicated in the text. Cultures (50 and 90 ml) were routinely contained in 150 cm2 T- 

flasks. In fed-batch experiments, cells were fed daily stariing on day 2 with glucose and 

glutamine and the pH was adjusted when required with sodium bicarbonate as previously 

described (section 2.3). Samples (1.5 - 5.0 ml) were taken daily for ce11 counts, 



supernatant collection and nucleotide extraction. On the final day of incubation the 

remaining supernatant was collected for Mab purification (section 2.6.2). 

Cells from multi-well plate experiments were enumerated with a Coulter counter 

(section 2.5.2). In dl other experiments, cells were counted using a hemocytometer and 

the viability detehned by the trypan blue exclusion method (section 2.5.1). Glucose, 

glutamine, lactate and ammonium were analyzed as previously described (sections 2.8 - 
2.10). Monoclonal antibody concentrations from unpurified ce11 culture supematants were 

quantified by HPLC with a Protein A/G column (section 2.6.1). 

Monoclonal antibody was deglycosylated with N-glycosidase F (section 2.6.3). 

The deglycosylated Mab was used to establish SDS-PAGE parameters for the separation 

of deglycosyiated versus glycosylated IgG heavy chah SDS-PAGE was performed in a 

discontinuous polyacrylamide gel under reducing conditions according to the method of 

Laemmli (section 2.6.4). Quantitative analysis of stained protein bands was based on the 

number of pixels in the band subtracted by background values (section 2.6.4.5). Protein 

bands of unstained gels were transferred to 0.2 pm nitrocellulose paper according to the 

method of Towbin (section 2.6.5). Glycosylated proteins on the nitrocellulose sheets were 

detected with a carbohydrate detection kit (section 2.6.6). Nucleotides were quantified by 

an ion pair reverse-phase liquid chromatography or by an enzymatic bioluminescent assay 

(section 2.7). 

Tunicarnycin used in experiments consisted of a mixture of isomers 4 B, C, and 

D from a Streptomyces species (Sigma Chernical Co.). A stock solution of 250 pg/ml was 

prepared in 70 mM NaOH and filter sterilized. Tunicamycin solutions were stored at - 20 

"C until needed. m C l  and NaCl stock solutions (2 M) were prepared in distilled water 

and filter sterilized. 



7.3 ResuIts 

7.3.1 The effect of tunicamycin 

7.3.1.1 Ce11 growth 

The effect of tunicamycin on the growth of CC9ClO hybridoma cells was 

determined in 24 well plates with three different media. The purpose of this was to 

determine a sublethal dose of the tunicamycin that would allow a study of the effect of 

perturbations in metabolite levels. Cultures were inoculated at 1.5 x 105 celVml (2.2 ml 

per well) and assayed for total ce11 density and viability after 3 days. Results are the mean 

of duplicate experiments from independent cultures inoculated from a same ce11 stock. 

As shown in Fig.7.1, supplementation of cultures with tunicamycin caused a significant 

decrease in ce11 yield even at low concentrations. This effect was pronounced in the NB- 

SFM which was found to be ineffective in prornoting ce11 growth at a11 tunicamycin 

concentrations tested. Supplementation of the NB-SFM with bovine semm alburnin 

(BSA) or iron-enriched calf semm (Gibco) however resulted in significant ce11 growth in 

the presence of 0.001 p g / d  tunicamycin. Cell density in these cultures were 16 - 19 % 

lower than controls in which no tunicamycin was added. The viability of the cells in BSA 

and serum supplemented cultures was not affected by the presence of 0.001 

tunicamycin. However, a tunicarnycin concentration of 0.01 pg/rnl or higher prevented 

substantial ceIl growth and caused a significant decrease in ceIl viability after 3 days. 

Further anaiysis showed that there was no significant difference in ceIl yield in 

tunicamycin-treated cultures supplemented with 0.1 % instead of 0.5 % BSA. 



Figure 7.1 The effect of tunicamycin on ce11 yield. The cultures contained NB-SFM, 
(a); NB-SFM supplemented with 0.5 % BSA, (0)  and NB-SFM supplemented with 10 % 
semm, (V). Cultures were inoculated with ceiis from the rnid-exponential phase. Ce11 
densities were determined in cultures (2.2 ml) which were inoculated at 1.5 x 10' celldml 
and were incubated in 24 well plates for 3 days at 37°C. 



7.3.1.2 Mab production rates 

The effect of tunicamycin on Mab production was determined by exposing 

hybridomas to varying concentrations of the antibiotic. Al1 the tunicarnycin-treated 

cultures were inoculated with exponentially growing cells harvested by centrifugation and 

resuspended in NB-SFM supplemented with O - 1 &III tunicamycin. The hybridomas 

were pre-incubated in culture medium for 4 h at 37 OC prior to the establishment of each 

experimental culture to allow sufficient time for secretion of the intracellular Mab 

synthesised before tunicamycin treatment (Leatherbarrow and Dwek, 1 983 ; Walker el al., 

1989). Control cultures (O &ml tunicamycin) were set up in paralle1 for each of the 

tunicamycin concentrations tested. Results frorn tunicamycin-treated cultures are 

representative of two independent cultures inoculated from the same ce11 stock. Results 

from control cultures are representative of three independent cultures inoculated from 

different ce11 stocks. 

The effect of a low concentration of tunicamycin (0.00 1 pg/ml) was determined in 

stationary cultures (90 ml) inoculated at 1.3 x 10' cells/ml and maintained at a near 

normal growth rate in serurn-fiee media (+ 0.1 % BSA). Since 0.00 1 pg/ml tunicamycin 

did not completely inhibit ce11 division, monoclonal antibody synthesis could be monitored 

in actively growing ce11 cultures. These cultures were maintained for 6 days by daily 

feeding From day 2 as previously descnbed (section 7.4.2). Cultures treated with higher 

concentrations of tunicamycin (0.01 - 1 pglrni) were inoculated at a ce11 density of 106 

cells/ml in 50 ml serum-free media (+ 0.1 % BSA) and maintained for 3 days. The high 

inoculation density ensured a sufficient antibody and ce11 concentration for analysis. 

The specific Mab production rate (qMab) was calculated from the siope of a plot 

of the viability index (VJ versus the Mab concentration. The viability index is defined as 

the integral of the ce11 concentration and time as determined from the growth curve 

(Renard et al., 1988). This plot was linear in al1 cases, showing that Mab production was 

directly proportional to the number of viable cells in culture. No signifiant difference was 

observed in the Mab production rate of cells grown with 0.001 &nl tunicarnycin 

compared to control cultures (20.3 2.0 pg per 106 cells per day). The Mab production 



rates for 0.01 - 1 rigirnl tunicamycin-treated cultures incubated at high ce11 density for 2-3 

days are shown in Table 7.1. The qMab values determined for 0.01 - 0.1 ~ g h d  

tunicarnycin-treated cultures were not significantly different from control cultures. The 

qMab for 1 pg/d tunicamycin-treated cultures was significantly higher at 26.4 2.0 rg 

per 106 cells per day. However, at this high tunicamycin concentration the ce11 viability 

decreased to Iess than 50% within 2 days of incubation. 

7.3.1.3 Mab glycosylation 

The state of glycosylation of the immunoglobulin secreted from the tunicamycin- 

treated cells was examuied. Antibodies were purified from supernatants collected after 6 

days of incubation for 0.00 1 rig/ml tunicarnycin-treated cultures and d e r  3 days for 0.0 1 - 
1 tunicamycin- treated cultures. It is to be noted that the Protein A columns used in 

the purification have the same affinity for glycosylated and non-glycosylated 

immunoglobulins (Leatherbarrow and Dwek, 1983; Nose and Wigzell, 1 983). 

The purified antibody sarnples were electrophoresed under reducing conditions 

and compared to protein markers. For control cultures the Mab separated into 2 bands 

(Fig. 7.2). The low molecular weight band corresponded to the IgG light chah with an 

approximate molecular weight of 26 kD. The high molecular weight band corresponded 

to the IgG heavy chah at 5 1 kD. The electrophoresis pattern of Mab purified fiom 0.00 1 

pg/d tunicamycin-treated cultures was identical to that from control cultures (Fig.7.2a). 

Cells treated with 0.0 1 and 0.1 pglml tunicamycin produced two forms of the heavy chah 

band as evidenced by the presence of two bands close together on the SDS-PAGE 

(Fig.7.2b and 7.2c, lanes 4 and 5) .  Cells treated with 1 rg/ml tunicamycin produced only 

1 heavy chah band that rnigrated further than the control heavy chah band (Fig.7.2d, lane 

4 and 5). The difference in migration distance between the control heavy chain and the 

faster migrating heavy chah of tunicamycin treat ed cultures corresponded t O 0.6 5 - 0.8 0 

kD indicating a possible loss of the carbohydrate moiety of the 1gG heavy chain. 



Table 7.1 The specific Mab production rate, state of glycosylation and maximum 
UDP-GNac concentration of tunicamycin-treated cultures. 

Tunicamycin q ~ a b ~  ?'O % non - Maximum UDP-GNac 
  CL^) (rig per 1 o6 glycosylated glycosylated concentration (nmol per 

cells per day) Mab Mab 106 cells) 

a The qMab was determined from the dope of the best straight line through data points of 
the viability index (VI) versus Mab concentration. These values were calculated for 
cultures maintained for 3 days except for 0.1 - 1 &ni where qMab was calculated for 2 
days of incubation. Controls data points were the average of multiple determinations 
(n=3). Other points were taken from duplicate determinations (n=2). 



Figure 7.2 Electrophoresis of purifieci Mab h m  cultares treated with tunicnmycin. 
Proteins were electrophoresed on a 8.55% cross-linked poiyacryIamide gel under reducing 
conditions. 
Lnne 1: molecuiar weight standards (x 1 d).  h e s  2 and 3: Mab fiom cuitures without a 
tunicanrycin supplement . Limes 4 and 5: Mab purilied fiom c h e s  treated 0.001 crg/ml 
tunicamycin (a), 0.01 pglml tunicamycin (b), 0.1 &ml tunicamycin (c) or 1 pglml 
tunicamycin (d). Lane 6: ovalbumin. 



The carbohydrate content of each band was determined by glycosylation analysis 

of Western blots. Analysis of control culture Mab shows that the heavy chah of IgG was 

glycosylated as evidenced by the staining of the 51 kD band (Fig.7.3, lanes 1, 2, 5 and 6). 

Light chahs of IgG were not glywsylated. For the tunicamycin-treated cells only one of 

the heavy chah bands (with the slower migration) was detected by the carbohydrate- 

sensitive stain. This is shown in Fig.7.3 by the very faint band for the sarnple from 0.1 

&ml tunicarnycin-treated cultures (lanes 3 and 4). The faster migrating heavy chah bands 

of Mab purified from 0.01 - 1 tunicamycin supplemented cultures were not detected 

by carbohydrate staining confirming a lack of glycosylation. Absence of staining of Mab 

purified fiom 1 &nl tunicarnycin supplemented cultures indicates a total inhibition of 

glycosylation (not shown). 

An analysis of the Mab populations based on electrophoresis band intensities is 

shown in Table 7.1. This shows a decrease in the level of Mab glycosylation with increase 

in tunicamycin concentration addition to the cultures. At 1 pglrnl tunicamycin, the 

hybridomas secreted only the non-glycosylated form of the Mab. In 0.1 &ml 

tunicamycin, hybridomas secreted 7 times more non-glycosylated Mab than glycosylated 

Mab. In 0.0 1 &ni tunicamycin, 4 times more glycosylated Mab was secreted than non- 

glycosylated Mab. 

7.3.1.4 Nucleotide analysis 

By analysis of the ce11 lysates extracted from the hybndoma cells, we examined the 

possibiiity that tunicamycin affected the intracellular nucleotide pools. The ce11 lysates 

were extracted from cultures described previously in the anaiysis of monoclonal antibody 

production. No significant differences in nucleotide pools were found in cultures treated 

with 0.001 pghl  tunicamycin when cornpared to control cultures. However, 

supplementation of cultures with a tunicamycin concentration of 0.0 1 pg/rnl or higher 

resulted in a pronounced increase in the UDP-GNac pool which consists of UDP-GalNac 

and UDP-GlcNac (Fig.7.4 and 7.5). The increase of these two UDP-sugars was dependent 



Figure 7 3  Gîycosyiated protein detection on a nitmceiiulose membrane. Electro- 
phoresed protesis were transférred to a nitrocehiose membrane by Western blotting. 
GLycoproteios were detected on the membrane wah a glycosylation detection ka 
(GlycoTrak h m  Oxford GlycoSystems). 

h e s  I mrd 2: Mab p d e d  fiom contml cultures. Lanes 3 cmd 4: Mab purifiecl kom 
0.1 pg/ml tunicamycin-treated cultures. h e s  5 and 6: Mab p d e d  fiom control 
cultures. h e s  7 und 8: Mab p d e d  h m  0.001 pghl tunicamycm-treated cultures. 
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Figure 7.4 Effect of tunicamycin on intracellular concentrations of UDP-GalNac. 
Cultures were supplemented with O &mi huiicamycin (control) (O), 0.01 pglml 
tunicarnycin (W), 0.1 p g h l  tunicamycin (A) or 1 pgml tunicamycin (V). Cultures (50 ml) 
were established in 150 cm2 T-flasks by inoculating cells fiom mid-exponential phase at 
1 .O x106 cells/ml. Daily samples (1-4 x 106 cells) were taken for nucleotide analysis by 
HPLC. Each point is a mean (+ SEM) determination fkom 2 (+tunicarnycin) or 3 (control) 
independent cultures. 
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Figure 7.5 Effect of tunicamycin on intracellular concentrations of UDP-GlcNac. 
Cultures were supplemented with O &ni tunicarnycin (control) (O), 0.01 &ml 
tunicamycin (a), 0.1 pglml tunicarnycin (A) or I pg/d tunicamycin (V). Cultures (50 ml) 
were established in 150 cm2 T-flasks by inoculating cells corn mid-exponential phase at 
1 .O x106 celldrnl. Daily samples (1-4 x 106 celis) were taken for nucleotide analysis by 
HPLC. Each point is a mean (k SEM) determination fiom 2 (+tunicamycin) or 3 (control) 
independent cultures. 



on the dose of tunicamycin. The maximum concentration of both UDP-GalNac and UDP- 

GlcNac in 0.1 - 1.0 rg/ml tunicamycin treated cultures was 4.9 - 5.5 greater than control 

cultures. In 0.01 &mi tunicamycin treated cultures, the sugar-nucleotide pool was 1.6 - 
1.7 fold greater than control cultures. 

The ratio of UDP-GlcNad UDP-GaWac was constant in al1 tunicamycin-treated 

and control cultures with UDP-GlcNac amounting to 76 + 5 % of the total UDP-GNac 

pool. The UDP-GNac pool of O. 1 and 1 &nl tunicamycin treated cultures accounted for 

24 - 52 % of total nucleotides compared to 12 - 25 % for the control cultures. The 

UDP-GNac pool of cells treated with 0.01 rg/ml tunicarnycin accounted for 16 - 28 % of 

total nucleotides. The total intracellular nucleotide pool was significantly higher in cells 

containing an elevated level of UDP-GNac. 

The UDP-GNac pool was directly proportional to the percentage of non- 

glycosylated Mab secreted by the cells (Table 7.1). Cellular UDP-GNac Ievels of 9 nmol 

per 106 cells were accompanied by over 88 % of the Mab population being in the non- 

glycosylated form. UDP-GNac levels of 2.9 nmol per 106 cells were accompanied by 19% 

of Mab population being non-glycosylated. Mab was hlly glycosylated in the presence of 

a UDP-GNac Ievel of 2.1 nmol per 106 cells or lower. Although both qMab and UDP- 

GNac increased at high tunicamycin concentration, there was no evidence for a direct 

relationship between qMab and UDP-GNac levels (Table 7.1). 

7.3.2. EfTect of ammonium chloride 

Ammonium chloride has also been show to perturb the intracellular UDP-GNac 

concentration (Ryll et a!., 1994). Therefore, it was decided to compare the metabolic 

effects observed with tunicamycin to those of =CI. Ammonium chioride differs from 

tunicamycin in the proposed mechanism of enhancement of the UDP-GNac pool, causing 

an increased synthesis of the nucleotides rather than a decreased rate of utilization. 



Al1 cultures used to investigate the effect of W C 1  were inoculated at 1.3 x 10' 

cells/ml in 90 ml of medium and maintained for 6 days by daily feeding from day 2. 

Exponentially growing cells were inoculated into NB-SFM containing 0, 5 or 10 mM 

W C I .  Cultures supplemented with 10 m M  NaCl were used as a control for the increase 

in osmolarity due to the addition of ammonium and chloride ions. Results are 

representative of two independent cultures inoculated from the same ce11 stock (5 mM 

m C 1  and 10 mM NaCl supplernented cultures) or from different ce11 stocks (O mM 

m C 1  and 10 -Cl). 

7.3.2.1 Growth and ammoniiirn ion concentrations 

Growth curves of W C 1  and NaCl treated cells are shown in Fig.7.6. Cultures 

treated with 10 mM W C 1  showed a lower growth rate (0.020 h-l) compared to the 

control cultures (0.034 h-') and a 37 % lower maximum ceil density. A concentration of 5 

mM m C I  did not significantly affect the growth rate. However, the maximum ce11 

density was 18 % lower than the control value. NaCl-treated cells had similar growth 

characteristics as in control cultures. Glutamine metabolisrn resulted in ammonium 

production which caused an increased concentration in the medium of up to 4.5 mM for 

control cultures. Maximum ammonium ion concentration for 5 rnM and 10 mM W C 1  - 
treated cultures were 9.2 mM and 13.1 mM respectively. 

7.3.2.2 Mab glycosylation and production rates 

Mab production rates are shown in Table 7.2. Culture supplementation with NaCl 

(10 mM) or =Cl (5 mM) did not result in a significant increase in qMab compared to 

the control value (23.1 pg per 106 cells per day). However, supplementation of medium 

with 10 mM W C 1  resulted in a 36 % increase in qMab when compared to the control. 
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Figure 7.6 Effect of N&CI or NaCl on ce11 growth. Cultures were supplemented with 
0 mM W C 1  (control) (a), 5 mM NH&I (a); 10 rnM W C !  (A) or 10 mM NaCl (V). 
Ce11 concentrations were determined fiom daily samples of cultures (90 ml) established in 
150 cm2 T-flasks by inoculating cells fiom mid-exponential phase at 1.3 x10' cells/mi. 
Each point is a mean determination From 2 independent cultures. The error was less than 
10 % of the mean in al1 cases. 



Table 7.2 The specific Mab production rate, state of glycosylation and maximum 
UDP-GNac concentration of cultures supplernented with NECI or NaCl. 

N&Cl or q ~ a b a  % % non - maximum UDP-GNac 
NaCl* (pg per 106 &cosylated giycosylated Mab concentration (nrnol per 
(mM) cells per day) Mab 106 cells) 

?he qMab was determined fiom the dope of the best straight line through data points of 
the viability index (Vi) versus Mab concentration. These values were calculated for 
cultures maintained for 6 days. Controls and 10 mM m C I  data points were means of 
multiple determinations (n=4). Other points were taken from duplicate determinations 
(n=2). 



Monoclonal antibodies purified fiom ce11 culture supernatants were 

electrophoresed and analyzed for the presence of carbohydrate chains. Al1 heavy chah 

bands of Mab samples fiom W C 1  and NaCl supplemented cultures were fully 

glycosylated as shown by carbohydrate-specific staining on the nitrocellulose membrane. 

There was no evidence of non-glycosylated heavy chah bands as observed in the 

t unicarnycin-treated cultures. 

7.3.2.3 Nucleo tide analysis 

Ce11 lysates From cultures treated with W C 1  were also analyzed for nucleotide 

concentrations by HPLC. The UDP-GalNac and UDP-GlcNac pools increased 

significantly as a result of supplernenting the cultures with NXCl (Fig.7.7 and 7.8). The 

values appeared to increase to a maximum at day 3 in the M t C l  -supplemented cultures, 

although the drop in value for al1 samples at day 2 is unexplained. The increase of the 

UDP-GNac pool was dependent on the =Cl concentration (Table 7.2). An addition of 

5 rnM W C 1  resulted in a 2.1 - 2.4 fold increase in the maximum UDP-GalNac and 

UDP-GlcNac concentrations when compared to control cultures. An addition of 10 rnM 

NKCl resulted in a 3.7 - 4.0 fold increase in the sugar-nucleotide pools. NaCl did not 

affect significantly the UDP-GNac pool (Table 7.2). 

The ratio of UDP-GIcNad UDP-GalNac was constant in al1 the arnmonia-treated 

and control cultures with UDP-GlcNac amounting to 76 -1 1 % of the total UDP-GNac 

pool. This was consistent with the data fkom the tunicarnycin experiments. The 

percentage of CTDP-GalNac and UDP-GlcNac compared to total nucleotides was 

significantly higher in W C I  supplemented cultures compared to controls. The UDP- 

GNac pool of cells treated with 5 mM m C I  accounted for up to 37 % of total 

nucleotides compared to 26 % for control cultures. In 10 mM =Cl supplemented 

cultures the UDP-GNac pool consisted of up to 41 % of al1 nucleotides. The total 

intracellular nucleotide pool was significantly higher in cells containhg an elevated level 

of UDP-GNac. 
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Figure 7.7 Effect of NH4CI on intracellular concentrations of UDP-GalNac. 
Cultures were supplemented with O mM W C 1  (control) (a), 5 mM W C 1  (W) or 10 
rnM N C l  (A). Cultures (90 ml) were established in 150 cm2 T-fiasks by inoculating 
cells from mid-exponential phase at 1.3 x106 cells/ml. Daily samples (1-4 x 106 cells) 
were taken for nucleotide analysis by HPLC. Each point is a mean (k SEM) determination 
from 2 independent cultures. 
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Figure 7.8 Effect of N&Cl on intracellular concentrations of UDP-GlcNac. Cultures 
were supplemented with O mM N&C1 (control) (a), 5 mM NH.,CI (m) or 10 mM N&Cl 
(A). Cultures (90 mi) were established in 150 cm2 T-fïasks by inoculating cells from mid- 
exponential phase at 1.3 x106 celldml. Daily samples (1-4 x 106 cells) were taken for 
nucleotide analysis by HPLC. Each point is a mean (f SEM) determination from 2 
independent cultures. 



7.4 Discussion 

The availability of an intracellular pool of UDP-GNac is necessary to ensure full 

glycosylation of secreted glycoprotein from cultured marnmalian cells. Previous work has 

implicated the intracellular concentration of UDP-GNac as a key regulator of ce11 

viability and productivity. Ryll et al. (1994) suggested that an elevated intracellular 

concentrations of UDP-GNac is a mediator of loss of cell viability induced in cultures 

following the accumulation or addition of ammonia. In a previous report &om our 

laboratory we showed that elevated culture temperatures induced an increase in UDP- 

GNac and a concomitant enhancement of specific antibody productivity, qMab (section 

4.0). 

The purpose of the work presented here was to determine whether the 

intracellular Ievel of UDP-GNac in a murine hybridorna has a significant role in 

monoclonal antibody production or in the degree of antibody glycosylation. The 

hybndoma (CC9C IO) was grown under conditions favorable for UDP-GNac intracellular 

accumulation. Two approaches were used. The first involved the addition of tunicamycin 

which has previously been shown to result in reduced UDP-GNac utilization and 

inhibition of protein glycosylation (Morin et al., 1983). Tunicamycin is a structural 

analogue of UDP-GNac and its mechanism of intracellular action involves competitive 

inhibition of the transfer of GNac to the dolichol phosphate carrier during the cellular 

glycosylation process (Tkacz and Lampen, 1975). The second approach involved the 

addition of W C 1  which has previously been show to result in increased UDP-GNac 

synthesis (Ryll et a1J994)- This is thought to occur by promoting the activity of the 

enzyme, glucosamine phosphate isomerase which affects the amination of mictose 6- 

phosphate to glucosamine 6-phosphate by amrnonia . Glucosamine 6-phosphate is a 

precursor for the synthesis of UDP-GNac. 

In our expenments with munne hybridoma cultures it was important to establish 

concentrations of tunicamycin and ammonia that perturbed the metabolism of UDP-GNac 

without causing a significant rate of ce11 death. Previous reports have shown that 

tunicamycin concentrations of 1- 10 &mi arrested protein glycosylation without inhibiting 



protein synthesis in ce11 culture (Leatherbarrow et d,1985;  Walker et ai., 1989). 

However, these studies were conducted in serum-supplemented cultures. In the serum- 

fiee medium used to culture the CC9C 10 hybridomas described in Our report (NB-SFM), 

tunicamycin at >0.01 pg /d  arrested ce11 growth and reduced ce11 viability significantly. 

Supplementation of the NB-SFM cultures with serum or bovine serum albumin reduced 

significantly the growth inhibitory effect of tunicamycin and improved culture viability. 

This protective effect rnay be due to the potential binding between semm albumin and the 

fatty acid residue of tunicamycin (Ashbrook et al., 1975). 

The expenmental data showed that concentrations of tunicamycin up to 0.1 &ml 

did not significantly alter the Mab production rate (qMab) when compared to the control 

cultures, although at 1 &ml tunicamycin there was a modest but significant increase in 

the qMab. From this we conclude that tunicamycin does not significantly affect the rate of 

Mab production in viable cells. At the high concentration of tunicamycin tested there was 

a significant population of non-viable cells in the culture which increased to more than 50 

% &er only 2 days. It is probable that the apparently higher qMab observed at the highest 

tunicamycin concentration tested was due to passive antibody release by non-viable cells 

(Mohan and Lyddiatt, 199 1). 

Secreted proteins from mammalian cells show variable glycosylation patterns 

which depend upon a range of parameters including the metabolic state of the cells as well 

as the conditions of culture (Jenkins et al., 1996). Munne immunoglobulin IgGi of the 

type secreted by the CC9ClO cells has two CH2 heavy chah domains each of which 

contains a conserved glycosylation site at Am297 to which are linked complex 

b ian te~a ry  oligosaccharides (Rudd and Dwek., 1997). Additional sites may be present in 

some IgG molecules but these are likely to be of rninor structural importance. 

Tunicamycin caused a decrease in the molecular weight of the heavy chain of the Mab 

from the CC9ClO hybridomas. This Iower molecular weight heavy chah as well as the 

light chah was non-glycosylated as s h o w  by Western blot analysis. The decrease in 

molecular weight of the heavy chah corresponded to the approximate size of previously 

analyzed carbohydrate groups from IgG (Hamako et ai., 1993). 



A cornparison between the data for Mab glycosylation and production rates 

indicates that the non-glycosylated Mab was secreted at the same rate as the glycosylated 

Mab. Thus, qMab is not afFected by the extent of glycosylation in these cells. This is 

consistent with findings that glycosylation is not necessary for intracellular transport, 

assembly or secretion of IgG isotype antibodies (Weitzman and ScharE, 1976). 

However, cells secreting other immunoglobulin isotypes (IgA and IgE) have these 

functions impaired in the absence of glycosylation (Hickrnan et al., 1977; Sidman, 198 1). 

This may suggest that there are differences in the mechanism or rates of synthesis and 

glycosylation related to the isotype of the secreted immunoglobulin. 

Tunicamycin caused a dose dependent increase in the intracellular UDP-GNac 

pool of CC9ClO cells up to a concentration of 0.1 pg/ml. This may indicate feedback 

inhibition of hexosamine synthesis by the sugar-nucleotides (Kornfield et ai., 1964). 

Sirnilar nucleotide accumulations have been observed in a leukernic ce11 Iine (Morin et ni., 

1983). A compilation of results indicate that tunicamycin induces UDP-GNac 

accumulation without affect ing the qMab. This finding suggests t hat temperature induced 

UDP-GNac accumulation and the concomitant qMab enhancement found in previous 

studies may be independent events (section 4.0). 

A second method of increasing UDP-GNac intracellular concentrations was by 

supplementing cultures with ammonium chlonde. This results in an increased rate of 

sugar-nucleotide synthesis as reported in other studies (Ryll et al., 1 994). Alt hough 

W C 1  is growth inhibitory (Doyle and Butler, 1990; McQueen and Bailey, 1991), it is 

less toxic than tunicamycin thus allowing cells to grow exponentially dunng a penod 

when UDP-GNac accumulates significantly. Ryll et al. ( 1994) suggest that growth 

inhibition is mediated by UDP-GNac accumulation. 

Supplementation of hybridoma cultures with W C 1  up to 10 mM resulted in a 

concentration-dependent increase in intracellular UDP-GNac to a level comparable with 

that observed with tunicarnycin. However, the N&CI-induced UDP-GNac accumulation 

could not be directly correlated with the specific antibody production (qMab). The 

treatment of cultures with 5 mM N'&CI did not affect the qMab whereas a treatment of 

10 rnM N U I  resulted in a 36 % increase compared to control cultures. The increase in 



qMab at 10 mM NHXI may be attributed to other effects of ammonium supplementation 

and related more directly to a reduction in growth rate. Reductions in growth rate have 

been associated in other midies with an increase in Mab production (Miller et al., 1988a; 

Hayter et al., 1992). 

Anaiysis of Mab punfied fiom m C 1  treated cultures by gel electrophoresis and 

Western blotting shows that ammonia did not prevent glycosylation. In previous reports 

ammonium chloride has been shown to prevent terminal siaiylation of oligosaccharides in 

plasma and Chinese hamster ovary ce11 glycoproteins (Thorens and Vassalli, 1986; Borys 

et al., 1994; Anderson and Goochee, 1995). Similar changes may have occurred in the 

Mab fiom the ammonia-treated CC9ClO cells. However, such small changes in the 

heterogeneity of the glycosylation pattern would have been undetectable from the gel 

electrophoresis used in Our analysis. 

7.5 Conclusion 

We have shown that supplementation of a hybridoma culture with tunicamycin or 

ammonium chloride caused up to a 5 fold increase in intracellular concentrations of UDP- 

GalNac and UDP-GlcNac. The resulting high sugar-nucleotide levels did not affect 

significantly the specific monoclonal antibody production rate showing that the availability 

of UDP-GNac is not a limitation to higher productivity. Tunicamycin, but not ammonium 

chloride, inhibits the glycosylation of Mab. However, the non-glycosylated Mab was 

secreted at the sarne rate as the glycosylated form showing that the glycosylation process 

does not appear to limit productivity in these cells. We conclude that UDP-N-acetyl 

hexosarnine does not act as a mediator of enhanced rates of monoclonal antibody synthesis 

in the hybndoma ce11 culture system. These results are important in the fùrther 

understanding of the inter-relationship of measurable metabolic parameters in high 

producer mamrnalian ce11 lines used in large-scaie bioprocesses. 



CaAPTlER 8 

8.0 The relationship between intracellular oucleotides levels and culture viability 

8.1 Introduction 

Intracellular nucleotides have been implicated in al1 areas of metabolism. They act 

as substrates, produas and energy carriers in many cellular reactions. Nucleotides also 

play an important role in the regulation of cellular processes and pathways (Atkinson, 

1977). Studies have shown that imbalances in nucleotide pools correlate with viable ce11 

processes such as ce11 cycle phases, proliferation, differentiation and transformation 

(Rapaport et al., 1979; De Korte et al., 1987; Ryll and Wagner, 1992). It is therefore 

plausible that fluctuations in the nucleotide pools may also influence or depend upon other 

ce11 behaviors such as ce11 death. 

Ce11 death is a cntical factor limiting the productivity of hybridoma cultures. This is 

due to the observation that Mab production is related to the number of viable cells 

(Renard et a/., 1988). Conditions that would sustain viability for an extended period of 

time would therefore improve product yield. For many years, animal ce11 death was 

considered to be a passive uncontrolled phenornenon referred to as necrosis. It is now 

widely accepted that under certain circumstances animal cells may actually play an active 

role in their own dernise. This cell "suicide" known as apoptosis is regulated by gene 

expression (Mosser and Massie, 1994; Hale et al., 1996). The two modes of ce11 death can 

be distinguished morphologically. Apoptotic cells are characterized by the condensation of 

nuclear chromatin into the shapes of crescents or spherical beads (Mercille and Massie, 

1994a). It has even been speculated that condensation dunng apoptosis may be due to the 

sharing of comrnon pathways with mitosis (Meikrantz and Schiegel, 1995). No 

condensation of chromatin is apparent however in necrotic cells. 

Other morphological and biochemical changes often associated with apoptotic cells 

are the reduction in ce11 volume, blebbing of the plasma membrane, Fragmentation of the 



ce11 into apoptotic bodies and cleavage of  DNA at the Iinker region between nucleosomes. 

The intemucleosomai cleavage of the chromatin in apoptotic cells can be visualized by 

agarose gel electrophoresis as a DNA ladder haWig multiples of 180 - 200 base pairs 

(WylIie, 1980; Sokolova et al., 1992). There is however evidence questionhg this 

technique for identifjmg apoptotic cells. For example, not dl apoptotic ce11 deaths are 

charact erized b y the typical DNA ladder and cells undergoing massive necrosis have been 

s h o w  to exhibit intemucleosomal cleavage (Cohen et al., 1992; Collins et al., 1992). 

Lymphoid ce11 lines die by a combination of apoptosis and necrosis when grown in 

batch cultures. A balance between the two modes of ce11 death may be due to the 

simultaneous presence of different inducers. Studies indicate that apoptosis is induced by 

glucose, glutamine or oxygen limitations while necrosis is caused by the accumulation of 

metabolic by-products such as lactate and ammonium.(Mercille and Massie, 1994% 1994b; 

Singh et al., 1 994). Other studies however have demonstrated that glucose deprivation 

may cause significant ce11 death by necrosis (Petronini et al., 1996). 

The purpose of this investigation was to determine if a relationship exists between 

hybridoma culture viability, mode of cell death and nucleotide pools. Comparing these 

parameters may give insights into how ce11 death is regulated or induced and lead to the 

development of strategies aimed at optiminng culture productivity. 

8.2 Preparation of stock cultures and flasks pnor to experiments 

Stock cultures of CC9C IO hybridomas were inoculated at 1.2 x 10' cells/ml in T- 

flasks (150 cm2) containing a total of 50 ml NB-SFM. Cultures were incubated at 37°C for 

66-67 hours before use in experiments. This treatment of cells gave consistently high 

density cultures (0.9 - 1.3 x 106 cells/ml) in the mid-exponential phase of growth. 

Exponentially growing cells were collected by centrifugation at 190 g for 5 minutes and 

the supernatant was decanted. Tissue culture flasks (25 cm2) with loosened caps were pre- 

incubated overnight in a COz incubator at 37OC prior to use. 



8.3 Results 

8.3.1 The effect of inoculation density on viability and intraceliular nucleotide levels 
of CC9C10 hybrïdomas 

The aim of this expenment was to investigate if' decreases in culture viability would 

coincide to specific changes in nucleotide pools. In order to obtain varying death profiles, 

cultures were inoculated at different ce11 densities. Exponentially growing cells as prepared 

in section 8.2 were suspended in 10 ml NB-SFM (25 mM glucose, 6 rnM glutamine) in 

replicate T-flasks (25 cm2) at three difFerent inoculation densities: 1 -25; 2.5 and 5 .O x 10' 

cells/mi. Cultures were incubated at 3PC in a CO2 incubator. Cells were counted using a 

hemocytometer and viability determined by the trypan blue exclusion method (section 

2.5.1). IntraceIluIar nucleotides were extracted and quantified by ion pair reverse phase 

chromatography (gradient 2) and by luminometry as previously described (section 2.7). 

Flasks were sacrificed for each sampling time point until a signifiant decrease in viability 

was observed. Experiments were done in duplicate with cultures inoculated from a 

different ce11 stock. The data was averaged to give a mean and standard error of the mean 

where n = 2. 

8.3.1.2 Growth and viability 

As shown in Fig.8.1, cultures inoculated at different densities reached sirnilar 

maximum viable ce11 numbers (1.5 * 0.1 x 1 o6 cells/ml). The time that the cultures reached 

maximum values however was dependent on the initial inoculum density. Cultures 

inoculated at 1.25; 2.5 and 5.0 x 10' celldml attained maximum viable ceIl numbers afier 

78, 53 and 42 hours respectively. The maximum ce11 growth rate (p,) calculated from 

the slope of the growth curve was the same for the two cultures inoculated at the lower 

cell densities (0.035 * 0.002 h"). Cultures inoculated at 5 x 10' cells/rnl had a 23 % lower 

p, (0.027 i 0.001 h-'). 

For the purposes of this study, the beginning of the death phase of a culture was 

defined as the first decrease in ce11 population viability. Culture viability was over 92 % for 

ali cultures at the time of inoculation. Mer 36 hours of incubation, the viability of the 
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Figure 8.1 The effect of initial inoculation density on CC9C10 growth. Hybridomas 
were inoculated into T-Basks (25 cm2) containing 10 ml NB-SFM (25 mM glucose, 6 mM 
glutamine) at the following densities: 1-25 x 10' celldml, (@); 2.5 x 10' celldrnl, (a); 5.0 
x 10' celldrnl, (A). Values are the mean fiom two independent cultures inoculated frorn 
different ce11 stocks. 



culture inoculated at 5 .O x 1 O' ceUs/ml began to decline (Fig. 8 -2). The time of the onset of 

the death phase for cultures inoculated at 2.5 and 1.25 x 10' cells/ml was 60 and 72 hours 

respectively. The onset of death for the two latter cultures was within 7 hours of attaining 

the maximum viable cell density. Cultures inoculated at 5.0 x 105 cells/ml exhibited a 

decrease in viability 7 hours prior to reaching its maximum viable ce11 density. 

8.3.1.3 Meta bolite analysis 

Nutrient concentrations in the medium at the beginning of the death phase were 

determined for each culture. Glucose levels were greater than 6 mM when al1 cultures 

exhibited a decrease in viability. Glutamine concentrations at these time points were 0.3 - 
0.5 mM in cultures inoculated at 1-25 and 2.5 x lo5 cells/ml. Higher concentrations of 

glutamine (1 -3 * 0.1 rnM) were obsewed at the onset of death in cultures inoculated at 5 x 

Io5 cells/ml. Glutamine was totally depleted in cultures inoculated at 1.25 and 2.5 x 10' 

cells/ml after 78 and 72 hours respectively. 

8.3.1.4 Nucleotide analysis 

Nucleotide profiles were compared to decreases in the viability of the ce11 cultures. 

The results showed that the intracellular UTP concentrations increased in celis during the 

first 24 hours of exponentiai growth (Fig.8.3). During this penod maximum UTP values of 

1.9 - 2.8 nrnov106 cells were attained in al1 cultures. M e r  24 hours of incubation, UTP 

levels decreased. In cultures inoculated at 1.25 and 2.5 x 10' cells/rnl, the UTP 

concentration was depleted to 1.0 nmol/106 cells 6 -7 hours prior to a decrease in viability 

(Table 8.1). The level of UTP remaineci below this value for the remainder of the culture 

penod as viability continued to decline. In cultures inoculated at 5 x 10j cells/ml, UTP 

concentrations did not go below 1.0 n m o ~ 1 0 ~  cells until 7 hours afler the onset of the 

death phase. 
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Figure 8.2 The effect of initial inoculation density on CC9C10 viability. Hybndomas 
were inoculated into T-flasks (25 cm2) containhg 10 ml NB-SFM (25 rnM glucose, 6 mM 
glutamine) at the following densities: 1.25 x 1 o5 cells/mi, (O); 2.5 x 10' cells/mi, (m); 5 .O 
x 10' ceIls/ml, (A);. Values are the mean fi-om two independent cultures inoculated fiorn 
different ce11 stocks. 
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Figure 8.3 The effect of initial inoculation density on CC9CIO intracellular UTP 
levels. Hybndomas were inoculated into T-flasks (25 cm2) containing 10 ml NB-SFM (25 
mM glucose, 6 mM glutamine) at the following densities: 1.25 x Io5 celldrnl, (a); 2.5 x 
105 cells/d, (u); 5.0 x 10' cells/ml, (A). Values are the mean fiom two independent 
cuItures inoculated fiom different ce11 stocks. 



Table 8.1 Correlation between decreases in pyrimidine levels and the time of the 
first decrease in viability. N,, is the maximum viable ce11 density. 

Initial inoculum Time when cultures Tirne of the Time when UTP Time when CTP 
density attain N,, first decrease in levels fdl below becomes 

viability 1 nmoV1 o6 cells undeteetable 
(x 10' cells/rnl) (hours) (hours) (hours) (hours) 

1.25 72 72 66 60 
2-50 53 60 53 53 
5.00 42 36 42 42 



A decrease in ce11 culture viability was accompanied by a significant depletion of 

the CTP pool. The resulting low concentrations of CTP in the cellular extracts and the Iow 

resolution of the HPLC CTP peak made it difficult to accurately quanti& this nucleotide. 

CTP levels for the purpose of this study were therefore characterized as detectable or 

undetectable. Detectable limits of CTP were set at 0.2 x 10-~ M as deterrnined by HPLC 

detection of nucleotide standards. A ce11 extract concentration of 0.2 x IO-' M translates 

to approximately 0.4 x 1 o4 m o ~ 1  o6 cells. 

Decreases in CTP values to undetectable levels was concomitant with the onset of 

the death phase (Table 8.1). In cultures inoculated at 1-25 and 2.5 x 10' cells/mi, CTP was 

undetectable 7 - 12 hours pnor to a decrease in viability. Once CTP levels were depleted 

the intracellular pool of this nucleotide did not recuperate and rernained undetectable. In 

cultures inoculated at 5.0 x lo5 celldml, the CTP pool was not depleted until 7 hours &er 

the onset of the death phase. 

Analysis of purine nucleotide triphosphates, ATP and GTP, did not reveal any 

correlation between the onset of death and decreased intracellular levels for al1 inoculation 

densities tested. Intracellular ATP concentrations remained between 3 - 5 nmoY Io6 cells 

pnor to and after decreases in viability. GTP values during this same culture period were 

in the range of 0.6 - 1.2 n m o ~ 1 0 ~  cells. The adenylate energy charge of al1 cultures did 

not fluctuate significantly and remained higher than 0.8 at al1 time point rneasurements. 

8.3.2 The effect of initial glucose concentration on viability and intracellular 
nucleotide levels of CC9C 10 hybridomas 

To complement the previous experiment (section 8.3. I ) ,  the variation in glucose 

concentration was used as a second rnethod to obtain differential death profiles. This 

method has the advantage over using different inoculation densities because the inducer of 

ce11 death is known (i-e. glucose starvation). Expenrnental methods were the same as in 

section 8.3.1 with the following modification: exponentially growing cells were inoculated 

into replicate flasks containing NB-SFM supplemented with O, 1, 5, 10 or 25 mM 



glucose. Inoculation density was 5 x 105 cells/mi and initial glutamine concentration was 6 

mM. 

8.3.2.1 Growth and viability 

As shown in Fig.8.4 and Table 8.2, culture growth and yield was dependent on the 

initial glucose concentration. Hybridoma cells inoculated into NB-SFM containing O mM 

glucose did not multiply. The inoculation density (5.0 x 10' celldml) was therefore the 

maximum ce11 density in these cultures. In the presence of 1 and 5 mM glucose, cultures 

reached maximum viable ce11 densities of 6.3 and 8.5 x 10' cells/mi respectively. 

Maximum viable cell densities of 1.03 and 1.44 x 106 cells/rnl were attained in NB-SFM 

containing 10 mM and 25 mM glucose respectively. 

In addition to decreased yield of cells, cultures grown in low glucose 

concentrations also had reduced growth rates (Table 8.2). In the absence of glucose, no 

growth (p, = 0) was recorded in the hybridoma cultures. Glucose concentrations of 1 

and 5 mM caused p, rates of 0.0 19 * 0.00 1 h-l. Glucose concentrations of 10 and 25 

mM glucose gave p, rates of 0.027 * 0.00 1 h'l. 

The beginning of the death phase was determined by monitoring the ce11 

population for the first decrease in viability. Culture viability was over 92 % for al1 

cultures at the time of inoculation. The time of the onset of the death phase was 

proportional to the initial glucose concentration (Fig.8.5). After 7 - 9 hours of incubation, 

the viability of cultures grown in the absence of glucose began to decline. Cultures grown 

in 1, 5, 10 and 25 mM glucose experienced reductions in viability &er 19, 26, 30 and 36 

hours respectively. The onset of death for cultures grown in O - 10 mM glucose was 

within 7 hours of attaining the maximum viable ce11 density (Table 8.2). Cultures grown in 

NB-SFM containing 25 mM glucose however showed a decrease in viability 7 hours prior 

to reaching the maximum viable ce11 density. 
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Figure 8.4 The effect of initial glucose concentration on CC9C10 growth. Hybndomas 
were inoculated into T-flasks (25 cm2) containing 10 ml NB-SFM (6 mM glutamine) 
containing varying initia1 glucose concentrations: O mM, (*); 1 mM, (i); 5 mM, (A); 10 
mM, (V); 25 m .  (+). Values are the mean fiom two independent cultures inoculated 
frorn different ce11 stocks. Errors were less than 11 % of the mean except where indicated 
by the error bars. 



Table 8.2 The effect of initial glucose concentration of ce11 growth and viabitity. N,, 
is the maximum viable ce11 density. 

Initial glucose N - X  Time when Pm= Tirne of the Time of 
concentration cultures first giucose 

attain N,, decrease in depletion 
viability 

(mM) (x 1 o6 ceIls/mI) (hours) (h-') (hours) (hours) 
O 0.50 * 0.03 O O 7 - 9 O 
1 0.63 * 0.03 14 0.0 18 * 0.00 1 19 9 
5 0.85 0.05 26 0.020 * 0.003 26 18 
10 1.03 * 0.07 25 0.028 * 0.003 30 30 
25 1 -44 0.02 42 0.027 * 0.00 1 36 NA 

NA- not applicable 
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Figure 8.5 The effect of initial glucose concentration on CC9CIO viability. 
Hybridomas were inoculated into T-flasks (25 cm2) containing 10 mi NB-SFM (6 mM 
glutamine) containing varying initial glucose concentrations: O mM, (a); 1 m .  (i); 5 
mM, (A); 10 mM, (V); 25 rnM, (*). Values are the mean from two independent cultures 
inoculated fiom different ceIl stocks. Errors were less than 3 % of the mean except where 
indicated by the error bars. 



8.3.2.2 Metabolite analysis 

Glucose levels were totally depleted before or at the onset of the death phase in al1 

cultures except for the NB-SFM containing an initial concentration of 25 mM (Table 8.2). 

The glucose level in the latter culture was 10.2 + 1.2 mM at the first time point where a 

decrease in viability had occurred. Glutamine levels were greater than 1.1 mM in al1 

cultures pnor to a decline in culture viability. 

8.3.2.3 Nucleotide analysis 

The four nucleotide triphosphates pools (CTP, UTP, GTP and ATP) decreased in 

relation to the glucose concentration. in cultures grown in the absence of glucose, CTP 

pools were undetectable after only 3 hours of incubation. In the presence of 1 - 10 mM 

glucose, CTP pools reached undetectable values as glucose was depleted from the medium 

and pnor to a decrease in culture viability (Table 8.3). Cells grown in an initial glucose 

concentration of 25 mM did not exhibit depleted CTP pools until afier a decrease in 

viability had occurred. UTP pools decreased significantly within 5 hours of incubation in 

NB-SFM containing O or 1 mM glucose (Fig.8.6). UTP levels dropped to 0.45 nmo~10~  

cells or lower from an original value of 1.2 1 nmoV10~ cells (a 6 1 % decrease). In cultures 

grown in an initiai glucose concentration of 5 and 10 mM, UTP values started to decline 

afler 12 - 18 hours of incubation. Mer  26 - 30 hours, UTP had dropped to less than 0.5 1 

n m o ~ 1 0 ~  cells. Cultures grown in NB-SFM containing 25 rnM glucose did not experience 

similar drastic drops in UTP levels. Intracellular concentrations of UTP did however 

decrease to 0.89 nmoi/106 cells after a decrease in viability had occurred at 42 hours. 

Cornparison of UTP values at the first decrease in viability time point are shown in Table 

8.3. Almost al1 UTP values were lower or equal to 0.5 1 nmoI/1o6 cells at the onset of the 

death phase. The only exception was the culture grown in an initial glucose concentration 

of 25 mM. In this culture glucose was not limiting during the incubation penod. 



Table 8.3 Nucleotide Ievels at the first decrease in culture viabiIity. 

Initiai glucose CTP UTP GTP ATP Energy 
concentration charge 

@Ml ( n m o ~  1 o6 cell) @moi/ 1 o6 cells) (moi/ 1 cells) 
O ND 0.21 * 0.07 0.19 * 0.01 0.71 1 O. 14 0.34 * 0.03 
1 ND 0.43 * O. 12 0.29 * 0.06 0.84 * 0.05 0.26 * 0.03 
5 ND 0.51 * 0.30 0.35 * 0.20 1.29 * 0.30 0.32 * 0.05 
10 ND 0.51 =t 0.03 0.39 1 O. 17 1.25 * 0.24 0.28 * 0.03 
25 D 1.46 î 0.33 1.10 * 0.03 4.75 i 0.36 0.93 * 0.01 

ND - not detectable 
D - detectabIe 



Figure 8.6 The effect of initial glucose concentration on CC9C10 intracellular UTP 
levels. Hybridornas were inoculated into T-flasks (25 cm2) containing 10 ml NB-SFM (6 
mM glutamine) containing varying initial glucose concentrations: O mM, (a); 1 mM, (M); 
5 mM, (A); 10 mM, (V); 25 mM, (a). Values are the mean from two independent 
cultures inoculated from different ce11 stocks. 



Profiles of GTP and ATP pools during the growth and death of CC9ClO 

hybndomas were similar to UTP profiles (Fig.8.7 and Fig.8.8). Cultures grown in NB- 

SFM containing O and 1 mM glucose exhibited significant drops in the purine 

triphosphates after 5 hours of incubation. GTP levels decreased to less than 0.29 nrnoL/1o6 

cells from an original value of 0.75 nmo~1 o6 cells (6 1 % decrease). ATP levels dropped to 

1 .O nm0I/l0~ cells or lower fiom an original value of 3 -4 nmoV10~ cells (70 % decrease). 

In cultures grown in 5 and 10 mM glucose, purine triphosphate levels started to decline 

after 6 and 18 hours respectively. Cultures grown in 25 mM glucose did not exhibit similar 

decreases in the ATP and GTP intracellular concentrations. Cornparisons of ATP and 

GTP values at the first decrease in viability time point are show in Table 8.3. Except for 

the cells grown in an initial concentration of 25 mM glucose, al1 cultures had GTP values 

of 0.39 nrnoU106 cells or lower and ATP values of 1.29 nrnoI/1o6 cells or lower when 

viability began to decline. 

An analysis of nucleotide ratios shows that the cultures in which glucose was 

depleted had significantly reduced energy charge levels (Fig 8.9). Al1 energy charge values 

were less than 0.34 at the time of a decrease in viability in cultures inoculated into O - 10 

mM glucose. In cultures grown in 25 mM glucose, the energy charge levels remained high 

pnor to and &er a decrease in viability. 
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Figure 8.7 The effect of initial glucose concentration on CC9C10 intracellular GTP 
levels. Hybndomas were inoculated into T-fiasks (25 cm2) containing 10 ml NB-SFM (6 
mM glutamine) containing varying initial glucose concentrations: O mM, (a); 1 rnM, (i); 
5 mM, (A); 10 mM, (V); 25 mM, (*). Values are the mean from two independent 
cultures inoculated from different ceU stocks. 
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Figure 8.8 The effect of initial glucose concentration on CC9ClO intracellular ATP 
levels. Hybndomas were inoculated into T-flasks (25 cm2) containing 10 mi NB-SFM (6 
mM glutamine) containing varying initial glucose concentrations: O rnM, (*); 1 rnM, (a); 
5 mM, (A); 10 mM, (V); 25 rnM, (e). Values are the mean from two independent 
cultures inoculated fi-om different ce11 stocks. 



Figure 8.9 The effect of initial glucose concentration on CC9C10 intracelluiar energy 
charge. Hybndomas were inoculated into T-flasks (25 cm2) containing 10 ml NB-SFM (6 
mM glutamine) containing varying initial glucose concentrations: O rnM, (O); 1 mM, (i); 
5 mM, (A); 10 mM, (V); 25 mM, (*). Values are the mean from two independent 
cultures inoculated from different ce11 stocks. 



8.3.3 Determination of the method of cell death in normal batch culture 

It was found in previous studies that in batch cultures, LJTP and CTP pools 

decrease prior to a decline in ce11 culture viability. To better understand the role of these 

nucleotide changes in this context it is necessaxy to determine the method of ce11 death. 

The aim of this experiment was therefore to measure the fraction of cells that die by 

apoptosis or necrosis during the early stages of ce11 culture death. Expenmental methods 

were the same as in section 8.3.1 with the following modification: exponentially growing 

cells were inoculated into replicate flasks containing NB-SFM (25 mM glucose, 6 mM 

glutamine) at an inoculation density of 1.2 x 105 cells/rnl. The fraction of viable, apoptotic 

and necrotic cells were determined by fluorescent microscopy (section 2.12). 

8.3.3.1 Relative contribution of apoptosis and necrosis to ce11 death in CC9C10 
batch cultures 

The evolution of ce11 death in normal batch culture is shown in Fig.8.10. Cells 

grew exponentially for the first 72 hours at a rate of 0.031 * 0.002 h-' and reached 

maximum ce11 density of 1.2 1 0.1 5 x 1 o6 cells/ml. Initial viability of the ce11 culture was 

greater than 90 % as determined by fluorescent rnicroscopy. As the culture approached 72 

hours of incubation, the nurnber of apoptotic cells began to increase. No significant 

changes in necrotic ce11 numbers were observed in the early stages of ce11 culture death. At 

the 120 hour time point, 24 % of ail cells were apoptotic thus representing 94 % of total 

dead cells. Apoptotic celis can be subdivided into two distinct groups based on membrane 

integrity (Fig.8.11). Apoptotic cells with intact membranes (Apm') or with permeable 

membranes (Aprn') were both present at time of inoculation and represented 1.9 % and 

3.0 % of the ce11 population respectively. In the first 50 hours of incubation, both levels of 

apoptotic ce11 types remained relatively constant. M e r  50 hours, the increase in Apm- was 

faster than Aprn'. This resulted in Apm making up over 75 % of the apoptotic ce11 

population at 120 hour time point. 
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Figure 8.10 The evolution of ceIl death in CC9C10 normal batch culture. Hybndomas 
were inoculated into T-flasks (25 cm2) containing 10 mi NB-SFM (25 mM glucose, 6 mM 
glutamine) at 1.2 x 10' cells/rni. The viable ceIl density (0) was detennined with the use of 
a hemocytometer (n=4). The fraction of viable (e), apoptotic (V), and necrotic (i) cells 
were detemiined by fluorescent microscopy. Values are the mean from two independent 
cultures inoculated fiom different cell stocks. 



Figure 8.11 The distribution of apoptotic cell types in CC9CIO normal batch 
culture. Hybridornas were inoculated into T-flasks (25 cm2) containhg 10 ml NB-SFM 
(25 mM glucose, 6 mM glutamine) at 1.2 x 10' cells/ml. The fraction of apoptotic celis 
with intact membranes, ~pm',  (a) and permeable membranes, Apm-, (V) were 
determined by fluorescent microscopy. Values are the mean fiom two independent 
cultures inoculated fiom different ce11 stocks. 



8.3.4 Determination of the method of ceii death in ghtamine-limited cultures 

Previous analysis of batch cultures (section 8.3.1) has shown that the beginning of 

ce11 culture death coincides with a significant decrease in giutamine levels. As ce11 death 

progressed, glutamine was totally depleted. Further studies (section 8.3.3) revealed that 

the major cause of ce11 death in batch culture was apoptosis. The following experiment 

therefore investigates whether glutamine limitation cm induce apoptosis. Expenmental 

methods were the same as in section 8.3.3 with the following modification: exponentially 

growing cells were inoculated into replicate flasks containing NB-SFM (25 mM glucose, 

0.5 rnM glutamine) at an inoculation density of 5 x 10' cells/rni. 

8.3.4.1 Relative contribution of apoptosis and necrosis to ce11 death in glutamine- 
limited CC9C10 cultures 

The evolution of ce11 death in glutamine-limited cultures is shown in Fig.8.12. Cells 

grew to a maximum ce11 density of 6.6 x 10' cells/ml after 15 hours of incubation and 

remained at that level for another 10 hours before a significant decline was observed. 

Culture viability was greater than 90 % for the first 10 hours of incubation. A decline in 

viability at 20 hours coincided with a total depletion of glutamine and an increase in the 

apoptotic ce11 population. M e r  48 hours of incubation 49.7 % of the cell population was 

apoptotic, 45.6 % viable and 4.6 % necrotic. Apoptosis accounted for 91 % of total dead 

cells. 

Analysis of the apoptotic ce11 distribution indicates an initial increase in the Apm* 

cells after 20 hours of incubation and an apparent plateau at approximately 10 % 

(Fig.8.13). The fraction of Apm cells rapidly increases in cornparison to Apm' cells after 

20 hours of incubation.. 
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Figure 8.12 The evolution of ce11 death in a glutamine-limited CC9C10 culture. 
Hybridomas were inoculated into T-flasks (25 cm2) containing 10 mi NB-SFM (25 rnM 
glucose, 0.5 mM glutamine) at 5 x 10' cells/mi. The viable ce11 density (0) was determined 
with the use of a hemocytometer. The fraction of viable (a), apoptotic (V), and necrotic 
(i) cells were determined by fluorescent microscopy. Al1 values are the rnean from two 
independent cultures inoculated fiom different ce11 stocks. 



Figure 8.13 The distribution of apoptotic ceil types in a glutamine-limited CC9C10 
culture. Hybridomas were inoculated into T-flasks (25 cm2) containing 10 mi NB-SFM 
(25 mM glucose, 0.5 mM glutamine) at 5 x 10' celldd. The fraction of apoptotic cells 
with intact membranes, Apm', (m) and permeable membranes, Apm-, (V) were 
deterrnined by fluorescent microscopy. Values are the mean fiom two independent 
cultures inoculated from different ce11 stocks. 



8.3.5 Determination of the method of cell death in glucose-limited cultures 

Previous studies had shown that glucose limitation caused a severe drop in 

nucleotide triphosphate pools and a rapid induction of ce11 death. In order to assess the 

role of nucleotides in the decline of culture viability, the mode of ce11 death was evaluated. 

Experimental methods were the same as in section 8.3.3 with the following modification: 

exponentially growing cells were inoculated into repticate flasks containhg NB-SFM (O 

mM glucose, 6 mM glutamine) at an inoculation density of 5 x 105 cells/ml. 

8.3.5.1 Relative contribution of apoptosis and necrosis to cell death in glucose- 
depleted CC9CIO cultures 

The evolution of ce11 death in glucose-deprived cultures is shown in Fig.8.14. Cell 

density remained at 5 x 10' cells/d for 10 hours before a decline was observed. Viability 

which was greater than 90 % initiaily remained at this level until a significant decrease to 

83 % at 10 hours. The decrease in viability was due to a concomitant increase in the 

number of apoptotic cells. After 19 hours of incubation, 36 % of the ce11 population was 

apoptotic, 57 % viable and 6 % necrotic. Apoptotic cells made up more than 85 % of total 

dead cells. 

Analysis of the apoptotic ceil distribution shows similar Ievels of Aprn- and Aprn- 

cells (2 - 3 %) during the first 6 hours of incubation (Fig. 8.15). At 10 hours there is a 

significant increase in Apm' cells compared to the Apm' cells which remained at a constant 

level. A further incubation resulted in a rapid nse in the Apm- ce11 fiaction and leveling off 

of the Apm' ce11 fraction at 12 - 14 %. 
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Figure 8.14 The evolution of cell death in a glucose-depleted CC9ClO culture. 
Hybndomas were inoculated into T-flasks (25 cm2) containing 10 ml NB-SFM (O mM 
glucose, 6 mM glutamine) at 5 x 10' cells/ml. The viable ce11 density (0) was determined 
with the use of a hemocytometer. The fiaction of viable (a), apoptotic (V), and necrotic 
(m) cells were determined by fluorescent microscopy. Ail values are the mean from two 
independent cultures inoculated fiom different cell stocks. 
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Figure 8.15 The distribution of apoptotic ce11 types in a glucose-depleted CC9ClO 
culture. Hybndomas were inoculated into T-flasks (25 cm2) containing 10 ml NB-SFM (O 
mM glucose, 6 mM glutamine) at 5 x 10' cells/rnl. The &action of apoptotic cells with 
intact membranes, Apm', (a) and permeable membranes, Apm-, (V) were determined by 
fluorescent microswpy. Values are the mean from two independent cultures inoculated 
fiom dserent ce11 stocks. 



83.6 Rescuing a glucosclimited culture that has begun apoptosis 

Apoptosis can be induced in CC9ClO hybridoma cultures by glucose depnvation 

(section 8.3.5). In an attempt to stop apoptosis induction, glucose was fed at different 

time intervals. Glucose feeding times were varied in order to determine if cultures can be 

rescued after a prolonged exposure to an apoptotic inducer. Energy charge was used as a 

nucleotide pararneter because of its correlation to glucose-lirnited induced ce11 death. 

Experimental methods were the same as in section 8.3.3 with the foilowing modification: 

exponentially growing cells were inoculated into replicate fiasks containing NB-SFM (O 

mM glucose, 6 mM glutamine) at an inoculation density of 5 x IO' cells/rnl. Control 

cultures were not supplemented with glucose. Other cultures were fed with 25 mM 

glucose at 5, 10, 15 or 22 hours. 

8.3.6.1 The effects of glucose feeding on viable ce11 density, viability and energy 
charge 

Glucose deprivation caused a significant decrease in viable ce11 nurnber and 

viability d e r  15 hours of incubation (Fig.8.16 and 8.17). M e r  30 hours, viability was 

down to 37 % from an initial value of 94 %. Feeding with glucose at 5 hours however 

prevented any significant decline in viable ce11 number and viability. In fact, the ce11 culture 

doubled in ce11 density and maintained a high viability after 30 hours. Feeding with glucose 

at 10 hours did not prevent a 22 % and 10% decrease in culture density and viability 

respectively at the 15 hour time point. M e r  15 hours, ce11 numbers did not decline any 

further and growth was reinitiated in the later stages of the culture (Fig.8.16). Cultures 

could be similarly rescued with glucose feeding at 15 or 22 hours. As was the case at 10 

hours, the feeding at 15 or 22 hours did not immediately prevent a significant decrease in 

viable ce11 number and viability (Fig. 8.16 and 8.1 7). Cultures did manage however to 

recuperate as shown by the increase in ce11 density and viability after 50 hours of 

incubation. Analysis of adenylate nucleotides during the incubation of cultures shows that 

afier only 1 hour, the energy charge decreases significantly to 0.50 fiom an initial value of 



0.84 (Fig.8.18). Energy charge values remained below 0.50 until glucose was added to the 

medium. Glucose supplementation at 5, 10, 15 and 22 hours restored the energy charge to 

0.86 or higher. 
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Figure 8.16 The effect of glucose feeding on the viable ceIl density of glucose- 
depleted CC9C10 cultures. Hybridomas were inoculated into T-flasks (25 cm2) 
containhg 10 ml NB-SFM (O mM glucose, 6 m M  glutamine). Control cultures were not 
supplemented with glucose (e). Other cultures were fed with 25 mM glucose at 5 hours 
( )  10 hours (H); 15 hours (6) and 22 hours (A). Values are the mean from two 
independent cultures inoculated fiom different ce11 stocks. 



Figure 8.17 The effect of glucose feeding on the viability of glucose-depleted 
CC9C10 cultures. Hybridomas were inoculated into T-flasks (25 cm2) containing 10 ml 
NB-SFM (O mM glucose, 6 mM glutamine). Control cultures were not supplemented with 
glucose (a). Other cultures were fed with 25 mM glucose at 5 hours (V); IO hours (i); 
IS hours (e) and 22 hours (A). Values are the mean fiorn two independent cultures 
inoculated fiom different ce11 stocks. 
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Figure 8.18 The effect of glucose feeding on the energy charge of glucose-depleted 
CC9ClO cultures. Hybndomas were inoculated into T-flasks (25 cm2) containing 10 ml 
NB-SFM (O rnM glucose, 6 mM glutamine). Control cultures were not supplemented with 
glucose (a). Other cultures were fed with 25 mM glucose at 5 hours (V); 1 0 hours (a); 
15 hours (*) and 22 hours (A). Values are the mean fiom two independent cultures 
inoculated fiom different cell stocks. 



8.4 Discussion 

To assess the relationship between nucleotide pools and culture viability, 

hybridomas were grown in conditions that caused variable death profiles. Two approaches 

were used: (a) hybridomas were inoculated at different ce11 densities and (b) hybridomas 

were inoculated in vaxying concentrations of glucose. The inoculation of cultures at high 

ce11 densities (5 x 10' cells/ml) caused a 23 % reduction in maximum growth rate (p,) 

compared to cultures inoculated at lower densities (1 -25 - 2.5 x 105 cells/rnl). Reasons for 

a decreased p- are not known but it is probable that in high density cultures a reduction 

in nutrient availability is quicker thus impeding ce11 growth. Other studies have found that 

an increase in ce11 density is concomitant with a decrease in the oxygen consumption rate 

(Wohlpart et al., 1990). The reduction in oxygen consumption has been linked to lower 

growth rates in bioreactors (Miller et al., 1988b). 

Despite differences in growth rate, al1 cultures attained a similar maximum ce11 

density (N-,) albeit at different times indicating perhaps a cornmon limitation. This same 

limitation probably caused the viability to decrease within a 7 hour time frame of reaching 

NmX. Analysis of the two major nutrients, glucose and glutamine, indicates that neither 

were completely depleted pnor to a decrease in viability. Glutamine however may have 

been sufficiently low (0.3 - 0.4 mM) in the cultures to induce growth arrest and death 

(Petronini et al., 1996). The possibility that other nutrient limitations or inhibitors may 

have caused decreases in viability was not investigated. One interesting study however 

proposes that a small molecular weight inhibitor (< 3000 Da) in the supernatant the 

concentration of which is dependent on ce11 number may cause ce11 death in batch cultures 

(Lee et al., 1995). 

Ce11 death in batch culture was mainly due to apoptosis as opposed to necrosis as 

detennined by the morphological appearance of cells under fluorescent rnicroscopy. This is 

consistent with other studies involving hybridomas and lymphoid ce11 lines.(Vomastek and 

Franek, 1993; Mercilie and Massie, 1994a; Singh et al., 1996). Apoptotic hybridomas 

exhibited the typical collapse of chromatin into dense spheres while necrotic and viable 

cells did not display any signifiant condensation of the DNA. Two types of apoptotic 



cells emerged from this study: apoptotic cells with intact membranes (Apm') and 

apoptotic cells with darnaged membranes (ApmJ. The presence of Apm* cells indicates 

that apoptosis occurs prior to a loss in membrane integrity. Dunng the death phase, the 

fraction of Apm' cells increases more rapidly than the fraction of Apm' cells suggesting 

that once the apoptotic pathway is induced the integrity of the membrane is not maintained 

for a prolonged penod of time. Destruction of the membrane after apoptosis induction is 

referred to as secondary necrosis (Kerr et ai., 199 1 ; Mercille and Massie, 1994a). 

Glutamine limitation was found to cause apoptosis in CC9C 1 O hybridoma cultures 

and this is consistent with other hybndorna and lyrnphoid ce11 lines (Mercille and Massie, 

1994a; Petronini et al., 1996). The appearance of apoptotic cells however did not occur 

until d e r  a total glutamine depletion. This is in contrast to batch cultures where apoptosis 

was induced in the presence of low levels of glutamine (0.3 - 0.4 mM) suggesting that 

limitation of the amino acid was not the initiai cause of ce11 death in these cultures. 

The rate of culture death was also determined by inoculating hybndomas in 

different glucose concentrations. It was found that the initial glucose concentration was 

directly proportional to ce11 yield, growth rate and the time of the onset of ce11 culture 

death. Total glucose depletion was found to be the cause of ce11 death in cultures 

inoculated into 10 mM glucose or less. The onset of death for glucose-lirnited cultures 

was also within 7 hours of reaching maximum ce11 density, an observation made previously 

with batch cultures in complete medium. Anaiysis of the death phase of glucose-limited 

cultures indicates that apoptosis is the prevalent mode of ce11 death accounting for 85 % of 

dead cells. Other studies have shown that apoptosis is the major mode of ce11 death in 

glucose-starved hybridomas but only after a brief period of necrosis (Mercille and Massie, 

1994a). This was not found for the CC9ClO cuItures studied here. In contrast, 

IeukemiaAymphoma ce11 lines die only by necrosis when depnved of glucose indicating 

that the susceptibility to apoptotic induction is ce11 Iine specific (Petronini et al., 1996). 

Differences in apoptotic susceptibility has been observed by Singh et ai. (1994). This 

research group demonstrated that Chinese hamster o v q  (CHO) cells and insect cells did 

not die by apoptosis when subjected to the same conditions that cause apoptosis in 

hybndoma ce11 lines. 



The relationship between ce11 death and the metabolic state of the hybridoma was 

deterrnined by monitoring intracellular nucleotide pools of batch and glucose-limited 

cultures. Fluctuations in nucleotide pool size have been shown in other studies to affect 

enzyme activities and to correlate with the ce11 cycle and growth behavior (Rapaport et al., 

1979; Ryll and Wagner, 1992; Sharma et al., 1993). It has been postulated in this study 

that cell death may also influence or be caused by nucleotide pool imbalances. 

Of the four nucleotide triphosphates (NTPs), CTP is preferentidly exhausted 

during the decline phase in both batch and glucose-limited cultures. One possible reason 

for this is that during normal growth the basal level of CTP in CC9CIO hybndoma 

cultures is lower than other NTPs (chapter 4). Depletion of CTP is due to the presence of 

intnnsically lower concentrations of the nucleotide. CTP has also been s h o w  to be the 

least abundant of the NTPs in a variety of other rnarnmalian ce11 lines (Jackson el a/., 

1980; Smith et al., 1992; Snyder et al., 1994). This observation rnay be a reflection of the 

Iess imponant role of CTP as an energy source compared to other NTPs. 

A decrease in CTP may be due to an atternpt of the hybridoma ce11 to maintain an 

elevated ATP level for a longer period of time. Nucleoside diphosphokinase, an enzyme 

with a broad specificity, can transfer the high energy phosphate frorn CTP to ADP thus 

replenishing ATP pools (equation 8.1). 

CTP + ADP fi CDP +ATP (equation 8.1 ) 
nucleoside 

diphosphokinase 

CTP may also be depleted due to the excessive formation of CDP-choline, a 

precursor to phospholipids, generated in times of stress to repair mammalian plasma 

membranes. This latter hypothesis however is probably not relevant to hybridoma cells 

which die by apoptosis, a mechanism in which membranes remain intact several houn after 

the ce11 dies. 

It has been shown in other studies that a specific depletion of the CTP pool by 

metabolic inhibiton l ads  to ce11 death (Slingerland et al., 1995; Viola et al., 1995; 

Heinemann et al., 1995). CTP depletion may cause ce11 death by two methods. The loss 



of CTP in the ce11 rnay induce a shortage of RNA precursors therefore impairing RNA 

synthesis which ultimately leads to the inhibition of protein synthesis. Protein synthesis cm 

be inhibited due to a lack of template (mRNA) and due to the breakdown of the synthesis 

machinery which is composed of rRNA containing ribosomes @ecker and Keppler, 1974). 

It has been proposed that inhibition of RNA and protein synthesis rnay be responsible for 

the inefficient translation of a putative short-lived apoptosis inhibitory protein (Kerr et al-, 

1991). This mechanism however would not apply to ail incidences of apoptosis as certain 

apoptotic inducers require RNA and protein synthesis (Orrenius, 1995). 

A loss in CTP rnay also decrease the availability of CDP, a substrate of 

ribonucleotide reductase and rnay consequently deplete dCTP pools (Heinemann et al., 

1995). A dCTP shortage can lead to erroneous DNA strand formation and DNA strand 

breaks by misincorporation in marnmalian cells (Meuth, 1989). It is likely that a depletion 

in any one of the four NTPs al1 of which are essentiai for nucleic acid synthesis would 

have a major impact on ce11 suwival. In fact the specific depletion of UTP has been 

associated to RNA and DNA synthesis impairment and ce11 death (Decker and Keppler, 

1974). 

A decrease in viability in batch and glucose-limited cultures was concomitant with 

a reduction in the intracellular UTP pool. As was the case with CTP, UT P reduction rnay 

be caused by the transfer of the high energy phosphate to ADP by nucleoside 

diphosphokinase. Studies have shown that in cells subjected to energy drains due to 

rnitochondriai inhibitors, CTP and UTP are the first NTPs to be depleted (Snyder et al., 

1994). This observation was correlated to the relative abundance of the NTPs in the ce11 

which was determined to be ATP, GTP > üTP > CTP. This order of importance of NTPs 

however is not shared in CC9CIO hybridomas where the relative abundance of nucleotides 

is distributed as follows: ATP > UTP > GTP > CTP. The significant decrease in UTP rnay 

also be due to the action of CTP synthetase (Heinemann et al., 1995). CTP synthetase is 

an enzyme of the de tzovo synthesis pathway of CTP and catalyzes an ineversible reaction 

requiring ATP (equation 8.2). A decrease in CTP levels would cause a concomitant 

decrease in UTP. 



üTP + glutamine + ATP + CTP + glutamate + ADP + Pi (equation 8.2) 
CTP synthetase 

No significant decrease in ATP and GTP pools were observed during the onset of 

death in CC9ClO hybridoma batch cultures. This indicates that ce11 death by apoptosis can 

ensue in the absence of ATP or GTP depletion. Smith et al. (1992) have aiso found that 

cells die with little effect on ATP levels. This is however contrary to the view that cells 

stay dive as long as certain ATP levels are maintained (Richter et al, 1996). Variable 

results with respect to ATP levels and apoptosis may be due to the method of apoptotic 

induction. 

In glucose lirnited cultures, all four NTPs were significantly reduced prior to 

decreases in culture viability. The reduction of ATP and the related energy charge is a 

reflection of the cause of ce11 death (Le. glucose stwation). CC9ClO hybndomas 

synthesize as much as 59 % of their ATP through glycolysis (Petch and Butler, 1994). An 

impairment of glycolysis through glucose starvation was therefore responsible for a 

reduction in the intracellular ATP concentration. A decrease in ATP concentration also 

contributed to the concomitant decrease in other NTPs as ATP is required for GTP, UTP 

and CTP synthesis through phosphate transfers and by the de mvo synthesis pathway 

(Swain et al., 1982). Nthough the intracellular ATP levels was reduced in glucose-Iimited 

cultures it was not totally depleted. This finding is consistent with studies showing that 

apoptosis is an energy dependent process (Richter er al., 1996). Apoptosis has a high 

energy demand for the activity of hydrolytic enzymes and chromatin condensation. 

The profile of ce11 death in hybridoma cultures indicates that the observed decrease 

in nucleotide concentration in itself is not sufficient to induce apoptosis, otherwise ce11 

death would be induced in al1 cells at the sarne rate. One explanation for this is that 

nucleotide measurements are an average of the whole population of cells. One fraaion of 

the ce11 culture could have normal nucleotide levels and not be susceptible to apoptosis. 

Another fraction of the culture could have severely depleted nucleotide levels which 

would lead to apoptosis. The problem with this theory is that al1 cells are exposed to the 

sarne environment and they would probably respond metabolically in the sarne manner. A 

more plausible explanation is that the susceptibility of a ce11 is dependent on the ceil cycle. 



Hybndoma ce11 populations are normally heterogeneous and distributed in various 

phases of the ce11 cycle. This distribution would account for only a fiaction of the culture 

dying at any given time. Other studies have shown that cells in ail stages of the ce11 cycle 

can become apoptotic, but some phases are more resistant than others. Al-Rubeai et al. 

(1995) found that S and GZ phase hybridoma cells are more sensitive to apoptosis in 

agitated cultures while there is evidence of preferential suMval of Gi cells. Ceil cycle 

anaiysis of apoptosis induced in hybndoma cell lines by a topoisomerase 1 inhibitor 

however shows selective sensibility of Gi cells (Cotter et al, 1992). One recent study has 

s h o w  that the specific depletion of UTP or CTP by nbonucleotide inhibitors causes a p53 

dependent GdGi arrest in human fibroblasts (Linke et al., 1996). It has been proposed by 

this group that p53, a gene product linked to apoptosis induction, can serve as a 

metabolite sensor activated by the depletion of ribonucleotides or processes dependent on 

ribonucleotides. It is clear that the susceptibility of cells to apoptosis in the different ce11 

cycles may be dependent on the mode of apoptotic induction. 

To investigate whether apoptosis induction is reversible, hybridomas were grown 

in glucose-free medium and fed glucose at different time intervals. Energy charge values 

were used as a parameter to evaluate the global state of nucleotide levels in the ce11 

culture. M e r  1 hour of incubation in the absence of glucose the energy charge rapidly 

declined to 0.5. Despite this low energy charge, cells remained viable for at least 5 hours. 

Sirnilar findings were observed with Ehrlich ascites tumor cells and human embryonal 

fibroblasts which could remain at an energy charge level of 0.35 or less for several hours 

without any change in viability (Live and Kaminskas, 1975; Kristensen., 1989). 

Calderwood et al. (1985) however noticed an immediate decline in sumivability when 

energy charge fell below 0.8 in CHO cells. Differences and sirnilarities between these cell 

lines with respect to survivability and energy charge rnay be linked to the mode of ce11 

death. CHO cells have been s h o w  to die mainly by necrosis while Ehrlich ascites tumors 

and hybndomas die mainly by apoptosis (Singh et al., 1994; Gabai et al., 1995). 

Apoptosis induction due to glucose starvation can be completely inhibited in 

hybridomas by feeding with glucose within 5 hours. This treatment restores energy charge 

values to > 0.86. Feeding glucose at 10 hours when no apparent change in viability had 



occurred did not prevent a significant deciine in ce11 number 5 hours later even though 

energy charge levels were restored. M e r  15 hours, decreases in viability ceased and ce11 

growth was reinitiated indicating that the induction of apoptosis cm be eventually 

prevented by replenishing nucleotide levels. Reasons for the initial decline in ce11 nurnber 

may be explained by the method of determining viability. Detection of viability by the 

trypan blue exclusion method relies on membrane integrity. Wiîh this method a decline in 

viability is observed only after 15 hours of incubation in glucose-free medium. Previous 

midies using acndine orange and ethidium bromide however indicate that a significant 

increase in apoptotic cells with intact membranes occurs at the 10 hour tirne point. It can 

be concluded that a fraction of the cells that were viable as determined by trypan blue 

exclusion were actually in the early stages of apoptosis. 

Low energy charge in itself is not sufficient to cause ce11 death as cultures can be 

partially rescued after 15 to 22 hours of exposure to these levels. As discussed previousiy, 

only a fraction of the ce11 population dies in response to glucose depnvation and low 

energy charge. This indicates that cells may require additional interna1 signals, perhaps 

related to the ce11 cycle, to complete the induction of apoptosis. Another reason for 

differences in su~vability in the ce11 population may be related to the possible presence of 

heat shock proteins in certain cells. Other studies have shown ATP depletion stimulates 

the synthesis of hsp 68/70 in Ehrlich T-cells which allows tolerance to energy deprivation 

and apoptosis for a short period of tirne (Gabai et ai., 1995). It is not unreasonable to 

speculate that heat-shock protein synthesis may be more active during specific phases of 

the ce11 cycle thus confemng preferential survival to a fraction of the cell population in 

times of stress (Le. low energy charge). 



8.5 Conclusion 

Hybridoma cells die mainly by apoptosis in batch and glucose-limited cultures. Ce11 

death is preceded by the decrease in the intraceliular concentration of CTP and UTP in 

batch cultures. In glucose-limited cultures the four NTPs (CTP, UTP, GTP, ATP) and 

energy charge decrease prior to the onset of ce11 culture death. Nucleotide levels may 

therefore act as mediators of apoptosis since their decline seems to be causal to the 

induction process. Intracellular CTP and UTP levels may be used as predictors of 

imminent ce11 culture death. 

The decrease in nucleotide ievels done however is not sufficient to induce 

apoptosis. Only a fraction of the ce11 population dies at one time thus making it possible to 

rescue a culture that shows signs of decreases in viability. Apoptosis induction is a 

cornplex mechanism that relies on many cellular signals. This complexity causes cultures to 

gradually die instead of being totdly annihilated in times of stress and allows for a possible 

recovery of the ce11 population. 



9.0 The relationship between nutnent levels and intracelluIar nucleotides 

9.1 Introduction 

The maintenance of intracellular nucleotide pools is dependent on the ability of 

cells to derive energy from available nutnents. Two major nutrients, glucose and 

glutamine are particularly important in hybndoma metabolism (Butler and Jenkins, 1989; 

Miller et al., 1989a , 1989b). Both substrates provide energy and building blocks for 

biomass synthesis. Glucose which is normally present in culture medium at a concentration 

of 5 - 25 mM provides a majority of its energy through aerobic glycolysis (Fitzpatrick el 

al., 1993; Petch and Butler, 1994). This energy yielding pathway, a characteristic of 

transformed ce11 lines, converts glucose to lactate even though oxygen is present (Medina 

and Nunez de Castro, 1990). Glucose also supplies energy via the tncarboxylic acid 

(TCA) cycle and the pentose phosphate pathway, the latter being an important supplier of 

nucleic acid precursors (Zielke et al., 1976; Reitzer et al., 1980). 

Glutamine is also required as a precursor for nucleic acid synthesis and is normally 

supplied in culture medium at a concentration of 1 - 6 rnM (Engstrom and Zetterberg, 

1984). Glutamine provides energy via the TCA cycle by complete oxidation to COz or 

partial oxidation to 3 or 4 carbon metabolites which include aspartate, lactate or alanine. 

This partial breakdown of glutamine has been termed glutarninolysis and is cornmon to 

transformed ce11 lines (McKeehan, 1982; Lanks and Li, 1988). 

Energy production rneasurements from glucose and glutamine are ofien limited to 

estimates of ATP synthesis based on end produa analysis of substrates and oxygen 

consumption rates (Miller et al., 1988; Fitzpatnck et al., 1993; Petch and Butler, 1994; 

Meijer and van Dijken, 1995). These studies however do not take into account actual 

intracellular levels of ATP or other nucleotides in the ce11 which are subject to a balance 

between energy requiring processes, energy providing processes and de mvo nucleotide 

synthesis. Understanding energy production and nucleotide pool maintenance in 



hybridomas can fom the basis for the development of control strategies such as nutrient 

feeding which would ensure sufficient energy is available for maintaining culture viability 

and high antibody production. 

The purpose of the work reported here was to determine the intracellular 

nucleotide profiles of CC9CIO hybridomas dunng exposure to varying glucose and 

glutamine extracellular concentration. Nucleotide profile analysis provided information 

regarding the contribution of the two main substrates to actual energy levels. Specific 

oxygen uptake rates of hybridomas is also reported in relation to glucose, glutamine and 

nucleotide concentration. The level of cellular respiration serves as an indicator of the 

metabolic flux of substrates through oxidative pathways (Miller et al., 1988b). 

9.2 Results 

9.2.1 Determination of the stability ellular nucleo tide levels at differen 
extracellular glucose and glutamine concentrations 

In order to assess the effect of glucose and glutamine on nucleotide pools it was 

necessary to determine the optima1 sampling time after exposure to the respective 

nutrients. The intracellular ATP concentration was used as a mode1 for the stability of 

nucleotide levels because both glucose and glutamine are directly involved in its synthesis. 

Hybndoma cells from three day old cultures were collected by centrifugation at 190 g x 5 

minutes, the supematant was decanted and cells were washed once. Washing consisted of 

resuspending cells in the same type of medium to be used in the experiment followed by 

centrifugation and removal of the supematant. Hybndomas were then resuspended at 5 x 

10' cells/ml in 10 ml NB-SFM containing O, 1, 5, 10 or 25 m M  glucose and a constant 

glutamine concentration of 6 mM. Experiments were done in duplicate in 25 cm2 T-flasks. 

Cultures were inoculated fiom the same ce11 stock. 

As shown in the tirne course profile of CC9CIO hybridomas (Fig.9. l), the initial 

intracellular ATP concentration was 3.83 n m 0 ~ 1 0 ~  cells. After only 1 hour of incubation, 
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Figure 9.1 Time course profile of the eff't of glucose concentration on the CC9ClO 
intracelfular ATP pool. Hybridornas were inoculated into T-flasks (25 cm2) containing 
10 mi NB-SFM with varying glucose concentrations: O mM, (a); 1 mM, (V); 5 mM, (i); 
10 rnM, (*); 25 rnM, control culture, (A). Al1 cultures contained 6 rnM glutamine. ATP 
concentration values are the mean S.E.M. from two identicai flasks inoculated fiom 
same celf stock. 



the ATP concentration increased in cultures exposed to 10 and 25 mM glucose, remained 

the same at 5 mM glucose, and decreased significantly at 1 and O rnM glucose. The 

intracellular ATP concentration was therefore proporiional to the glucose in the medium. 

Incubating cells for up to 5 hours in 1 - 25 mM glucose did not significantly change the 

ATP level compared to initial fluctuation at the 1 hour time point. The ATP level in 

cultures exposed to O rnM glucose however decreased for 4 hours until apparently 

stabilizing at 1.16 nmoJ/1o6 cells. The ATP concentration of the control culture (25 mM 

glucose, 6mM glutamine) was 4.33 nrnoI/1o6 cells after 5 hours. 

In a separate experiment, cells were resuspended in 10 ml NB-SFM containing 0.5, 

1, 3 or 6 rnM glutarnine and a constant glucose concentration of 25 mM. The tirne course 

profile of CC9CI O hybndomas in varying glutamine concentrations is s h o w  in Fig.9.2. 

The initial intracellular ATP concentration of the stock culture was 5.10 nmoI/1o6 cells. 

This is significantly higher (33 %) then the initial ATP value obtained in the previous 

expenment and may be due to the differences in the state of the cells at the time of 

inoculation (i.e. ce11 culture age and density). The intracellular ATP concentration 

increased in al1 cultures d e r  2.5 hours of incubation and remained relatively constant up 

to 5 hours. The ATP concentration did not Vary more than 10 % in cultures exposed to 

0.5 - 6 mM glutarnine. The control culture ATP concentration &er 5 hours of incubation 

was 6.24 nrno~10~ cells which represented a 44% increase compared to the previously 

reported control culture. 

9.2.2 The effect of glucose and glutamine extracellular concentration on intracellular 
nucleotide pools 

It was shown in the 1 s t  section that intracelMar nucleotide Ievels are dependent 

on the ce11 culture history. In order to circumvent this problem, stock cultures were 

treated to a strict regimen prior to use in subsequent experiments. Stock cultures of 

CC9C IO hybridomas were inoculated at 1 .O x 10' cells/ml in T-flasks (150 cm2) containing 

a total of 50 mi NB-SFM. After 46 hours of incubation at 37"C, 10 ml of the culture was 

rernoved and replaced with an equivalent volume of NB-SFM. Cultures were incubated 
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Figure 9.2 Time course profile of the effect of glutamine concentration on the 
CC9C10 intracellular ATP pool. Hybndomas were inoculated into T-fiasks (25 cm2) 
containhg 10 ml NB-SFM with varying glutamine concentrations: 0.5 mM, (a); 1 mM, 
(V); 3 mM, (i); 6 ITM, control culture (4). Ail cultures contained 25 mM glucose. ATP 
concentration values are the mean * S.E.M. fiom two identical flasks inoculated from 
same ce11 stock. 



for another 21 - 25 houn until ceU density reached 0.8 - 1.0 x 106 cells/rnl. Glucose and 

glutamine concentration in these cultures were 11.1 0.6 rnM and 3.3 * 0.4 rnM 

respectively. The mid-exponential phase cells were coliected by centrifùgation, washed 

and resuspended in NB-SFM as described in section 9.2.1. 

The glucose and glutamine concentrations in the NB-SFM were varied from O - 25 

mM and O - 9 mM respectively. Nucleotides were extracted d e r  5 hours of incubation. 

This incubation penod had been s h o w  previously to be sufficient to allow cells to 

stabilize intracellular nucleotide pools. Statistical analysis was done by analysis of variance 

(Appendix Al). 

As seen in Table 9.1, increasing the media glucose concentration fiom O mM to 25 

mM resulted in a concomitant increase in the intracellular ATP pool regardless of the 

glutamine concentration. The probability that glucose had an effect on the ATP pool was 

P< 0.005 in the presence of glutamine and P< 0.05 in the absence of glutamine. In 

contrast, increasing the media glutamine concentration from 0.5 - 9 mM did not 

significantly alter the intracellular ATP pool based on ANOVA. Averaging of ATP values 

from hybndomas grown in 0.5 - 9 mM glutamine at constant glucose levels resulted in a 

variation of less than 10 %. CC9C IO cultures exposed to glutamine (0.5 - 9 mM) were 

able to maintain ATP levels at 0.98, 1.76, 2.62, 3.71, 5.12, and 6.25 nmol/106 cells in 

media containhg O, 1, 3, 5, 10 and 25 m M  glucose respectively. Assuming that glucose 

and glutamine provide 100 % of the energy produced in hybndoma cultures and that their 

metabolic pathways do not interfere with each other, the intracellular ATP concentration 

of cells exposed to O mM glucose would allow us to calculate the basal level contribution 

of glutamine to the ATP pool (0.98 nrno~10~ cells). Glutamine therefore may have 

contributed 100, 56, 37, 26, 19 and 15 % of the energy for the intracellular ATP pool 

maintenance in the presence of O, 1, 3, 5, 10,25 rnM glucose respectively. 

The basai level contribution of glucose to the ATP pool can be estimated in the 

absence of glutamine. CC9CIO cultures maintained ATP levels of 3.20, 4.23, 4.49 

n m o ~ 1 0 ~  celk when exposed to O mM glutamine and 5, 10 or 25 m M  glucose 

respectively. When cells were exposed to 5 mM glucose, the addition of glutamine caused 

no statistically important change in the ATP level. When cells were 



Table 9.1 The effect of glucose and glutrrnine concentration on the intracellular ATP pool (nrnotf10~ 
cells). Hybridomas were inoculated into T-flasks (25 cm2) containing 1 1 ml NB-SFM at varying glucose and 
glutamine concentrations. Iniracellular nucleotides were extracted afler 5 hours of incubation at 37OC. The 
initial ATP value of stock cultures was 3.98 * 0.59 nrnoll10~ cells/ml (n =3). Experimental values are the 
mean A S.E.M. from two independent flasks inoculated from different stock cultures unless otherwise specified. 

Glutamine 
(mW 

O 

0.5 

3 

6 

9 

0.5 - 9 
mM 

(average) 

Glucose (mM) 
O 1 3 5 10 25 

ND ND ND 3.20 * 0.21' 4.23 k 0.30' 4.49 * O. 16" 

1.04 * 0.07 1.99 f 0.12 3.03 f 0.32 3.84* 0.59 5.16f 0.61 6.20f 0.96 

0.94i0.14 1.31 k0.18 2-21 k 0.15 3.56k0.08 4.81 *0.01 5.60~0.10 

1 .O4 * 0. Na 1.91 I 0.20V2.4 * 0.20' 3.47 * 0.20 5.24 * 0 . 4 4 3 7 5  * 0.45' 

0.91 f: 0.06 1.95 f 0.03 2.70 rt 0.19 3.99 * 0.70 527  f 0.45 6.48 f 0.36 

0.98 * 0.03 1.76 * 0.16 2.62 k 0.17 3.71 * 0.12 5.12 * 0.1 1 6.25 * 0.24 

'Values are the mean S .E.M. from three independent flasks inoculat ed from different stock cultures. 
ND - not deterrnined 



exposed to 10 and 25 mM glucose, the addition of glutamine caused a 2 1 % and 39 % 

increase in the intracellular ATP concentration (PC 0.05). 

The probability that energy charge was affected by glucose concentration in the 

presence of glutamine was P< 0.0005. As seen in Table 9.2, energy charge values 

increased with a concomitant increase in glucose concentration in the range of O - 25 mM. 

Glutamine levels in the range of 0.5 - 9 m .  however did not significantly affect the 

adenylate nucleotide ratio. Averaging energy charge values from hybridomas grown in 0.5 

- 9 mM glutamine resulted in less than a 10 % variation. Hybridoma cultures exposed to O, 

1, 3, 5, 10 and 25 m M  glucose and glutamine (> 0.5 mM) had energy charge values of 

0.38, 0.36, 0.49, 0.63, 0.8 1 and 0.96 respectively. High energy charge values of 0.85 - 
0.94 present in hybridomas cultures exposed to O mM glutamine and 5 - 25 mM glucose 

were not statistically different. It was observed however that supplernentation of NB-SFM 

(containing 5 - 10 mM glucose) with glutamine caused a significant decrease (0.1 - 0.2 

units) in the adenylate energy charge (P< 0.005). 

A representative graph of adenylate nucleotides and energy charge as a function of 

glucose concentration is shown in Fig.9.3. Values are from CC9C10 hybridomas exposed 

to a constant glutamine concentration of 0.5 rnM. Similar graphs were obtained with 

constant glutamine concentrations of 3 - 9 mM. (data not shown). As shown previously. 

the intracellular ATP concentration and energy charge increased concornitantly with 

increases in glucose concentration. Analysis of the ADP pool however indicates a bell- 

shaped curve in response to variations in glucose level. A maximum intracellular ADP 

concentration of 1.0 nmof/106 cells was present in cells exposed to 3 - 5 mM glucose. A 

higher or lower media glucose concentration (0, 1, 10 or 25 mM) resulted in a reduction 

in the intracellular ADP pool to 0.4 - 0.8 n m o ~ 1 0 ~  cells. 

The AMP pool in contrast is at its maximum value when cells are exposed to 1 

m M  glucose (3.17 nrno~l o6 cells). Further increases in the media glucose level resulted in 

a proportional decrease in the AMP pool down to < 0.1 n m o ~ 1 0 ~  celis. The intracellular 

AMP concentration also decreased significantly (37 %) in the absence of extracellular 

glucose (2.00 * 0.3 1 n rno~10~ cells). Further analysis has shown that the total adenylate 

pool (SA - sum of adenylates) was constant between 1 - 25 mM glucose (6.40 * 0.48 



Table 9.2 The effect of glucose and glutamine concentration on the intrrcellulrr adenylate energy charge. 
The adenylate energy charge is (ATP + H ADP) / (ATP + ADP + AMP). Hybridomas were inoculated into T-flasks 
(25 cm2) containing 1 1 ml NB-SFM at varying glucose and glutamine concentrations. Intracellular nucleotides were 
extracted after 5 hours of incubation at 37°C. The initial EC value of stock cultures was 0.9 1 * 0.01 nrno~l o6 cells/ml 
(n =3). Experimental values are the mean * S.E.M. from two independent flasks inoculated from different stock cultures 
unless otherwise specified. 

Glucose (mM) 

l O 1 3 5 10 25 

Glutamine 3 
(mM) 

6 

0.38 * 00.3 0.36 St: 0.01 0.49 0.02 0.63 0.03 0.81 f 0.02 0.96 f 0.01 
(average) 0 . 5 - 9 m M  I 

'Values are from three independent flasks inoculated from different stock cultures. 
ND - not determined 



Glucose concentration ( m m  

Figure 9.3 Typical adenylate nucleotide leveis of CC9C10 hybridomas grown in 
varying concentrations of glucose. Hybndomas were inoculated into T-flasks (25 cm2) 
containing 1 1 ml NB-SFM with varying glucose concentrations. Al1 cultures contained 0.5 
mM glutamine. Intracellular nucleotides were extracted after 5 hours of incubation at - - -  

3T°C: ATP (a); ADP (v); AMP (i); SA (*) and energy charge (O). Values are the 
mean S.E.M. from two independent flasks inoculated from different stock cultures. - 
Energy charge errors were less than 6 % and not shown on the graph. This graph is also 
representative of CC9C 1 O hybridomas grown in constant glutamine concentrations of 3, 6 
and 9 mM. 



n m o ~ 1 0 ~  cells). Reducing the glucose concentration to O rnM however resulted in a 46 % 

decrease in total adenylates (3.47 0.44 nmo~10~  cells). 

The effect of glucose and glutamine on other nucleotide pools has also been 

investigated (Fig.9.4, Table 9.3). As was the case with adenylate nucleotides, the UTP, 

GTP, UDP-GNac and NAD intracellular concentrations did not significantly differ in the 

range of 0.5 - 9 m M  glutamine as determined by ANOVA (data not shown). An increase 

in extracellular glucose concentration however resulted in the concomitant increase in 

UTP and GTP (Fig.9.4). In the absence of glucose, levels of UTP and GTP were 0.67 and 

0.23 nmol/106 cells respectively. Maximum values of UTP and GTP were attained in the 

presence of 25 mM glucose: 2.90 and 1.30 nmoV 1 o6 cells respectively. The intracellular 

UDP-GNac and NAD levels in contrast were constant regardless of the glucose 

concentration (Fig.9.4). The UDP-GNac concentration for cells exposed to O - 25 rnM 

glucose was 1.48 * 0.06 n m o ~ 1 0 ~  cells while the NAD concentration was 0.65 * 0.04 

nmoV1 o6 cells The intracellular CTP concentration was also dependent on glucose levels 

(Table 9.3). A concentration of glucose of 5 mM or less resulted in an undetectable CTP 

level (< 0.4 nmov106 cells). Increasing the glucose concentration in the media to 10 or 25 

mM resulted in the concomitant increase in the intracellular CTP level. 

A summary of the eRect of glutarnine on the intracellular nucleotide pool is shown 

in Table 9.4. Exposing CC9ClO hybridomas to O mM glutamine and 25 mM glucose for 5 

hours did not change significantly the nucleotide levels in cornparison to initial values at 

the tirne of inoculation. Supplementation with glutamine (0.5 - 9 rnM) however caused a 

65 % increase in the total intracellular nucleotide pool. The greatest increase was for UTP 

at 128 %. The GTP, ATP, UDP-GNac and NAD pools increased by 65, 57, 47 and 45 % 

respectively. The total adenylate pool was also increased by 44 % in the presence of 

glutarnine. In contrast, no significant changes were observed in the CTP, ADP and AMP 

pools. Similar results were obtained with respect to the effect of glutamine when cells 

were cultured in 5 to 10 mM glucose (data not shown). There was no significant 

difference in the intracellular nucleotide concentrations within the glutarnine concentration 

range 0.5 - 9 mM. 



Glucose concentration (mM) 

Figure 9.4 Typical UTP, GTP, UDP-GNac and NAD levels of CC9ClO hybridomas 
grown in varying concentrations of glucose. Hybridomas were inoculated into T-flasks 
(25 cm2) contairing 11 mi NB-SFM with varying glucose concentrations. Ail cultures 
contained 0.5 mM glutamine. Intracellular nucleotides were extracted after 5 hours of 
incubation at 37°C: UTP (@); GTP (V); UDP-GNac (m); NAD (+). Values are the mean 

S.E.M. from two independent flasks inoculated fiom different stock cultures. This graph 
is also representative of CC9C 10 hybridomas grown in constant glutamine concentrations 
of 3,6 and 9 mM. 



Table 9.3 The elîect of glucose and glutamine concentration on the intracellulm CTP pool (nrnoll10~ 
cells). Hybridomas were inoculated into T-flasks (25 cm2) containing 1 1 ml NB-SFM at varying glucose and 
glutamine concent rations. Intracellular nucleotides were extracted afker 5 hours of incubation at 37°C. CTP 
concentrations lower than 0.4 nrno~10~ cells were not quantified due to limitations of the detection system. 
The initial CTP value of stock cultures was < 0.4 nmo1/10~ cells (n =3). Experimental values are the mean * 
S.E.M. fiom two independent flasks inoculated from different stock cultures unless otherwise specified. 

O 

0.5 

Glutamine 3 

6 

9 

0.5 - 9 rnM 
(average) 

Glucose (mM) 
O 1 3 5 10 25 

ND ND ND < 0.4 < 0.4 0.45 * 0.22' 

< 0.4 < 0.4 < 0.4 < 0.4 0.56 î- 0.23 0.92 A 0.09 

< 0.4 < 0.4 < 0.4 < 0.4 0.73 0.08 0.74 * 0.43 

< 0.4 < 0.4 < 0.4 < 0.4 0.75 k0.26".59 * 0.29' 

< 0.4 < 0.4 < 0.4 < 0.4 1.12k0.03 0.90*0,12 

< 0.4 < 0.4 < 0.4 < 0.4 0.79 k 0.1 1 0.79 * 0.08 

'Values are from three independent flasks inoculated from different stock cultures. 
ND - not determined 



Table 9.4 The effect of glutamine on intracellular nucleotide pools ( n m o ~ 1 0 ~  cells). Hybridomas were 
inoculated into T-flasks (25 cm2) containing 1 1 ml NB-SFM supplemented with 25 mM glucose and varying 
concentrations of glutamine: 0, 0.5, 3, 6, 9 mM. Intracellular nucleotides were extracteci after 5 hours of incu- 
bation at 37°C. " TOTAL" refers to the sum of al1 detectable nucleotides. Glucose and glutamine concentrations 
of stock cultures at the time of ceIl harvest were I 1.1 * 0.6 and 3.3 * 0.4 mM respectively. 

ATP UTP GTP CTP UDP- NAD ADP AMP SA TOTAL 
GNac 

Initial 3.98 Zt 1.26 f 0.73 f 0.40f 1.03 f 0.47 * 0.57 * 0.14 f 4.68 f 8.72 f 
values 0.59 0.18 0.15 0.10 0.11 0.07 O. 1 1  0,08 0.78 1.32 

'Values are the mean k S.E.M. from 3 independent flasks inoculated from different stock cultures (n = 3). 
tr Values are the mean k S.E.M. froni cultures inoculated in 0.5, 3, 6 and 9 mM glutamine (n = 4). 



9.2.3 The effect of glucose and glutamine extracellular concentration on the oxygen 
uptake rate 

The purpose of determinhg the oxygen uptake rate (OUR) at different nutnent 

levels was to evaluate the extent of substrate oxidation. In addition, oxygen uptake rates 

will be compared to the observed levels of intracellular nucleotides. This cornparison will 

provide insights into the contribution of substrate oxidation to energy levels. 

CC9ClO hybridomas were prepared as in section 9.2.2 and oxygen uptake rates 

were determined after 3 - 5 hours of incubation in specific media at 37OC (section 2.13). 

The effect of glucose and glutamine extracellular concentration on the CC9C 10 hybridorna 

oxygen uptake rate is show in Table 9.5. CC9ClO cultures exposed to O mM glutamine 

and 5, 10 or 25 rnM glucose had oxygen uptake rates of 0.12 - 0.15 pmoühour per 106 

cells. Media containing the sarne level of glucose but with 0.5 mM glutarnine resulted in 

the doubling of the oxygen uptake rate (P< 0.005). The addition of glutarnine alone 

therefore caused an oxygen uptake rate of 0.13 - 0.15 pmol/hour per 1 o6 cells. A further 

increase in the glutarnine concentration (> 0.5 mM) did not result in a fûrther increase in 

OUR. 

Cultures exposed to O mM glucose had similar oxygen uptake rates as cultures 

exposed to 5 - 25 mM glucose. The oxygen uptake rates of cultures exposed to 1 rnM 

glucose however was 0.41 pnoVhour per 106 cells and was not dependent on glutamine 

concentration in the range of 0.5 - 10 mM. The oxygen uptake rate was 41 - 105 % higher 

in cultures exposed to 1 mM glucose than cultures exposed to 0, 5, 10 or 25 mM glucose 

(P< 0.005). Funher investigations on the effect of glucose on oxygen uptake rates show 

that a range of 0.1 - 1 rnM glucose is the optimal concentration for ce11 respiration 

(Fig.9.5). 



Table 9.5 The effect of glucose and glutrmine concentration on the CC9ClO hybridoma oxygen 
uptake rate (pmolhour per 10' cells). Experirnental values are the mean * S.E.M. from independent 
flasks (n=2) inoculated from different stock cultures unless othenvise specified. 
*P< 0.005 compared to O mM glucose cultures. 
**pK 0.007 compared to 0.5 - 6 mm glutamine cultures. Statistical analysis was done by ANOVA. 

Glucose (mM) 
O 1 5 10 25 

Glutamine 3 

6 

'(n = 4). 
'(n = 3). 
'(n = t 2). 
ND- not determined 



Oxygcn uptake rate (wol/hour pcr 1 o6 cclls) 



9.3 Discussion 

Glucose and glutamine are the two major nutnents in hybndorna metabolism. Both 

substrates are directly involved in intracellular nucleotide pool synthesis. In addition to 

supplying precursors for the de uovo synthesis of nucleotides, glucose and glutamine 

provide energy by coupling catabolic or oxidative reactions to nucleotide phosphorylation 

(Henderson and Paterson, 1973). The purpose of this study was to determine the relative 

contribution of extracellular glucose and glutamine to the maintenance of intracellular 

nucleotide pool levels. The intracellular concentration of nucleotides is an important 

determinant of ce11 viability (chapter 8). Fluctuations in these levels rnay also lead to 

changes in other cell behavior such as growth and dflerentiation (De Korte et al., 1987; 

Ryll and Wagner, 1992). 

A protocol was developed in which nucleotides were extracted after 5 hours of 

incubation in serum-free medium. This incubation penod was sufficient to allow cells to 

react to the extemal environment and to stabilize nucleotide levels in response to direrent 

substrate concentrations. A strict regimen of cultivation was also employed prior to 

inoculation of expenmental cultures in order to obtain reproducible results. 

Analysis of nucleotide profiles shows that an increase in media glucose 

concentration from O - 25 mM was concomitant with an increase in the intracellular ATP 

pool. This relationship was similar to that reported for cultured human myocytes (Frenes 

et al., 1992). This observation suggests that the rate of glucose metabolism (i.e. ATP 

production) is dependent on the extracellular glucose level. In fact, studies have shown 

that the glucose metabolism rate is dependent on its concentration in the media in the 

range of 0.01 - 5 mM, but is unchanged by further increases in glucose levels (Miller et al., 

1989a). Results presented here with CC9ClO hybridomas suggest that glucose metabolism 

may be dependent on its concentration up to 25 mM. This is supported by evidence that at 

a high glucose concentration (5 - 25 mM) there is a concomitant increase in the 

intracellular ATP pool without any change in the oxygen uptake rate. The energy for 

increased ATP synthesis was therefore probably provided by an anaerobic process such as 

glycolysis rather than oxidative pathways such as the TCA and pentose phosphate cycles. 



Glycolysis is the major pathway of glucose metabolism in transformed ce11 lines 

(Fitzpatrick et al., 1993; Petch and Butler, 1994). 

An increase in glucose concentration was also related to a concomitant increase in 

the GTP, UTP and CTP pools similar to the increase observed in the ATP pool. The 

increase in these three nucleotide pools is probably due to the acquisition of the terminal 

phosphate group fiom ATP in reactions catalyzed by nucleoside dip hosphokinases 

(Henderson and Paterson, 1973). The glucose concentration in the media did not however 

affect the UDP-GNac and NAD pools. The unchanged UDP-GNac pool is contrary to the 

expected findings since glucose is a precursor to the sugar-nucleotide pool (Ryll et al., 

1994). It is probable that UDP-GNac synthesis is more dependent on another presursor 

such as the ammonium ion. Ammonium ions are provided to the media by the spontaneous 

degradation of glutamine and by glutaminolysis (Tritsch and Moore, 1962; McKeehan, 

1982). It was observed that the addition of glutamine to the medium did result in an 

increase in the UDP-GNac pool. NAD probably does not exhibit in a net change 

intracellular leveis with an increase in glucose concentration due to a balance between 

NAD reduction and regeneration reactions in the glycolysis pathway. For every mole of 

glucose that passes through the glycolysis pathway, 2 moles of NAD are reduced and 2 

moles are subsequently regenerated by the formation of lactate (lehninger, 1982). 

Intracellular AMP levels decreased concomitantly with an increase in media 

glucose concentration fiom 1 to 25 mM. A reduction of the media glucose level to O mM 

however caused a decrease in the AMP pool. This decrease is probably due to the 

deamination of AMP via adenylate deaminase, an enqme that convens AMP to the non- 

adenylate nucleotide W. (Atkinson, 1 977). 

AMP + H20 t, IMP + NH3 (equation 9.1 ) 

Removal of AMP from the ce11 would tend to cause a reduction in total adenylates and 

prevent a decrease in the adenylate energy charge. This is consistent with our findings with 

the CC9ClO hybridoma. Studies have show that the production of IMP (i.e AMP 



degradation) in ascites tumor cells is concomitant with a decrease in the adenylate pool 

and energy charge (McComb and Yushak, 1964; Lomax and Henderson, 1973). 

Intracellular ADP levels were also dependent on glucose concentration. Minimum 

ADP levels were obtained when cells were exposed to extremes of media glucose Ievels 

(Le. O and 25 mM). Maximum ADP Ievels however were obtained when ceils were 

exposed to 3 and 5 rnM glucose. The glucose dependency of ADP resulted in a beli- 

shaped curve of ADP concentration as a function of glucose concentration. This curve 

shape is simiiar to the one described by Atkinson (1977) who plotted the relative 

concentration of ADP as a funetion of energy charge assurning an adenylate kinase 

reaction equilibnum. Adeny Iate kinase transfers activated phosphate groups reversibly 

between adenylate nucleotides (equation 9.2). 

The dependency of al1 three adenylate nucleotides on the extracellular glucose 

concentration resulted in the fluctuation of the adenylate energy charge. It was observed 

that the energy charge increased concomitantly with an increase in media glucose 

concentration fiom 1 to 25 mM. Cells exposed to O mM glucose had simiiar energy charge 

levels (0.37 0.01) as cells exposed to 1 mM glucose. This was probably due to the 

action of adenylate deaminase as previously discussed. The total adenylate nucleotide pool 

of cells exposed to 1 - 25 mM glucose was constant while in cells exposed to O m M  

glucose it decreased. This suggests that glucose by itself does not stimulate the de novo 

synthesis of nucleotides. 

CC9CIO hybridomas responded differently to a variation in the concentration of 

extracellular glutamine. The addition of 0.5 mM glutamine to the medium caused a 45 - 
128 % increase in NTP, NAD and UDP-GNac levels compared to cultures exposed to O 

mM glutamine. A net increase in the total adenylate nucleotide pool (SA) was also 

observed suggesting that glutamine may stimulate the de tzovo synthesis of intracellular 

nucleotides. The addition of glutamine to medium has been show to stimulate growth 

which requires an eievated level of nucleotides in order to duplicate DNA (Glacken, 



1988). Glutamine is required as a precursor for nucleotide synthesis (Engstrom and 

Zetterberg, 1984). The presence of glutamine also caused a O. 1 - 0.2 unit decrease in the 

energy charge level in cultures exposed to 5 - 10 mM glucose but did not affect cultures at 

25 mM glucose. Energy charge values are also decreased in the presence of glutamine in 

isolated mesentenc lymphocytes (Ardawi and Newsholme, 1983). This result suggests that 

glucose only is sufficient to maintain the bioenergic status of the cell. Glutamine rnay 

reduce the energy charge by increasing the de NOVO synthesis of the total adenylate pool 

especidly ADP and AMP. 

Increases in glutarnine concentration from 0.5 - 9 m M  did not significantly alter 

nucleotide pools, the energy charge nor the oxygen uptake rate. This indicates that a 

limitation in glutamine utilization may exist. It has been proposed that at a glutamine 

concentration higher than 2 mM, the transport of this arnino acid is the limiting factor in 

its utilization (Fitzpatrick et a l ,  1993). Another possible rate limiting step in glutamine 

metabolism rnay be the reduced activity of enzymes of the glutaminolysis pathway. 

(Glacken, 1988; Sn-Pathmanathan et al., 1990). Enzymes finction as regulators of 

glutaminolysis and may be slow in responding to changes in the glutamine concentration 

(Neerman and Wagner, 1 996). 

ATP is the most abundant nucleotide in the CC9ClO hybndoma. Its importance as 

a metabolic link between energy-producing and energy-utilizing pathways makes ATP a 

good candidate for determining the relative contribution of glucose and glutamine to 

energy production. In order to estimate the relative contribution of each nutrient to the 

intracellular nucleotide pool two assumptions were made. First it was assumed that 100 % 

of the energy produced was derived from glucose and glutamine metabolism. Glucose and 

glutamine are the major nutrients in hybridoma metabolism and are present in at least at 10 

- 20 fold the concentration of other carbon sources. In the absence of glucose, most of 

HeLa cell energy is derived from glutamine oxidation (Reitzer el al., 1980). The second 

assumption was that the minimum ATP level contributed by glutamine could be cdcuiated 

in the absence of glucose and vice versa. 

It was found that the relative contribution of both substrates to the intracellular 

ATP pool was dependent on the glucose concentration only. An increase in the media 



glucose Ievel (O - 25 mM) resulted in the increase in the proportion of ATP derived from 

glucose and a decrease in the proportion of ATP derived fiom glutamine. In contrast, an 

increase in media glutamine level (0.5 - 9 mM) did not have any significant effect on the 

relative contribution of glutarnine to the intracellular ATP pool. This suggests that when 

both glucose and glutamine are availabl+ glucose is the preferred substrate. In fact, 

CC9ClO hybridomas metabolize more moles of glucose than glutamine when both are 

present in the medium (data not show). Glucose is the preferred substrate in many tumor 

ce11 lines (Medina and Nunez de Castro, 1990). 

It was estimated that when cells were exposed to 10 - 25 mM glucose and 0.5 - 9 

mM glutamine, glutamine provided the energy for the maintenance of 15 - 28 % of the 

intracellular ATP pool while glucose supplied the rest of the energy. Reports by Petch and 

Butler (1994) estimated that when CC9CIO hybridomas were exposed to 20 mM glucose 

and 2 mM glutamine, glutarnine contributed close to 41 % of the total ATP production. 

Cornparison of these results suggest that although glutamine rnay supply a significant 

portion of total ATP production only a small percentage is utilized for the maintenance of 

intracellular leveis. This result may be due to the preferential use of glucose-denved ATP 

for intracellular nucleotide pool maintenance. Cells could possibly discriminate between 

glucose and glutamine-derived ATP by compartmentalization of the nucleotides. This is 

plausible since glycolysis occurs in the cytoplasm while the energy yielding reactions of 

glutaminolysis occurs mainly in the mitochondna (Lehninger, 1982; McKeehan, 1982). 

Compartmentalization of the ATP pool may also cause differences in the kind of reactions 

that utilize ATP and consequently cause differences in the rate of ATP utilization. It has 

been suggested that ATP-derived fiom glycolysis may provide energy to specific areas 

such as ion pumps and other maintenance functions (Glacken, 1988). 

The oxygen uptake rate of CC9CIO hybndomas in the presence of 5 - 25 m M  

glucose and 0.5 - 6 rnM glutamine was approximately 0.29 pmoühour per 106 cells. This 

value is sirnilar to the one reported by Jan et al. (1997) for the same ce11 line. Removal of 

glutarnine frorn the media cut the oxygen uptake rate in half to approximately 0.14 

pnollhour per 1 o6 cells. Whether 

presence of glucose is not know. 

a significant proportion of this rate is attributable to the 

Reports show that the flux of glucose through oxidative 



pathways is less than 5 % in CC9ClO hybridomas and other ce11 lines (Fitzpatrick et al-, 

1993; Petch and Butler, 1994). It is possible that the observed oxygen uptake rate in the 

absence of glutamine is due to the oxidation of other substrates such as other amino acids 

and lipids. Guppy et al. (1997) suggest that the contribution of glucose and glutamine to 

total ATP production is overestimated due to the omission of the oxidation of other 

substrates in energy calculations. Alternatively, it has been hypothesized that in 

mammalian cells that a substantiai proponion of cellular respiration is not linked to 

oxidative reactions which lead to ATP synthesis (Berry et al., 1993). 

Maximum oxygen uptake rates were observed when cells were exposed to O. 1 - 1 

mM glucose in the presence of glutamine. Increasing the extracellular glucose 

concentration fiom 1 m M  to 5 - 25 mM resulted in a 30 % decrease in the respiration rate. 

A significant reduction in respiration rate with glucose levels above 3 mM has been shown 

in swine testicular cells and fibroblasts (Glacken, 1988; Wohlpart et al., 1990). This 

phenornenon is commonly referred to as the Crabtree effect (Dell'Antone, 1994). High 

glucose concentrations have also been associated to a decrease in the utilization of 

glutamine in mamrnalian cells (Zielke et al., 1978; Reitzer et al., 1979). Removal of 

glucose fiom the media also caused a decrease in the respiration rate. and this may be 

refiective of a reduced glutarninolysis rate. Glucose plays an important role in 

glutaminolysis by providing pynivate, an acceptor of the amine group in the 

transamination reaction involving glutamate (Meijer and Dij ken? 1 995). 



9.4 Conclusion 

Intracellular ATP, GTP, UTP, CTP and energy charge levels are dependent on the 

medium glucose concentration in the range O - 25 mM. An increase in extracellular 

glucose resulted in a concomitant increase in these nucleotide pools and ratios. The ADP 

and AMP levels also fluctuated in response to the glucose concentration in the range of 1 - 
25 rnM but this did not a e c t  the total adenylate nucleotide concentration indicating that 

glucose levels do not stimulate the de mvo synthesis of nucleotides. 

A concentration of 0.5 mM glutamine caused a significant increase in the ATP, 

GTP, UTP, UDP-GNac and NAD pools. Al1 nucleotide pools were however constant 

within the range of 0.5 - 9 mM glutamine indicating that there exists a rate limiting step in 

glutarnine utilization. Glutamine also caused an increase in the total adenylate pool 

indicating that the amino acid may stimulate the de novo synthesis of nucleotides. It was 

concluded that the relative contribution of glucose and glutamine to the intracellular ATP 

pool was dependent on the glucose concentration only. 

The oxygen uptake rate (OUR) was dependent on the glucose concentration. 

Maximal OURS were obtained in the presence of 0.1 - 1 rnM glucose. Glucose 

concentrations c 0.1 mM or > 1 mM resulted in OUR values similar to cultures grown in 

the absence of glucose. A concentration of 0.5 mM glutamine caused a doubling of the 

OUR compared to glutamine-free cultures wheras no significant eEect on OUR was 

observed within the glutarnine range of 0.5 - 9 mM. 

It was estimated that in the presence of high concentrations of glucose, glutamine 

provides the energy for the maintenance of 15 - 28 % of the intracellular ATP pool. 

Glucose is therefore the major nutrient involved in maintaining the energy status of the 

cell. 



CHAPTER 10 

10.0 Conclusions, comments and future work 

The aims of this thesis were to: 

i. Test the hypothesis that specific Mab productivity is dependent upon the metabolic state 
of the hybridoma cell. (The metabolic state was determined from intracellular nucleotide 
pool levels). 

ii. Test the hypothesis that ce11 culture viability is dependent upon the metabolic state of 
the cell. 

iii. Test the hypothesis that intracellular nucleotide levels are dependent upon the 
extracellular nutrient concentration. 

iv. Develop a serum-free medium for the culture of the CC9C10 hybridoma ce11 Iine. 

1) To determine whether Mab productivity was dependent upon the metabolic state 

of the cell, the qMab was altered in ce11 cultures and intracellular nucleotides were 

monitored for fluctuations. The qMab was successfulIy enhanced by increasing the 

cultivation temperature, supplementing the medium with thymidine or supplementing the 

medium with sodium butyrate. The three methods resulted in several common metabolic 

characteristics. First, the maximum growth rate was either reduced or growth was partially 

arrested in cultures with enhanced qMab. Second, the relative UDP-GNac pool was 

significantly higher in qMab enhanced cultures. Third, the relative ATP pool was 

significantly lower in these same cultures. The supplementation of cultures with sodium 

butyrate was the only method which resulted in higher Mab yields cornpared to control 

cultures. In the other treated cultures the enhanced qMab was off-set by a lower ce11 yield. 

Future studies exploiting the effects of sodium butyrate may be usefûl in developing 

culture conditions for optimal Mab productivity, an important consideration in large-scale 

processes. 

Cornparisons between the Mab-secreting hybridoma (CC9C 1 O) and the non-Mab 

secreting myeloma (SP2/0) also indicated that the UDP-GNac pool was significantly 



higher in the Mab-secreting ce11 line. Based on the data, fbrther experimentation was done 

to determine if Mab productivity was dependent on the UDP-GNac pool. Hybndomas 

were grown in conditions favorable for the sugar-nucleotide accumulation: 1) hybridomas 

were grown in the presence of tunicamycin which inhibits UDP-GNac incorporation into 

glycoproteins; 2) hybridomas were grown in the presence of =Cl which enhances UDP- 

GNac synthesis. Both methods were shown to significantly enhance the intracellular UDP- 

GNac pool (up to 5-fold). Several concIusions were drawn from these UDP-GNac studies. 

First, the resulting high sugar-nucleotide levels did not affect significantly the qMab 

showing that the availability of UDP-GNac is a not a limitation to higher productivity. 

Second, the glycosylation process does not appear to Iimit productivity in CC9C IO 

hybndomas as non-glycosylated and glycosylated forms of the Mab are secreted at the 

same rate. Third, the data suggests that a reduction in growth rate rather than UDP-GNac 

accumulation was the cause of increased qMab. 

Specific Mab productivity is therefore not dependent upon the intracellular UDP- 

GNac concentration. The level oEUDP-GNac however may be used to monitor penods of 

reduced growth which was concomitant with a higher qMab. A funher examination of the  

relationship between growth rate and UDP-GNac levels would prove to be worthwhile. tt 

is to be noted that, the reduction in the growth rate does not always cause an increase in 

the qMab. This was seen in CC9ClO batch cultures where there was a constant 

productivity during the exponential, stationary and death phases. Ce11 cycle analysis of 

CC9C 10 cultures during penods of high and low qMab could provide useful information 

on the distribution of ce11 population during the Mab production 

Conditions that caused an increase in qMab, an increase in UDP-GNac pool and 

decrease in growth rate in the CC9C I O  hybridoma (Le. increase in cultivation temperature, 

supplementation with thymidine or sodium butyrate) have also been s h o w  to be inducers 

of apoptosis in several ce11 lines (Hague et al., 1993; Singh et al., 1994; Gabai et ai., 

1995). Recent studies have also shown that inhibition of N-linked glycosylation using 

tunicamycin tnggers apoptosis in cancer ce11 lines (Drieu et al., 1997). The relationship 

between apoptosis, reduced ce11 growth and qMab needs fùrther investigation. 



In addition to reveaiing a dinerence in the intracellular UDP-GNac pool, the 

cornparison between CC9CIO hybndoma and SP2/0 myeloma led to other usefil 

observations. The two ce11 lines could be distinguished by characteristic nucleotide ratio 

profiles (NTP, U-, NTPRT ratios) during batch culture. The difference in nucleotide ratio 

profiles between hybridomas and myelomas rnay be related to Mab synthesis. The NTP 

and NTPlCJ ratios increased in CC9ClO cells as the cultures progressed through the 

exponential phase and remained at high levels during the stationary and death phases 

whereas the U-ratio typically decreased during the exponential phase. The opposite 

behavior was observed in SP2/0 myeiomas. Differential nucleotide profiles rnay however 

also be attributed to other genetic differences between the ce11 lines. Future 

experimentation might include comparing a hybridoma ce11 line to a mutant hybridoma 

lacking a fùnctional Mab gene. This may prove to be a better mode1 for comparing 

rnetabolic and nucleotide profiles of Mab. versus v ab‘ cells. 

2) To determine whether ce11 culture viability was dependent upon the metabolic state 

of the cell, hybridornas were subjected to two conditions that caused different rates of ce11 

culture death. The first involved the inoculation of cells at different ce11 densities. The 

second approach involved the inoculation of cells in difEerent concentrations of glucose. In 

both cases it was shown that ce11 death was preceded by a significant decrease in the 

intracellular CTP and UTP pools. In glucose limited cultures ATP, GTP and energy 

charge were also reduced prior to ce11 death. We concluded that CTP and UTP levels can 

be used as predictors of imminent ce11 culture death and that viability is dependent on the 

maintenance of these nucleotides at high levels. Analysis of hybridomas also indicated that 

apoptosis was the preferred mode of ce11 death in batch, glucose-limited and glutamine- 

limited cultures. This suggested that this gene regulated process may be triggered by 

nucleotide depletions 

A Iow nucleotide level in itself, however, is not sufficient to induce apoptosis as 

shown by glucose rescue studies. The death of the ce11 population was staggered over 

several hours thus ailowing for the rescue of cultures by reenergization of nucleotide 



pools. Analysis of the distribution of the culture in the ce11 cycle phases may give a further 

insight into which cells are more susceptible to apoptosis. 

It was aiso found during the course of the study that the use of ethidium 

bromiddacridine orange for the detection of apoptosis was more accurate in determining 

the viability of a ce11 culture than the trypan blue exclusion method. This is due to the 

detection of early apoptotic cells which have not yet lost membrane integrity. The EBlAO 

method is however not recommended for routine use in animal ce11 cultures. The time span 

between early apoptosis and loss of membrane integrity is relatively short (approx. 6 

hours). This earlier detection of a loss in viability does not give a significant advantage in 

most applications. Furthemore, ethidium bromide and acridine orange are highly 

cancerigenic and thus require special handling and disposal. 

3) It was shown that intracellular nucleotide levels and oxygen uptake in CC9C IO 

cells are dependent on glucose and glutarnine extracellular concentration. The presence of 

both nutnents in the medium caused a significant increase in the intracellular NTP levels. 

The effect of glucose on NTP levels was proportional to the extracellular glucose 

concentration in the range of O - 25 mM. The addition of 0.5 mM glutarnine caused a 45 - 
128 % increase in NTP levels compared to cultures exposed to O mM glutarnine. 

However, increases in the extracellular glutamine concentration from 0.5 - 9 mM did not 

fùrther enhance the NTP levels. Oxygen uptake analysis complements analysis of 

intracellular NTP levels in that no significant change in OUR was observed in cultures 

exposed to 0.5 - 9 rnM glutamine. These results suggest that there exists a rate limiting 

step in glutarnine utilization. 

Glucose is the preferred substrate and may supply as much as 70 % of the 

intracellular ATP concentration in the presence of glutamine. Oxygen uptake analysis 

shows that most of the ATP denved from glucose was from anaerobic metabolism. It was 

also found that glutamine not glucose stimulates the de novo synthesis of nucleotides. 

Future experimentation might include adapting the CC9CIO hybridoma to a 

glucose-free medium by supplementation of a pentose source. This would be done to 



determine if cells can increase glutamine utilization and intracellular nucleotide levels in 

the absence of glucose. 

4) A semm-free medium (NB-SlM) was developed for the CC9ClO hybridoma ce11 

line. NB-SFM consisted of 1:l mixture of DMEM: Ham's F12 basai medium 

supplemented with insulin, transferrin, Nase, ethanolamine, phosphoethanolamine and 

Pluronic F-68. CC9C I O hybridoma secreted a monoclonal antibody directed against 

bovine insulin, one of the media supplements. Concems over the interaction of insulin and 

anti-insulin and its efEects on ce11 growth and metabolism suggest an alternative growth 

factor should be used in future studies. In fact, M. N o m  Huzel in Our laboratory has 

s h o w  that insulin c m  be replaced by a recombinant analogue of insulin-like growth 

factor, Long R~ IGF, with no change in growth yields (Butler et al., 1997). Long R~ IGF 

does not bind the CC9ClO anti-insulin. Removai of  insulin fiom the semm-free 

formulation may also be an option as the growth factor is not absolutely essential for 

CC9C 1 O growth (Butler et al., 1997). Future improvement on the serum-free formulation 

may also include the elimination of transferrin as this would reduce the cost and reduce the 

contaminating protein content. Transfemn c m  be replaced by femc citrate (Schneider and 

Lavoix, 1990; Eto et al., 199 1). 

5 )  In conclusion, the role of nucleotides in the productivity of  the CC9C I O  ce11 line 

rnay be iimited to regulating culture viability and growth rather than regulating synthesis 

and secretion of the Mab. Optimization of Mab production in hybridoma cultures may be 

done by reducing ce11 growth and at the same time preventing ce11 death, two events that 

are apparently under the sarne metabolic control. 

Glucose metabolism was s h o w  to be important for the maintenance of high 

energy nucleotide levels (NTPs) which are needed for ceil survivai. The major role o f  

glutamine however seems to be the expansion of the nucleotide pool population which is 

needed for ce11 growth. The relationships between intracellular nucleotides levels (ratios) 



and growth, ce11 death and extracellular nutrient concentration are potentiaily usefbl for 

monitoring ce11 cultures in bioreacton (Le. large scale production processes). Studies have 

show that adjusting the bioreactor pemision rate according to NTP and U ratios cm 

keep Baby Hamster Kidney (BHK) cells in an exponential growth phase (Valley et ai-, 

1994). These researchers argue that they can predict growth rates by these ratios and they 

recomrnend a course of action with respect to medium replacement. Manipulating 

nucleotide levels through medium formulation may also prove to be an important tool for 

the control of hybridoma ce11 growth and the prevention cell culture death in large scale 

systems. 
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Al.  Sample calculations of analysis of variance (ANOVA) - single factor. 

ANOVA was used to test the hypothesis that means fiom two or more samples are 
equal. Data analysis was done with the Excel v.7.0 (Microsoft). 

Example: Test the hypothesis that extracellular glucose has an eEect on the intracellular 
ATP concentration in hybridomas. 

Data : ATP levels (nrno~10~ cells) in hybridomas grown in varying glucose concentrations 
(O - 25 mM) and 0.5 mM glutamine. 

glucose glucose glucose glucose glucose glucose 
1.1 1 2.1 1 3.35 4.44 5.77 7.16 
0.98 1.88 2.71 3.25 4.5 5 5.24 

k 

where ni = number of samples per group and N = ni = (2) + (2) + (2) + (2) + (2) = 12 
i =  1 

k = number of different groups = 6 

where Ti = x~ (sum per group) and = Tih (average per group) 
j =  1 



total degrees of fieedom (totai DF) = N - 1 = 12 - 1 = 11 

groups degrees of fieedom (group DF) = k - 1 = 6 - 1 = 5 

error degrees of freedom (error DF) = N - k = 12 - 6 = 6 

total sum ofsquares (total SS)= B - C = 191.74 - 150.87 = 40.87 

groups sum of squares (group SS) = Ai - C = 3 7.3 3 

error surn of squares (error SS) = total SS - group SS = 3.54 

source of variation SS DF MS ( S S D F )  
total 40.87 I I  

groups 3 7.33 5 7.466 
error 3.54 6 0.59 

F = groups MS = 7.466 = 12.65 
error MS 0.59 

F criticai for 95 % confidence level (P c 0.05) = 4.39 Value determined fiom tables or 
from software package. 

F > F cntical therefore the groups are different (i.e.glucose has an effect on the ATP 
level). P < 0.05 



A2. Sample calculations of one - tailed paired t-test (sample means) 

The paired t-test is used to determine whether a sarnple's means are distinct. This 
test does not assume that the variances of both populations are equal. The paired f-test is 
use when there is a natural pairing of observations. Data analysis was done with the Excel 
v. 7.0 (Microsoft). 

Example: Test the hypothesis that temperature has an effect on the % of UDP-GlcNac in 
hybndomas. 

Data : % of UDP-GlcNac in hybridomas grown at 37°C and 39°C over 6 days. 

Days 3 7°C 39°C d d2 
1 9.21 8.3 1 0.9 0.8 1 

6 22.16 26.3 1 - 4.15 17-22 
 SU^ - 23.2 (SI) 125 .O4 (S2) 

where d = difference between paired samples and n = number of paired groups = 6 

SI = sum ofd S2 = sum of d2 J=dh =-3.86 

I critical for 95 % confidence level, one tailed (P < 0.05) = 2.02 Value detemiined f?om 
tables or fi-orn software 
package. 

f < t critical, therefore samples are different. Temperature has an effect on the % UDP- 
GlcNac in the cell. 



A3. Sample caIculations of standard of error of the mean (S.E.M.) 

Data: 1.04 1.15 O. 96 

number of data points = n = 3 

variance = s2 = 7 (yi - = (1 -04 - 1.05)~ + (1.15 - 1 .OS)* + (0.96 - 1.05)~  = 0.0091 
n - 1  3 - 1  

standard deviation = s = p = J E  = 0.09539 

standard error of the mean (S.E.M.) = 2 = 0.09539 = 0.06 
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