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The U s e  of Glutamate and Dipeptides as Su- for Glutamine 
in Animal CeII Cultums 

by Andrew O. Christie 

The chemical decomposition and cellular metabolisrn of glutamine in animal cell 

cultures resuits in ammonium accumulation in the growth medium- Less ammoniagenic 

substrates induding glutamate and dipeptides (ala-gln and gly-gln) were investigated 

as substitutes for glutamine in ceIl culture. The CCSC10 mufine hybridoma and BHK-21 

cells were sensitive to ammonium- Consequently, these two cell lines were used as 

rnodels to evaluate the effects of substitutes on growth and metabolism and the factors 

influencing the ability to utilue glutamate and dipeptides. 

Glutamate was found to inhibit the growth of CCSClO cells although ala-gln and 

gly-gln supported the gmvth of the hybridoma. High œll densities were obtained in the 

presence of 6 rnM ala-gln and 20 mM gly-gln. The final cell density in gly-gln was 14 % 

higher than in glutamine medium aithough monoclonal antibody production was not 

improved. Substrate utilization and metabolism were affected by the dipeptides, 

particularly with gly-gln. The accumulation of ammonium and lactate was significantly 

lower. The higher concentration of gly-gln was required because a cellular peptidase 

had a lower affinity for gly-gln. An investigation of the mechanism of dipeptide 

utilization implicated extracellular hydrolysis following release of peptidase into the 

culture medium. The dipeptides were also effective as substitutes for BHK cells 

although high gly-gln concentrations (up to 40 mM) were required. In addition, 

glutamate, asparagine and a low level of glutamine or dipeptides supported high gmwth 

rates and cell yields of BHK cells. Significant changes in metabolism were 

charactenzed in glutamate-based medium induding markedly reduced ammonium 

pmduction although growth was not improved with respect to glutamine-based medium. 



Cell yields were Iimiteâ by surface area or nutrient depletion in batch cultures. In fed- 

batch microcarrier cultures, glutamate substitution resulted in the accumulation of 

inhibitory lactate levels. Growth in glutamate-based medium was not limited by 

glutamate uptake. Changes in intracellular enzymes such as glutamine synthetase 

were probably more important for îhe adaptation to utiiiie glutamate, 

Substitutes for glutamine are effective for contmlling ammonium levels in 

culture. Hawever, achieving substantial increases in growth and producüvity may 

depend on the regulation of other substrates in the medium, particularly glucose. 



Chapter 1 

Introauction 

1.1 A b M  history of animal ceIl cultum 

The dawn of animal -11 culture may be traced back to the worlc of Roux (1885) 

who desdbed the survival of chick embryo tissue in wam saline for a number of days. 

Hawever, the actual beginning of cell culture is perhaps more accurately dated to the 

first decade of the twentieth century when it was realized that animal tissue could 

divide, grow and function outside of the animal host. Jolly (1903) documented cell 

division of salamander leukocytes in hanging drops. Later, Hamson (1 907) reporteci the 

growth of nerve fibers fram frog cells over a duration of several weeks using the 

hanging drop method. Embryonic fmg nerve tissue was embedded in a clot of frog 

lymph on a coverslip which was then inverted and placed over a well in a microscope 

slide, The coagulateci protein in the dot senred as a matrix or substrate on which the 

cells au l d  grow while the lymph fiuid provided nourishment to the cells. The hanging 

drop procedure was developed further by B u r n s  (1910) who used a plasma clot in 

place of lymph. 

Over the next several years, numerous contributions to the field were made by 

Alexis Carrel. His earliest studies had shown that chi& embryo extract, used as a 

supplement to plasma, stmngly stimulateci growth of certain cells (Carrel, $91 3). Carrel 

also introduced aseptic methods and successhrlly demonstrated that animal cells could 

be cultured in vif10 for numerous generations provided precautions were employed to 

prevent contamination and overgrowth by microbes. His invention of the Carrel flask in 

1923 further reduœd the risk of contamination by other microorganisms. 

One of the most significant advanœs establishing animal cell culture as a 

routine laboratory technique was the discovery of antibiotics in the 1940s. Carrel's 

insistence on strict and elaborate procedures to maintain asepsis had fostered the 



belief that culturing animal cells was a very ditficuit process, However, the addiion of 

antibiotics to culture medium helped reduce aie incidence of bactenaf contamination, 

faciliited the isolation of new cell lines and made cell culture a more generally 

accessible proœdure in the laboratory. 

The use of trypsin for passaging anchorage dependent cells marked another 

signifiant development in cell culture. Trypsin was first used in 1916 by Rous and 

Jones to free cells from the extracellular matrix of tissue yielding a suspension of single 

cells (Butler, 1991). Moscona and Moswna (1952) developed the technique further and 

the current methodology for trypsin-aided passaging of cells is based on their work. Its 

use has permitted the isolation of homogeneous cell populations from tissue and the 

technique is commonly used to disperse and subcufhrre monolayers of anchorage 

dependent cell lines. 

A tuming point where animal cell culture evolved towards a science rather than 

an art was marked by the introduction of chemically defined media in the 1950s. The 

impetus to define the essential nutn'ents and design an appropriate medium that could 

sustain cells was due to the inconsistent growth arising from the poorly defined and 

variable mixtures of plasma and embryo extra* nomally used as a medium. At the 

forefront of those studies was Hany Eagle who analyzed the nutritional requirements of 

mouse L and HeLa cells. The mouse L fibroblast line was denved by chernical 

transformation and could be grown indefinitely in culture (Sanford et al-, 1948) mile the 

HeLa line was isolated from a human carnanoma (Gey et al., 1952). Eagle identified the 

essential amino acids, vitamins, salts, carbon source and other components as well as 

the concentrations required to support optimal growth of the two cell lines (Eagle, 

1955). The resulting medium came to be known as Eagle's basal medium (BME). 

Numerous modifications of this original formulation followed and were designed to 

satisfy the specific nutritional requirernents of other cell lines. These media not only 

reduced the variability associated with the use of biological fluids previously used to 



gtow animal ceHs but were also easier to stefilize and consequently less susceptible to 

contamination by microorganisms. However, they still required supplementation with 

animal serum, usually at concentrations of 10 %, which provided undefined growth 

factors, hormones and other pmteins necessary for growth. Work on producing 

cornpletely defined media to eliminate the need for senim began about the same time 

BME was developed. These studies have resulted in the identification of a number of 

the most important growth-promoting mmponents of serum- By the beginning of the 

1980s. serum-free media for a number of cell lines had b e n  described (Bames and 

Sato, 1980). 

The development of animal œll culture over the last century has wntnbuted 

considerably to the understanding of the growth and metabolism of animal cells both in 

vitro and in vivo. Principles of cell culture have been applied to hrrther basic medical 

research in the fields of virology, neoplasia, cell biology, immunology and genetics. 

The knowledge gained in these areas has synergystically formed the basis for the 

industrial-scale production of medical, veterinary and diagnostic products derived from 

animal cells. The potential use of animal cell culture technology for large-scale 

generaüon of biological praducts had become apparent with repoRs that poliomyelitis 

virus could be grown in human embryonic ceIl cultures (Enders et aL, 1949). By 1954, 

polio vaccine was the first licensed commercial product derived ftom animal cell 

cultures on a large-scale. Vacamnes for measles, rabies, mumps and rubella are among 

others that followed in the 1960s. 

In 1976, Kahler and Milstein revolutionized many amas of the biosciences as 

they introduced the technology to produœ monoclonal antibodies (mAbs) (Kahler et al., 

1976). Monoclonal antibodies have been widely used for diagnostic applications since 

the early 1980s. The first mAb was licensed for therapeutic use in 1986. Hybridoma 

technology has since continued to evolve towards the production of more efficacious 

monoclonals for human therapeutic use. Advances in this area include methods for 



creating human hybridomas and human antibodies expressed and secreted by high 

producing recombinant ceIl lines. Because of their high specificity, monoclonal 

antibodies have also been widely exploited for the purification of other biologically 

active molecules on both aie laboratory and industfial levels. To accommodate the 

growing demand, rnonodonals are already produced commefcially in culture vessels 

thousands of litres in size. This trend is sure to continue as additional applications are 

discovered and new mAbs are approved for thempeutic consumption. 

Other products derived from animal cells which are licensed or are in dinical 

trials inciude interferans, interieukins and other lymphokines, tissue plasminogen 

activator (tPA), erythropoietin (EPO), blood dotting factors and human growth 

hormone. Animal cell culture has, in fact, grown to a multibillion dollar industry and 

continue ta expand as research pmgressively reveals the molecular basis of disease 

and as new treatments are uncovemd. However, shrinking health care budgets 

demand cost-effective production of diagnostic and therapeutic agents- Consequently, 

the general objective of this project has been to optimize animal ceIl culture medium to 

limit accumulation of inhibitors. The desired resutt is to improve cell yields and reduce 

associated production costs. 

1.2 Culture conditions and cellular growth mquirements 

1.2.1 Culture vesnls and ceIl attachmnt substrates 

Animal cells are cultured in a variety of different vessels including multiwell 

plates, Petri dishes, roller-botües, 1-flasks and spinner flasks. The vesse1 used is 

determined by factors such as the culture volume and cell yield required and whether 

the cell line grows in suspension or is anchorage dependent. 

Most animal ceIl lines require a substrate on which to grow and divide and are 

thus refend to as anchorage dependent. The substrate must allow efficient cell 

attachrnent following inoculation into the culture medium. The initial attachment 



between the cell membrane and substrate surface is mediated by electrostatic and van 

der Waals forœs (Absokm et al., 1983). Cakium ions (~a+2) in the culture medium 

and basic proteins produœâ by the œll or present in the serurn fom a layer or cation 

bridge between the negatively charged celt membrane and substrate surface to 

facilitate the adhesion pmcess, Both glass and plastic can provide an appropriate 

negative charge density for the formation of the bridging layer. Plastics, particularly 

sulfonated polystyrene, are widely used to manufacture disposable culture vessels. 

Cell attachment is followed by grawtti and spreading of the cetls across the 

substrate surfaœ. Growth nonnally continues in MID, bamng a nutrient limitation or 

inhibition by accumulation of waste producl, until the cells have wvered the available 

surface area and have forrned a confluent rnonolayer, Thus, if high cell densities are to 

be attained, the culture system must provide maximum surfaœ area for a given culture 

volume. T-flasks allow a surface to volume (dv) ratio up to 5 cm2 per millilitre of culture 

volume. Roller bottles increase this ratio 2-3-fold by allowing cells to grow around the 

cylindefs walls. Nevertheless, surface area limitations are realized even in roller 

bottles. Further increases in ceIl yield would therefore require increasing the number of 

roller boffles whicti is costly in ternis of materials and time. Other designs have been 

developed to further optimize the surface to volume ratio but most are limited by 

difficulties in scale-up to industrial production levels. The development of microcamers, 

however, proved to be an innovation that combines maximum surface to volume with 

ease of scale-up. 

Microcamers are small beads 100-200 pm in diameter with a charged surface to 

promote cell attachment. DEA€-Sephadex had ofiginally been used as a microcamer 

(van Wezel, 1967) but the high negative charge on this ion exchange resin proved toxic 

to the cells. Modification of the beads to reduœ the charge density eliminated this 

effect (Levine et al,, 1979). Microcarrien am now available fmm commercial suppliers 

and are made from a number of different materials including polystyrene, 



polyacrylamide and Sephadex. The beads are typically added to the culture medium at 

1-5 g/L without adversely affecting the cells and increasing the siv at least 6-fold 

compareci to T-fiasks, Spinner flasks equipped with a magnetic sitirring bar and paddle 

assembly are mmmonly used to provide gentie agitation to microcarrier cultures. This 

pmvides aeration and rnainfains the beads in a uniforni suspension while minimizing 

cell damage from shear effeds belween colliding beads. Scale-up to inmase wll 

yields is also possible and may be achieved by increasing bead concentrations and the 

volume of the culture vessel. Because of these aclvantages, microcamers, prirnarily 

Cytodex 1 (Pharrnacia), have been used in the following investigations for high density 

anchorage dependent cell cultures. Cytodex 1 is produced from Sephadex - a cross- 

linked dextran bead with charged DEA€ groups attached to the surface. 

Some cell lines do not require an attachment substrate and grow freely 

suspended in the culture medium. They are usually derived from hemopoietic cells or in 

some cases may have originated from a transformed anchorage dependent line. 

Suspension cells such as hybridomas are not subject to surface area limitations and 

scale-up is normally achieved by an increase in culture vessel volume. 

1.2.2 Temperatum 

Mammalian cell lines are generally cuitured at the normal body temperature of 

37 OC although may demonstrate varying degrees of growth from 33-39 OC (Freshey, 

1983). The optimal temperature within this range varies acçording to the species and 

tissue from which aie cell line was established. Temperatures higher than 39.5 OC, 

however, are rarely tolemted and induce a rapid dedine in cell viability. Consequentfy, 

precise temperature control is essential for the culture of animal cells and is normally 

achieved with water-jacketed incubators. 



1.2.3 pH 

Most animal cells grow well at physiological pH from 7.2 to 7.4 but the pH 

optimum may encompass a broader range depending on the particular cell line (Eagle, 

1973)- Growth for the majority of œll lines, though, is normally limited beyond pH 

6-8-7.8, 

The pH of the witure medium is usually maintained with a bicarbonate-carbon 

dioxide buffering system. The addition of sodium bicarbonate to the medium and 

gassing of the incubation chamber with C* establishes the folkwng equilibrium: 

The pH of the medium can be related to the Henderson-Hasselbalch equation: 

PH = PKB + loglHC031/[Co2 (diss01ved)J 

where the pK, is 6.3. The CO2 dissolved in the culture medium is a function of the 

percentage of CO2 in the atmosphere. A combination of 24 mM NaHC03' and a 5 % 

CO2 atmosphere at 37 OC buffers at about pH 7.4. Soma medium fomulaüons also 

cal1 for 44 mM NaHC03- with 10 % CO2 in the gas phase to allaw for inaeased 

buffehg capacity. Although the HC03VC02 pair is not the most effective buffering 

system in the physiological pH range, it is the most widely employed because it is non- 

toxic, relatively inexpensive and serves as a nutrient Bicarbonate or carbon dioxide is 

utilized for biosynthetic reactions, particularly when the cell density is low and 

consequently metabolically derived CO2 is limited (Ham and McKeehan, 1979). 



1.2.4 Oxy-n 

Oxygen is an essential nutrient for al1 animal cells because of its role as the 

tenninal electron acceptor in the electmn transport chain and the means by which ATP 

is generated via oxidative phosphorylation. Apparent cellular oxygen requirements Vary 

among diierent cell lines. Oxygen uptake rates (OUR) have been reporteci to range 

fmm 0.045-0.47 mm01 02 L-1 h r l  per 106 cells/ml (Fleischaker and Sinskey, 1981). A 

particular cell line, however, may grow in a range of oxygen concentrations. Mouse LS 

cells, for instance, grow at oxygen tensions of 40-100 mm Hg which corresponds to 

5-13 % of air saturation (Kilburn and Web, 1968 and Kilbum et al., 1969). Outside of 

the optimal range, though, low oxygen limits growth and high levels are toxic. Balin et 

al. (1976) examined growth of W-38 cells at different oxygen levels. Normal growth 

was observed at 26, 44 and 134 mm Hg. At 7.8 mm Hg, lower growth rates and cell 

densities were noted as well as increases in glucose consumption and lactate 

production. An increase to 291 mm Hg again resulted in depressed cell growth and 

yields and dramatic elevations in lactate production while 560 mm Hg campletely 

inhibited cell proliferation. Numerous studies have established that high oxygen 

concentrations result in free-radical damage that can induce cell death. Extremes in the 

oxygen concentration should thus be avoided. Most monolayer and suspension 

cultures grow well in T-fiasks with an atrnosphere of 9045% air and the balance 

consisting of C02. A large surface area of the culture medium is exposed to the gas 

phase under these conditions alldng oxygen to diffuse readily to the cells. In 

cylindrical culture vessels with a lower aspect ratio (width/height of culture) such as 

spinner fiasks, agitation or stim'ng is required to supply enough oxygen for cell gfowth. 

In vessels with a volume greater than 1 L, surface aeration is no longer adequate to 

maintain a sufficient supply of dissolved oxygen. For these larger cultures, aeration of 

the medium with sparging systems is nonnally required to pmvide enough oxygen to 

support ceIl growai. 



1.25 Osmolrrity 

The culture medium should provide an isotonic environment for cell growth. 

Media are fonnulated to emulate the osmolarity of plasma in vivo which would normally 

be about 300 mOsmoVkg. Most cells are quite tolerant of deviations from their optimal 

osmolafity and generalty will grow in a range ftom 280-320 rnOsrnol/kg (Wayrnouth, 

1970 and Freshney, 1983). However, exberne changes in osmotic pressure have been 

shown to result in reduced growth rates and cell densities and increased death rates 

(Ozturk and Palsson, 1991). The salt concentration in the medium rnay therefore 

require adjustrnent to reduce osmolarity M e n  additional supplements are added to the 

culture medium, particulahy for those cell lines that are sensitive to osmotic stress. The 

productivity of a culture, however, may not be reduced by higher medium osmolarity. 

Specific monoclonal antibody production rates fmm hybridomas were reported to 

increase in the presenœ of high osmolarity (up to 435 mOsmoVkg) (Ozturk and 

Palsson, 1991 and Ozturlc et al., 1992). Final antibody concentrations, though, were 

similar to cultures with normal osmotic pressure because lower growth rates and cell 

densities were obtained with higher osmolarity. On the other hand, Oh et al. (1993) 

found the specific productivity and the final monoclonal antibody yields for another 

hybridoma line were increased when adapted ta medium with elevated osmolarity (350 

and 400 mOsmol/kg). 

1.2.6 Culture medium composition 

Since Eagle's early studies on the growth requirements of animal cells, 

numerous media have been developed, many of which are based on his original BME 

formulation. Modifications were introduced to support growth of different cell lines. 

Despite the differences in composition, the medium in al1 cases is intended to provide a 

relatively isotonic environment at physiological pH with a suitable complement of 

essential nutn'ents to promote optimal grawth. Dulbecco's Modiied Eagle's Medium or 



DMEM (Dulbecco and Freeman, 1959) is among the most widely used because it is nch 

in nments and supports growth of many cell types. OMEM is the basal medium used 

ttimughout these investigations and its ingredients are provided in Appendix A along 

with BME for comparison. 

1.2.6.1 lnorganic salb 

lnorganic salts are quantitatively the most signifiant constituents of ceIl culture 

medium- Eagle's eady studies on the nutritional requirements of Hela and mouse 

fibroblast cells revealed that sodium, potassium, calcium, magnesium, chloride and 

phosphate are essential for the growth of animal cells in vitro (Eagle, 1955). They are 

necessary for the formation of electrochemical gradients, to maintain correct osmotic 

balance and most serve as enzyme cofactors in a variety of biosynthetic reactions- 

Bicarbonate is also added for bath its buffering role and nutritional value as diswssed 

previously. In addition, cells require trace amounts of iron which is necessary in a 

number of metalloproteins. Other minerals are also vital but despite their apparent 

omission, deleterious effects on the cells are often not observed. Essential trace 

elements am cammonly present in suffident levels as wntaminants in other medium 

additives or are found in the senim supplement (McKeehan et al., 1976). 

1.2.6.2 Carbohydrrtes 

Glucose has been the most widely used carbohydrate in culture media since the 

introduction of chemically defined formulations. Sucœssful attempts have been made 

to replace glucose with other sugars such as fructose, galactose, mannose and 

maltose although these alternatives may not be effective for al1 cell lines (Eagle, 1955, 

Eagle et al., 1958, Burns et al., 1 976 and lmamura et al., 1 982). 

Beause of its high utilkation rate by animal cells, glucose is typically the most 

abundant nutrient in the medium, aside fmm the salts, at concentrations of 5-25 mM. 



The rapid consumption suggested it was a major energy and carbon source for animal 

cells ln MID (Levintow and Eagle, 1981 and Morell and Froesch, 1973). Further studies 

have demonstrated, hawever, that a majority of glucose is metaboiiied via glycolysis 

instead of the more efficient and higher energy yielding TCA cycle (Reitzer et al., 

1979). In some cases, glucose may be required primarily as a carbon source for the 

production of ribose (via the pentose phosphate pathway) which is subsequently used 

for nucleotide biosynthesis (Reitzer et al., 1980). 

1.2.6.3 Amino acids 

Thirteen amino acids are required for suwival and growth of most cultured 

animal cells. These essential amino aads indude arginine, cyst(e)ine, glutamine, 

histidine, isoleuane, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, 

tyrosine and valine and are standard canstituents in culture media (Eagle, 1955). 

Nonessential amino acids such as serine, asparagine, praline and glycine may also be 

necessary or beneficial for growai of certain cell lines. The optimal amino acid 

concentrations depend on the cell line and the culture conditions, although certain 

generalizations hold in a majority of cases. Glutamine, with few exceptions, is 

consumed from the medium at the highest rate, usually 5-20 times that of other amino 

acids (Eagle, 1955, Griffiths and Pirt, 1967 and Butler and Thilly, 1982). Other essential 

amino acids are consumed at low or moderate rates while alanine and glycine are often 

by-products of cellular metabolism which increase in the medium during the course of 

the culture period (Thomas, 1986). 

The high rates of glutamine consumption are attributed to its role as both an 

anabolic precursor and an important energy source in cultured animal cells. Glutamine 

is used for the biosynthesis of amino acids, proteins, nucleotides and perhaps lipids 

(Tate and Meister, 1973, Engstrom and Zetterberg, 1984 and Reed et al., 1981). 

Energy is derived from glutamine via oxidaüon in the TCA cycle (Pardridge et al. 1978, 



Reitzer et al., 1979 and Zielke et al., 1984). The contribution of glutamine metabolisrn 

to the total cellular energy or ATP levels, however, varies among cell lines and culture 

conditions and will be diswssed in further detail in a later section- 

Most other essential amino acids are probably required mainly for incorporation 

into cellular protein and consequentiy are not consumed at high rates (Eagle, 1959). 

This is refiected by their relatively low concentration in the culture medium. Certain 

amino acids such as isoleuane, leucine and valine may additionally be utilized to some 

extent for energy production but would supply only a small fraction of that den'ved from 

glutamine (Pardridge et al., 1981). 

1.2.6.4 Virtamins 

Standard culture media contain choline and most of the water-soluble B group 

vitamins. Choline is required for lipid biosynthesis while folic acid, nicoünamide, 

pantothenate, pyridoxal, riboflavin and thiamine are precursors of coenzymes 

necessary for catalyzing numerous reactions. Eagle (1955) desaibed these nutrients 

as essential as their absence from the medium resulted in cellular degeneration within 

days and eventually death of the culture. Inositol, a substrate for the production of 

lipids, was subsequently identified as an essential medium component for al1 human 

cell liner investigated (Eagle et al., 1957). Biotin. vitarnin Bq 2 and ascorbate are also 

inciuded in some medium formulations to meet the demands of certain cell lines. 

1 -2.6.5 pH indicator, 

Phenol red is used as a pH indicator in culture media because it is non-toxic at 

low concentrations and is sensitive to changes in pH outside of the optimal range of 

growing animal cells. At pH 7.4, the medium is red while a purple coloration is produced 

at pH 7.8. An elevation in pH is syrnptomatic of a partially sealed culture vesse1 and 

incomplete gassing of the medium with C02. Altematively, a decrease in pH can be 



visually monitored by a change in colour to orange at pH 7.0 and yellow at pH 6.5. A 

gradua1 dedine in medium pH is normal for growing animal cells as lactic acid is 

generated as a metabdic by-product. A mpid change in Me medium colour. however, is 

evidence of microbial contamination of the cuiture. 

1.2.7 Semm supplements 

The growth requirements of animal cells are more complex than the combination 

of salts, amino acids. carbohydrates and vitamins provided in Me basal medium. A 

number of additional factors are necessary for the pmliferation of animal cells in vitro 

including growth factors and hormones, amer proteins, attachment factors and trace 

elements. These may be provided by supplernenting the medium with 5-10 % senim 

(v/v), nomally derived from quine or bovine blood. Calf and fetal calf serum are most 

commonly used and efficacious even for fastidious cell lines because of the high 

content of growth factors. 

1.3 Glucose and glutamine metabolism in cell culture 

In vivo, energy is derived from the oxidation of numerous organic compounds 

including glucose, fatty acids, amino acids and ketone bodies. ln wltured animal cells, 

glucose and glutamine are the primary energy and carbon sources. Glucose is nomally 

present at high concentrations in the growth medium and most is catabolued via 

glycolysis yielding lactate as the predominant by-produd Glutamine is now accepted 

as the main substrate of aerobic energy metabolism in MID and supplies a significant 

proportion of the cellular energy requirements. The pathway by which glutamine is 

oxidüed involves the TCA cycle and produces C02. ammonium. carboxylic acids and 

amino acids as major end products. In addition to the catabolic role, glucose, glutamine 

and intermediate metabolites of glycolysis and glutaminolysis are utilized for the 



biosynthesis of numerous cellular components. figure 1-1 presents a simplied 

overview of the pathways of glucose and glutamine metabolism. 

Glucose and glutamine u t i l i o n  in culture has b e n  the subject of numerous 

investigations because they are the major source of ATP and NADPH in the cell. 

Together ATP and NADPH drive the anabolic teactions required for cellular 

biosynthesis and growth. Furthemore, lactate and ammonia, the end produds of 

glycolysis and glutaminolysis, are inhibiton of tell proliferation. Thus, glucose and 

glutamine u t i l i o n  are ciosely Iinked to grawth and productivity of a cell culture. 

Regulation of these substrates in the medium may be essential for optimal yields of a 

desired produd from the culture. Consequently. glucose and glutamine metabolism will 

be examined below in some detail. 

1.3.1 Glucose metrbolism 

The main pathways of glucose metabolism are glycolysis, the tn'carboxylic acid 

(TCA) cycle and the pentose phosphate pathway (PPP). The sequential adion of 

glycolysis and the TCA cycle would be the most efficient means of glucose catabolism, 

yielding 38 moles ATPfmole of glucose. However, a number of investigations have 

concluded that a relatively small fraction of glucose carbon enters the TCA cyde and is 

oxidized to CO2 in cuiaired ceils (Momll and Froesch, 1973, Schrek et al., 1973, Tildon, 

1973 and Oonnelly and Scheffier, 1976). Instead, the majority of glucose is 

anaerobically metaboliued by glycolysis to pyruvate which is subsequently reduced to 

lactate, producing only 2 moles ATP/mole glucose (Reitzer, 1979). High glycalytic rates 

are charaderistic of tumor cells and rapidly proliferating non-transfonned cell lines 

(Hume et al., 1978, Stanisz et al., 1983 and Newsholme et al., 1985). The glycolyüc 

pathway is shown in Figure 1-2. 
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Figure 1-1. Pathways of glucose and glutamine metabolism in cultured animal cells. 
Glucose, glutamine and other amino acids are transported into the ceIl. Glucose is 
catabolized primarily by glycolysis. A ftacüon of the resulting pymvate escapes 
reduction to lactate and is decarboxylated to aœtyCCoA and oxidized in the TCA cycle. 
A small proportion of the glucose also enters the pentose phosphate pathway (PPP) 
which generates ribose and reducing equivalents for biosynthetic reacüons. The bulk of 
glutamine entering the ceIl is metabolieci via a process known as glutaminolysis. The 
initial steps of glutaminolysis involve deamidation and deamination reactions with the 
concomitant release of ammonium or transfer of the amide and amine nitrogen to other 
moleailes (not shown). The resulting a-ketoglutarate is oxidized by reactions common 
to the TCA cycle yielding CO2 and pyruvate among other pioducts. The remaining 
glucose and glutamine carbon enters a number of biosynthetic pathways to produce 
other cellular building blocks or macromolecules. Abbreviations: glc = glucose, gln = 
glutamine, glu = glutamate, a-KG = a-ketoglutarate, lac = lactate and pyr = pynivate. 
Adapted from Batt and Kompala, 1989 
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Figure I d .  The glycolytic pathway. Enzymes catalyzing the madons are: (1) hexo- 
kinase. (2) glucose4-phosphatase, (3) phosphohexoisomemse, (4) phosphofnido- 
kinase, (5) frudosabisphosphatase, (6) aldolase, (7) triosephosphate isomerase. 
(8) glymrafdehyde-3-phosphate dehydrogenase, (9) phosphoglyceryi kinase, (1 0) phos- 
phoglyceryl mutase. (1 1) enolase, (12) pyruvic kinase and (13) lactate dehydrogenase. 
Reproduced ffom Conn et al., 1987. 



Although cuttured cells may derive a significant portion of their energy 

requirements from glycolysis, there is convinang evidenœ that high rates of glucose 

consumption are not pertinent for cell growth. These conclusions are supported by 

several studies dernonstrating the actual glucose requirements for a number of cell 

lines are minimal. For instance, Zielke et al* (1978) reported identical gtowth rates for 

human diploid fibroblasts grown in medium with glucose maintained at very low levels 

of 25 to 40 pM and a much higher concentration of 5.5 mM. Furaiemiore, higher 

glucose consumption and lactate production were noted with increasing hexose in the 

medium. These observations indicated that the rate of glycolysis but not the growth rate 

was dependent on the glucose concentration. Other investigators have further show 

that glycolytk activity can be virtually eliminated in different cell lines, without adversely 

affecting growth, by replacing glucose with other carbohydrates. Reitzer et al. (1979) 

reported that for HeLa cells cultured in the presence of high glucose concentrations 

(2 1 mM), 80 % of the glucose was converted to lactate, 4-5 % entered the TCA cycle 

and 8 % was utilized in the pentose phosphate pathway. However, when glucose was 

replaœd with 2 mM fructose, very little glycolytic activity was observed and at least 

90 % of the wnsumed sugar was routed through the pentose cycle. Most of the 

fructose was found to be utilized for ribose biosynthesis and subsequent incorporation 

into nucleic acids (Reitzer et al., 1980). These results suggested that, at hast in some 

cases, glucose or another carbohydrate source is vital only for an anabolic role in the 

synthesis of nucleotides. This hypothesis is consistent with reports that a number of ceIl 

types are capable of growth in medium in which glucose has been replaced with 

different combinations of nucleosides such as inosine, thymidine, uridine and cytidine 

(Wiw et al., 1981 and Zielke et al., 1984). 

Togeaier, the studies above illusirate that the rate of glycolysis appears to 

prowed faster than is possible for culhired cells to uülize intemediates of this pathway 

for oxidative energy metabolism or biosynthesis when glucose is present at high levels. 



The result is the accumulation of high concentrations of lactate in the medium. m e r  

end products of glucose metabolism indude pynivate, alanine and citrate although 

yields are considerably lower than lactate (Lanks, 7987 and Lanks and Li, 1988). The 

generation of large quantities of incompletely oxidized by-produds in the medium has 

been refend to as ovedow metabolism (Ljunggren and Haggstrom, 1992). 

Nevertheless. high glucose levels in the medium may be neœssary to maintain optimal 

rates of DNA synthesis (Hume et al., t978). Thus, caution must be exercised when 

resniding glucose in the medium to prevent deleterious effects on cell growth. 

1.3.2 Glutamine metabolism 

Glutamine is an important anabolic precursor and serves as a nitrogen donor in 

numerous biosynthetic reactions. The amide of glutamine is the source of nitrogen in 

position 3 and 9 of the purine ring, the amine gmup of guanine, cytidine and 

glucosamine and the amide nitrogen of asparagine. The amine of glutamine provides 

the amine group of other amino acids via bansamination of a-keto acids. Glutamine is 

the source of nitrogen in carbamyl phosphate and aspartate which are precursors in the 

synthesis of the pyrimidine ring. Carbamyl phosphate is additionally utilized for the 

biosynthesis of arginine and urea. A more wmplete review of the anabolic role of 

glutamine is available elsewhere (Tate and Meister, 1973). 

The high rate of glutamine consumption by cultured cells is due not only to its 

requirement in numerous biosynthetic reacüons but also because it is a major oxidative 

substrate and energy source. This conclusion is drawn from several lines of evidence 

indicating that glutamine accounts for a majority of oxygen uptake and CO2 production 

in cultured cells. For instance, high rates of oxygen consumption were obsewed in rat 

hepatoma cells when glutamine was provided as a substrat0 (Kovawvic and Monis, 

1972). Similady, glutamine oxidation was reported to be responsible for 70.80% of 

oxygen consumption in lymphoma celr Mile less than 10 % was attributed to glucose 



(Lavietes et al., 1974). These investigators and others have furthet dernonstrated that 

CO2 is a major end pcoduct of glutamine metabolism in transformeci mammalian cells 

(Kovacevic and Monis, 1972, Lavietes et al., 1974, Stoner and Merchant, 1972 and 

Reitzer et al., 1979). The high rate of aerobic metabolism of glutamine, though, is not 

restricted to transfomed cells but instead appears to be characteristic of normal rapidly 

proliferab'ng cells, Zielke et al, (1984) indicated glutamine is oxidized at least 50 times 

more rapidly than any other substrate examined induding glucose, fatty acids and 

ketone bodies in diploid human fibroblasts. SigrrifiCant levels of glutamine oxidation 

have likewise been observed in lymphocytes (Ardawî and Newsholme, 1982a), isolated 

enterocytes (Watford, 1994) and other cell types (McKeehan, 1986). 

M e n  it became dear that glutamine provided energy for the cell, efforts to 

elucidate the pathways of glutamine catabolism soon followed. Glutamine may be 

oxidized to CO2 and other metabolites as outlined in Figure 1-3. The first step is the 

removal of the amido nitrogen of glutamine. This is catalyzed in most cases by 

phosphate-activated mitochondrial glutaminase (Wïndmueller, 1982, Kovacevic and 

McGivan, 1983 and McKeehan, 1986). The products of the reaction are glutamate and 

free ammonium. Altematively, the amide group may be removed by amidotransferases 

which are generally located in the cytosol (Buchanan, 1973). These enzymes transfer 

the amide nitrogen fmm glutamine to other molecules rather than releasing ammonium. 

Amidotransferases include glutamine-phosphorlbosyl pyrophosphate amidotransferase, 

carbamoyl phosphate synthase II and asparagine synthase and are involved in 

synthesiùng some of the products from glutamine described above. The next step is 

the removal of the amine nitmgen from glutamate. The reacüon is catalyzed by 

aminotransferases or glutamate dehydrogenase (GDH) which both produce a- 

ketoglutarate as an end produd Transaminase activii has been found in both the 

cytosol and mitochondria while GDH has only been observed in the mitochondria 

(Kovacevic, 1972). Transamination is mediated by aspartate and alanine aminotrans- 
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Figure 1-3. Pathways of glutamine metabolism in animal cells. Participaüng enzymes 
am: (1) glutamine amidotransfemses, (2) glutamine synthetase, (3) glutaminase, 
(4) aspartate aminotransferase, (5) alanine aminotransferase, (6) glutamate dehydro- 
genase, (7) a-ketoglutarate dehydmgenase, (8) succinate thiokinase, (9) succinate 
dehydmgenase, (1 0) fumarase, (1 1) malate dehydrogenase, (1 2) malic enzyme, 
(1 3) lactate dehyârogenase, (14) pyruvate kinase, (1 5) pyruvate dehydmgenase 
cornplex, (16) phosphoenol pynivic carboxykinase, (17) citrate synthase and 
(1 8) aconitase. Adapted from McKeehan (1 986). 



ferase as suggested by their high activii in most œlls and tissues invesügated 

(McKeehan, 1986). The amine nitrogen would therefore be sequestered in the f om  of 

aspartate or alanine instead of being released as ammonium into the culture medium 

as is the case with GDH. Followïng deamination, the resulb'ng a-KG can be oxidized 

paftïally or completely to CO2 in the mitachondria by enzymes of the TCA cycle. 

Partially oxiâiied end products result when malate, for instance, is decatboxylated to 

pyruvate by malic enzyme (Simpson and Estabrook, 1969, Hansford and Lehninger, 

1973, Sauer and Dauchy, 1978 and Moreaâii and Lehninger, 1984a). The NADPH 

produced in this reaction is believed to be a major source of reducing equivalents for 

biosynthesis (Simpson and Estabmok, 1969 and Reitzer et al-, 1980). The conversion 

of glutamine to pyruvate and CO2 via the linear segment of the TCA cyde in 

conjunction with malic enzyme is refend to as glutaminolysis (McKeehan, 1982). The 

resulting pyruvate is then subject to transamination to alanine, decarboxylation to acetyl 

CoA for further oxidation in the TCA cyde or reduction to lactate in the cytosol. Malic 

enzyme, however, may play a minor role in some œll lines. Moreadith and Lehninger 

(1984b) reported insignifiant conversion of malate to pyruvate by malic enzyme in 

ascites tumour mitochondria. Instead, malate derived from glutamine or glutamate was 

stoichiometrically converted to oxaloacetate by malate dehydrogenase and 

subsequently transaminated to aspartate. 

As illustrated above, a number of possible routes are available for the 

metabolism of glutamine. The relative contribution of each is of interest because they 

generate different energy (ATP) yields and metabolic by-products, some of which may 

be inhibitory to cell growth. Disceming the predominant pathway(s) of glutamine 

metabolism may thus reveal important parameters to facilitate optimization of giowth 

and productivity of culhired cells. The adivities of glutaminase, amidotransferases, 

aminotransferases and GDH, for instance, together determine the yield of ammonium 

from glutamine. Steet et al. (1993) employed 1 ~ 1 1 5 ~  n.m.r. to examine the products of 



nitmgen metabolism in mammalian ml1 cultures using lS~-labelled glutamine. Their 

studies with HeLa and CHO cells demonsûated that al1 ammonium produced in culture 

originated from the amide nitmgen of glutamine rather than the amine group. The 

amine moiety was primariîy found in glutamate and alanine with some labeling of 

aspartate, glycine and pplidone-S-carboxyiic acid also detected. These results 

indicate glutamine is deamidated largely by glutaminase. Furthemiore, GDH appears to 

play an insignificant role in deamination which is instead largely achieved via 

transamination, parücularly by alanine aminotransferase and, to a lesser extent, 

aspartate aminotransferase. Other investigators have presented results that are 

consistent with minimal deamination by GDH in the pathway of glutamine catabolism. 

Low GDH acüvity was reported in lymphocytes (Ardawi and Newsholme, 1982b) and 

tumour cells (FiloDeRicco et al., 1990). In contrast to the work of Street et al. (1993), 

Ardawi and Newsholme (1982a and 1983) obsewed higher production of aspartate 

than alanine from glutamine in lymphocytes. This indicated a more prominent mle for 

deamination by aspartate aminotransferase in these cells. The pathway of glutamine 

metabolism, however, is probably dependent on both the cell line and growth 

conditions. Baverel and Lund (1979) suggested GDH was more important for 

transamination than aminotransferases in isolated rat enterocytes- Other workers have 

proposed the origin of glutamate influences the route of deamination. Glutamate 

derived from the deamidation of glutamine in the mitochondria is dearninated rnainly by 

GDH mi le  an extemal supply of glutamate, from the culture medium for instance, is 

rnetabolized by transamination (Kovaœvic, 1971 and Schoalwerth and LaNoue, 1980). 

The reactions follWng deamidation and deamination largely detemine the 

energy yield from glutamine metabolism. Repetitive rounds of the glutamine carbon 

skeleton through the TCA cycle is the most efficient means of catabolism, producing 27 

moles ATP/mole glutamine. Incomplete oxidation to pyruvate followed by 

transamination to alanine or reâuction to lactate results in 9 moles ATP/mole glutamine. 



Similarly, oxidation to oxaloacetate, followed by bansamination to aspartate generates 

9 moles ATP/mote glutamine (Schneider et al., 1996)- The contribution of glutamine to 

cellular energy metabolism can thus be evaluated by identifying the operative metabolic 

pathway(s) in culturecl œlls. A limited number of reports have described almost 

complete oxidation of glutamine (Sauer et al., 1980 and McKeehan, 1982). Other 

investigatom have indeed found CO2 was a major product of glutamine metabolism 

(Lavietes et al., 1974, Stoner and Merchant, 1972, Kovaœvic and Moms, 1972 and 

Reitzer et al,, 1979). For instance, Reiber et a/- (1 979) reported HeLa cells converted 

35 % of glutamine carbon to CO2, 13 % to lactate, 1825 % to maaomolecules and 

perhaps another 15 % to amino acid and pyrimidine pools. Hawever, camplete 

oxidation of a majonty of glutamine in the TCA cyde would have resulted in a 

substantially higher petcentage of carbon appearing as C02. This condusion is in 

agreement with the work of fielke et al. (1978) in which evolution of 14c02 fmm 

[I-~~c] and [ S ~ ~ C J  glutamine h m  human diploid fibroblasts was monitored. Labelled 

CO2 hom oxidation of [I-~~cJ glmmine was more than 4-fold higher than [ s - ~ ~ c ]  

glutamine indicating most glutamine was incompletely oxidized rather than repeatedly 

cyding thrwgh the TCA cycle. The generation of end products other than CO2 

observed in numemus investigations further implies a significant proportion of 

glutamine is incompletely oxidized and utiliied in anabolic reactions. Zielke et al. (1980) 

found human fibroblasts metabolized up to 13 % and 18% of glutamine to lactate and 

glutamate, respecüvely. Lanks (1987) obsewed glutamate, aspartate and citrate were 

the predominant products of glutamine metabolism in L929 cells. Lanks and Li (1988) 

investigated glutamine and glucose metabolism in cultured cells, including both normal 

and transfonned lines. End product formation greatly exceeded oxidation of glutamine 

to CO2 in 12 œll Iines examined and the authors suggested this metabolic pattern may 

be generally applicable to culturecl cells. High levels of glutamine in the medium 



appears to prornote ovediow metabolism in which excessive quanüües of ammonium 

and pafüally oxidiied end products are gemrated (Ljunggren and Haggstom, 1992). 

The studies cited above along with other reports indicate that in most cases the 

bulk of glutamine u t i l i i  by cultureci cells is incompletely oxidized through part of the 

TCA cycle. NeverVieless, limited oxidation is sufficient to provide a signifiant 

proportion of the cellular energy demands- The fraction of energy derived from 

glutamine, however, is probably dependent on the cell line, culture conditions and the 

exact pathway(s) of glutamine metabolism. For instance, glutamine om'dation was 

calculated to supply at least 30 % of the energy requirements of human diploid 

fibroblasts (Zielke et al., 1978) and 40 % in Chinese hamster fibroblasts (Donnelly and 

Scheffler, 1976) mile glucose provided the balance. Glutamine oxidation contributed 

70 % of cellular energy in Hela cells cultured with high glucose but the level rose to 

more than 98 % when glucose was eliminated from the medium and replaced with 

fructose or galactose (Reitzer et al., 1979). Clearly, the type and availability of hexose 

in the medium is a key variable that influences the energy supplied by glutamine. 

1.3.3 Interaction of glucose and glutamine metabolism 

Cultured mammalian cells utilize both glucose and glutamine as principal carbon 

and energy sources when each is madily available in the medium. Because their roles 

coincide, it is not unexpected that interactions or mordinate control of carbohydrate 

and glutamine metabolism have k e n  observed. The intenelationship between the two 

substrates, however, appears to Vary among cell lines. 

Reciprocal regulation of glucose and glutamine has been reported in a number 

of cases, where a glucose limitation induces increased glutamine uptake and 

metabolism or a limiteâ glutamine supply results in increased glucose consumption. 

Reitzer et al. (1979) noted that glutamine consumption in HeLa cells increased when 

glucose was eliminated from the medium and replaced with fructose or galactose. In 



isolated colonocytes, the presenœ of glutamine reduced glucose consumption but not 

vice-versa (Ardawï et al.. 1985). In CHO cells (Donnelly and Scheffler, 1976) and 

human fibroblasts (Zielke et al,, 1978). either of the substrates may affect the utilkation 

or metabolism of the other. In each of these cell lines, metabolism of one of the 

substrates presumably increases to compensate for a deficiency of energy resulting 

from the depletion of the other. The mechanisms underlying the reciprocal contra of 

glucose and glutamine uüI'ization are not well understood. Glacken (1988), however, 

proposed that glucose may mgulate glutamine metabolism by its effect on the 

intracellular Pi concentration. Elevated glywlyüc acüvity induced by higher glucose 

concentrations is expected to increase ATP synthesis with a conesponding redudion in 

Pi levels within the cell. This. in tum, would result in a dedine in phosphate-activated 

glutaminase activity. This model is consistent with a decrease in intracellular Pi upon 

addition of glucose to Hela and myeloma cells perfused with glutamine (Sri- 

Pathmanathan et al., 1990). Glucose had a comparable effect on intramitochondnal Pi 

in Ehrlich ascites tumour cells (Medina et al., 1988). 
k 

ln addition to reciprocal regulation, another fonn of contml of glucose and 

glutamine metabolism has been observed in isolated rat lymphocytes. Ardawi and 

Newsholme (1983) described an increase in glucose and glutamine consumption by the 

cells when both substrates were present in the incubation medium. The mechanisms 

responsible for this pattern of cooperative coordinate regulation have not been 

resolved. It has been hypothesized, however, that glutamine stimulates glycolysis by 

enhancing 6-phosphofrudokinase activity. Glutamine may elicit mis response by 

increasing cellular AMP or aspartate levels, both activators of the enzyme in lyrnphoid 

tissue. 

The close, but variable, interaction between glucose and glutamine uülizaüon in 

many cell lines warrants careful monitoring of both substrates when the concentration 

of either in the culture medium is changed. 



1.4 Gmwth limihtions in culture 

Growth limitations in animal cell cuitures can anse due to limitations in surfaœ 

area or depletion of essential nutrients. In addition, the accumulation of inhibiiory levels 

of waste produds can result from the rnetabolism of glucose and glutamine. The use of 

microcamen prevents growth -cüons of anchorage dependent cell lines resulting 

from aie limited availability of surface area. Higher cell densities are achieved by simply 

increasing the microcanier concentration in the medium, mus, nutrient depletion and 

inhibition by waste products are more problematic if high cell densities and 

productivities are to be achieved. 

Earfy investigations by Eagle (1955) on the nutritional requirements of animal 

cells had established that omission of glucose or a single essential amino acid or 

vitamin resulted in cellular degeneration and eventually death. Nutrient depletion in 

culture is ctiaracterized by a rapid cessation of exponential growth and entry into the 

stationary or decline phase- Batch cultures, in particular, are susceptible to this type of 

growth limitation. Fed-batch strategies, thoug h, are effective in wntmlling the problem 

by replenishing nutrients wiai complete medium or selected nutrients (Duval et al., 

1991). 

Oxygen limitation is another fom of nutrient depletion that must be considered 

in high density cultures. ln T-flask cultures, suffiCient oxygen may be supplied by 

diffusion due to the large surface area of medium exposed to the atmosphere. 

Providing an adequate supply of oxygen has been a challenge in larger culture 

volumes because of its low solublity in solution (Fleischaker and Sinskey, 1981) and 

the fragility of animal cells. Gentfe agitation coupled with air or oxygen sparging 

ensures the oxygen transfer rate into the medium exœeds cellular uptake even in large 

volume, high density cultures. lmproved bioreactor designs also incorporate bubble-free 

aeraüon systems to minimüe mechanical damage to the cells and limit foaming of the 

medium. 



Controlling the accumulation of waste metabolites is an ongoing pmblem in cell 

culture that has proven more difficult to resolve. Lactate and ammonium are the 

predorninant waste products fomed by mammalian cells and bath have been 

implicated as inhibitors. Consequentiy, the effects of each on cell growth and possible 

mechanisms of their inhibitory action are reviewed below- 

1 A.1 Lactate inhibition 

Lactate is produced in greater quantifies than any other metabolite because of 

the high rates of glycolysis in animal mlls. Concentrations up to 35 mM may 

accumulate in batch cultures (Miller et al., 1988). exceeding the optimal buffering range 

of the medium and resulting in considerable decreases in culture pH. Eagle (1973) 

suggested cell growth was limited by this metabolic acidification of îhe medium. Later 

studies, though, have shown that lactate can Iimit growth even in cultures with pH 

contral. Lactate, therefore, has additional inhibitory activities, apparently due to 

increases in medium osmolarity or other more specific chernical effects (Ozturk et aL, 

1992). However, these were found to have a limited impact exœpt at very high lactate 

concentrations, beyond that which wuld normally accumulate in batch and in some 

cases even in fed-batch cultures. Miller et al. (1988) also observed no inhibition of a 

murine hybridoma at a lactate concentration of 40 mM, Glacken et al. (1988) noted up 

to 70 mM lactate was required to produce inhibition in another hybridoma h i l e  40 mM 

had little effect. 

Lactate accumulation in culture can be mntrolled by regulating the type and 

availability of carbohydrate in the medium. Replacing glucose with other sugars (Reitzer 

et al., 1979) or mducing glucose in the medium (Zielke et al., 1978) results in lower 

lactate yields. However, the tolerance of cells to lactate suggests that limiting its 

production alone would produœ minimal improvements in cell growth. Furthemore, 

attempts to mgulate glucose can result in increased glutamine uülization due to 



reciprocal control of the two substrates. This, in tum, introduces the possibili of 

glutamine depletion and increased ammonium production (Kurokawa et al-, 4994). The 

relative sensitivities of animal cells to lactate and ammonium must thetefore be 

considered carefully when fomiulating a strategy to improve growth by manipulating 

substrate levels in the culture. 

1.4.2 Ammonium inhibition 

In MIVO, ammonium must be removed from the blood stream because it is toxic 

to cells. Consequently, mammals possess elaborate mechanisms to prevent its 

accumulation. The urea cycle is the primary means and the enzymes of this pathway 

are located in the liver. In this organ, exmss ammonium is converted to urea which is 

subsequently excreted in the urine. In cell culture, with a homogeneous population of 

cells, the urea cyde would not be operational resulting in the accumulation of 

ammonium in the medium. Relatively low ammonium concentrations have been found 

to cause inhibition in culture. Thus, numerous studies have been devoted to elucidating 

the source of ammonium, its effect on cell growth and productivity and the mechanisms 

of its inhibitory action. 

1.4.2.1 Sources of ammonium in cuiture 

Ammonium is produced primarily from glutamine, via cellular metabolism or 

chemical decomposition. As indicated pteviously, ammonium is produced during the 

deamidation and deamination of glutamine by the sequential action of the enzymes 

phosphate-activateci glutaminase and glutamate dehydrogenase, respectively. This 

could potentially yield up to 2 moles of ammonium pet mole of glutamine metabolized. 

However, the ratio is nomially much lower because of the competing amido- and 

aminotransferase reacüons (McKeehan, 1986 and McQueen and Bailey, 1990). The 

final yield of ammonium due to cellular metabolism is also related to the availability of 



glutamine in the medium. Glacken et al. (1986) obsewed higher specific glutamine 

utilization rates by MDCK cells with an increasing glutamine concentration in the 

medium. This, in turn, could resuît in increased ammonium production. 

fhe ammonium derived from glutamine decomposition is du8 to the instabilïty of 

this amino acid in aqueous solutions. Tritsch and Moore (1962) desdbed the break- 

down of glutamine to pyrtolidone-carboxylic acid (PCA) and ammonium: 

glutamine PCA 

An irreversible reaction benNeen the amine nitrogen and the carbonyl carbon of the 

amide group results in the formation of the pyrrolidone ring and the release of the 

amide nitrogen as free ammonium. The reacüon follows first order kinetics resulting in 

an exponential decrease of glutamine with time and can be described by an equation 

(Schneider et al., 1 996): 

[gin]t = [ginIo e -k*t (1) 

where t is time, [gfnb and [glnh are the glutamine concentrations at time O and t, 

respectively, and k is the first order rate constant The rate inmases with temperature 

and at 37 OC the half-life may be as low as 6.5 days (Tritsch and Moore. 1962). In 

addition, pH and the chemical composition of the medium appear to have a 

considerable influence on the reaction kinetics (Seaver et al., 1984 and Ozturk and 

Palsson, t 990). Thus, the loss of glutamine due to degradation depends on the culture 

condiions but is generally quite signifiant for a batch culture which has a typical 

duration of 3-5 days. 



In some cases, ammonium may also originate from glutaminase and arginase 

acüvity present in the senim (Wein and Goetz, 1973). Lin and Agrawal(1988) obsewed 

the half-life of glutamine decreased with higher senim content in the medium, although 

other investigations indicated it had i i i e  effect (Seaver et al., 1984 and Ozturk and 

Palsson, 1990)- Thus, the loss of glutamine as a result of serum enzymatic activity 

probably varies among batches of serum and methods of preparation and 

pretreatrnent Furthemore, its contribution to accumulation of ammonium is likely minor 

compareci to the effects of cellular metabolism and chemical degradation of glutamine. 

Final ammonium concentrations of 5.5 mM have been reported in batch cultures 

(Reuveny et al., 1986) and levels have even been observed to reach 2.3 mM in 

pemsion systems (Butler et al., 1983). However, the ammonium yield in each particular 

case is detennined by the concentration of glutamine in the medium, the cell Iine and its 

metabolic activity and culture conditions. 

1.4.2.2 Effects of ammonium on growth and producüvity of cell cuftums 

The most widely characterized effect of ammonium on cultured cells is the 

inhibition of gr& with both reduced ceIl numbers and specific growth rates obsewed. 

Lower ceIl numbers cm, in tum, diminish yields of pmducts from the culture such as 

monoclonal antibodies (Wb), recombinant proteins and vaccines, thus increasing the 

cos& associated with aieir production. Ammonium concentrations as low as 2 mM Omit 

growth of animal cells (Holey et al., 1978, Butler and Spier, 1984 and Hassell et al., 

1991). However, the sensitivity to ammonium varies among cell lines (Hassell et al., 

1991) and culture conditions (Doyle and Butler, 1990). ConsequenUy, the extent of 

inhibition and the impact on product yields due to ammonium accumulation may also 

Vary. 

The effect of ammonium on the gtowai and monoclonal antibody production has 

been investigated in hybridoma cells. Reuveny et al. (1986) observed the addition of 



~ 2 m M  ammonium chloride to exponentially growing murine hybndoma cells resulted in 

a signifiant reduction in cell numbers and rnAb concentration. They therefore 

reasoned that ammonium concentrations which reached up to 5.5 mM in the later 

stages of a batch culture could limit cell numbers and rnAb yield, Ozturk et al. (1 992) 

found a decrease in maximum viable œfl density and a 50 % reduction in the specific 

gmwth rate for another murine hybndoma cell Yne with the addition of 3.75 mM NH4CI 

to the growth medium. The final mAb yield decreased with increasing ammonium 

concentration in the medium, although the specific antibody produdion rate was 

unaffected. This indicates ammonium reduced antibody levels by decreasing viable cell 

numbers rather than limiting the antibody produced per dl. Yields of other cellular 

proteins have similarly been found to be reduced by ammonium. Ito and Mctimans 

(1981) described a reduction in interferon produdion by ammonia. Hansen and Emborg 

(1994) reported ammonium up to 8 mM had no effect on growth of CHO cells in 

conb'nuous culture but decreased production of recombinant t-PA from the cells. 

Ammonium concentrations may thus affect cellular productivity without growth 

inhibition. Ammonium also has the potential to restn'ct vaccine production h m  cultured 

cells. Propagation and yields of different vimses have been reduced in the presence of 

ammonium (Eaton and Scala, 1961, Jensen and Liu, 1961 and Canning and Fields, 

1983). This has obvious implications for virus production in cell culture. 

In addition to the effects on growth and producüvity of cells, ammonium can 

induce qualitative changes in cellular products. Ammonium altered the glycosylation of 

IgM secreted by mouse plasma cells (fhorens and Vassalli, 1986) and recombinant 

proteins expressed by CHO cells (Borys et al., 1994 and Andersen and Goochee, 

1995). The extent of glycosylation is an important consideration because the 

oligosaccharide chains of glycoproteins can affect the structure and biological activity of 

proteins used for diagnostic and therapeutic purposes. Ammonium may cause these 

effects by changing the pH of intracellular organelles where post-translational 



pracessing occurs or introducing an imbalance in cellular aminohexose pools as 

describeci below. 

1.4.2.3 Mechanisms of ammonium inhibition 

An explanation of the effeds of ammonium on cell growth and productivity 

requires a thorough understanding of the mechanisms of ammonium inhibition. A 

number of hyputheses have reœntiy been introduced and the most plausible are 

discussed, 

1.4.2.3.1 Energy consumption by futile cycles 

A futile cycle results from the simultaneous operation of metabolic reactions 

which produce and consume the same substrates with only a net hydmlysis of ATP. 

Glacken (1988) suggested glutaminase and glutamine synthetase may be involved in 

such an unproductive, energy dissipating process in culhrred cells: 

glutaminase 

glutamine glutamate 

glutamine 
synaietase 

Although this futile cycle remains speculative, the conditions that drive these 

competing reactions are observed in culture. During the end of the exponential phase 

of a batch culture, the glutamine concentration is often low and ammonium levels are 

elevated due to cellular metabolism as well as degradation of glutamine. Glutaminase 

has been shown to be acbivated by high ammonium levels (McGivan and Bradford, 

1983 and Verhoeven et al., 1983) and glutamine synthetase is stimulated by low 



glutamine concentrations (Feng et al,, 1990, Street et al., 1993 and McDemott and 

Butler, 1 993)- 

The concomitant action of glutaminase and glutamine synthetase could 

increase the cellular maintenance energy requirements which is the ATP utiliied to 

sustain the mlls in the absence of growth. Higher glutamine or glucose consumption 

may be necessary to provide the addiional energy resuiting in increased ammonium 

and lactate yields, ttiereby fueling the Mile cycle. Eventually, growth and biosynthesis 

of cellular pmducts rnay be limited by the reduced availability of ATP. 

1.4.2.3.2 Alteration of intracellular pH and ionk gradients 

A model has b e n  proposed which suggests ammonium inhibits cells by 

disturbing intracellular pH and )CC gradients (Martinelle and Haggstfirn, 1993). This 

wuld affect the activities of intracellular enzymes and deplete cellular energy levels. 

The model is based on the equilibrium behnnen NH4+ and NH3 and the different 

diffusion and transport characteristics of each of the species across cell membranes. 

Ammonium acts as a weak acid in solution and foms the following equilibrium: 

L 
NH4+ NHg + H* 

ammonium ammonia 

Ammonia, the conjugate base, exists as a gas dissolved in the aqueous environment. 

The concentration of ammonium and ammonia depends on the pH of the solution and 

the equilibrium is established according to the Henderson-Hasselbalch equation: 

pH = pKa + kg [ N H ~ N H ~ ~  (2) 

Due to the high pKa of ammonium @Ka is 9.3 at 37 OC). N H ~ +  is the predominant forrn 

under physiological conditions; at pH 7.2, for instance, less than 1 % is in the fom of 

NH3. In addition, ammonium and ammonia contrast sharply in their rates of diffusion 

through cell membranes. Ammonium diffuses very slowly as do other ions as a result of 



their charge. The diffusion rate of ammonia, however, is 4-5 orders of magnitude higher 

because it is a small, neutral, lipophilic molecule (Knepper et al., 1989). However, 

NH4+ is believed to readily enter the cell Ma transport proteins in the plasma membrane 

such as the Na%+-ATPase and the Na+K+2C~-cotransporter (Marünelle and 

Hiïggstr6m. 1993). Prewmably, N H ~ +  is transmed in place of K+ because their 

hydrated ionic radii are comparable ()(irkeri et al., 1989 and Knepper et al., 1989). 

Figure 14 illustrates how these properties together could result in growth inhibition by 

ammonium that has been produœd by cellular metabolism and the decomposition of 

glutamine. 

The metabolism of glutamine and glutamate via glutaminase and glutamate 

dehydrogenase in the mitochondria results in the production of ammonium (Figure 

14a). The N H ~ +  rapidly equilibrates with NHJ and fl* according to the mitochondrial 

pH. The NHJ subsequently diffuses across the mitochondrial membranes into Me 

cytoplasm and then into other organelles or the extracellular environment (the culture 

medium). Once outside of the dl, NH3 equilibrates with NH4* which can be 

transported back into e cytoplasm by the Na*K+-ATPase or Na+K+2Clw- 

cotransporter. Thus, H+ acwmulates in the mitochondria because NH3 diffuses out 

leaving H+ in the mat- The cytoplasmic proton concentration also increases because 

of the outward flux of NHj and inward transport of NH4? While both Me mitochondrial 

matrix and the cytoplasm are acidified, other organelles such as lysosomes suffer 

elevated pH as NH3 (the wnjugate base) diffuses into them. Altematively, ammonium 

originating from an extracellular source such as the decomposition of glutamine or the 

direct addition of ammonium salts to culture medium (Figure 14b) is predicted to 

increase the mitochondrial pH. The cytoplasmic pH is also decreased in this case as 

the Nn4* is transported into the cell. However, N H ~ +  rapidly equilibrates with NHs 

which subsequently diffuses into other organelles including the mitochondria. 
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Figure 14. A model for ammonium inhibition by disruption of intraœllular pH and K+ 
gradients. (a) Ammonium produced by metabolism of glutamine and glutamate in the 
mitochondrial matrix. (b) Ammonium produced by decomposition of glutamine or 
addition of NH4CI to culture medium. Adapted fmm Schneider et al., 1996. 



The rnodel presented above is consistent with a correlation between the 

addition of NHgCl to the extracellular environment and an obsewed deaease in 

intracellular pH suffiaent to cause growth inhibition (McQueen and Bailey, 1991). 

Moreover, ammonia and other amines have been shown to increase the intralysosomal 

pH and inhibit receptor mediated endocytosis of growth factors (Poole and Ohkuma, 

1981, King et al., 1980, King et al., 1981 and Cain and Murphy, 1986). The changes in 

pH of the cytoplasrn and intracellular organelles could disnipt numerous enzyme 

activities and cellular processes. Energy metabolism in the mitochondria, lysosomal 

digestion of macromolecules and glycosylation of proteins, for instance, rnay al1 be 

affected by accumulation of ammonium and ammonia. Furthemore, in addition to the 

pH affect, transport of N H ~ +  in place of K+ likely necessitates additional hydrolysis of 

ATP to maintain the K+ gradient This may place a greater demand on cellular energy 

resewes, potentially limiting growth and cellular biosynthetic capacity. A final important 

feature of the model is inhibition is attributed to the combined effects of both 

ammonium and ammonia. The terni 'ammonium inhibition' used in the present studies 

therefore refers collectively to the effects of N H ~ +  and NHj. 

1.4.2.3.3 Disturbance of intracellular UDPaminohexose pools 

Recently, an alternative inhibitory mechanism has been proposed based on the 

ammonium induced increases in intracellular UDP-GNAc levels. UDP-GNAc refers to 

the combined concentration of UDP-GlcNAc and UDP-GalNAc which have been found 

to be elevated in different cell lines at the end of the exponential phase of growth (Ryll 

and Wagner, 1992). The high UDP-GNAc concentration has been correlated with 

elevated extracellular ammonium concentrations (Ryll et al,, 1994) that would occur 

during the later stages of batch or fed-batch cultures. According to this scenario, 

ammonium may not be the actual inhibitor but rather an effector while the UDP-sugars 

are the actual inhibitory metabolites. UDP-GlcNAc and UDP-GalNAc are the acüvated 



forms of GlcNAc and GalNAc, respedively, used for the synthesis of oligosaccharide 

side chains of glycoproteins- Ryll et a/. (1994) proposed the increased UDP-GNAc 

pools result in altered glycosylation of cellular proteins, culminating in growth inhibition- 

In addition, transient reductions in pyrimidine nudeotides available for nucleic acid 

synthesis may occur because of the diversion of UTP into UDP-sugars. Ammonium has 

been implicated in elicib'ng these responses by serving as a substrate in UDP-GNAc 

synthesis as shown in Figure 7-5. 

Ammonium is presumed to enter the pathway for UDP-GNAc biosynthesis via 

glucosamine-6-P deaminase, catalyzing the production of GlcN-6-P from Frc-6-P and 

ammonium. Normally, glucosamine-6-P deaminase catalyzes the deamination reaction 

(Comb and Roseman, 1958) while GlcN-6-P is produœd by glutamine-fructose-6-P 

transaminase using glutamine as the amino group donor (Gryder and Pogell, 1959 and 

Ghosh et al., 1960). However, when coupled with glucosamine-0-P acetylase and a 

high ammonium concentration, glucosamine-6-P deaminase rnay favor the synthesis of 

GlcN-6-P. High levels of ammonium could thus promote excessive UDP-GlcNAc and 

UDP-GalNAc production (as well as reduced pyrimidine levels), particularly if GlcN-6-P 

synthesis is ordinarily a rate limiting reacb'on in the pathway. The variation in the 

concentration of UDP-sugars could affect the glycosylation of proteins (Wice et al., 

1985). Alterations in UDP-GNAc pools have further been attributed growth 

inhibition (KNg et al., 1984). In addition, inhibition of viral replication has been linked to 

increases in glucosamine which is also a precursor of UDP-GNAc (Figure 1-5) 

(Scholtissek et al., 1975). As already discussed, ammonium elicits similar responses 

and is consistent with its proposed role as the effector of detrimental changes in cellular 

UDP-aminohexose levels. 
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Figure 1-5. Biosynthesis of UDP-GNAc in the presence of high ammonium concen- 
trations. Ammonium is presumed to serve as a substrate for (1) gluwsamine-[l- 
phosphate deaminase which produœs GlcN-6-P. Formation of GlcNAc-6-P and 
GlcNAc-1-P is catalyred by (2) glucoramin6-6-P ecetylase and (3) aceîyiglucosamine 
phosphomutase, respecüvely. Incorporation of UTP is catalyzed by (4) UDP- 
glucosamine pyrophosphorylase. UDP-GlcNAc and UDP-GalNAc are interconvertible 
via (5) UDP-N-acetyCDglucosamine 4-epimerase. Adapted fmm Ryll and Wagner, 
1994. 



The mechanisrns presented above provide only a brief summary of the 

continuing efforts to define the basis of ammonium inhibition, It is also noteworthy that 

the modeis are not mutually exdusive. Additional studies, however, will be necessary to 

identify the predaminant mode of inhibition or if each contributes to the observed 

effects differentially in each cell line. 

1.5 Strategies to control ammonium accumul.tion in culture 

The control of ammonium levels in animal cell cultures is important to ameliorate 

growth inhibiion. In addition, glycasylation and therefore the quality and efficacy of 

cellular products may be influenœd considerably by ammonium in the medium. 

Various methods have been intmduced to minimize accumulation of this inhibitor and 

involve either removal of ammonium or limiting the availability of glutamine in the 

medium. 

1 .SA Ammonium mmoval 

Ion-exchange resins and gas-permeable hydrophobic membranes have both 

been used to remove ammonium from cultures. Studies with hybridoma cultures have 

demonstrated modest increases in cell yields with these systerns although monoclonal 

antibody production was not improved (Capiaumont et al., 1995). In addition, the use of 

ion-exchange and hydrophobic membranes may be cumbersome, susceptible to 

clogging, costiy and difficult to scale-up. Thus, implementation on a large-sale would 

likely be impracücal. 

A continuous or perfusion culture strategy may be employed to control 

ammonium and other inhibiton as well as prevent nutrient depletion. In these systems, 

fresh culture medium is continuously added to the culture while waste medium is 

removed at the same rate. Cells are removed along with the medium effluent in 

continuous cultures, while in perfusion cells are retained in the growth vessel. These 



systems permit prolonged culture periods with high viable cell densities and 

productivities. Unforhrnately, these processes involve the turnover of large volumes of 

medium and may be expensive approaches to increasing the productivity of cultures- In 

addition, Butler et al. (1983) reported relatively high ammonium levels (2.3 mM) in 

perhised MOCK cultures and ammonium therefore remained a potential growth 

inhibitor. 

1.5.2 Limitation of glutamine in the medium 

The most efficient and mst-effective means of limiting the formation of inhibitors 

in culture involves preventing their production in the first place, This is achieved by 

regulating the concentrations of substrates or precursors in the medium from which the 

waste metabolites are derived. In the case of ammonium, this of murse means that 

glutamine, the primary source of this inhibitor in culture, must be controlled. 

One method of regulating levels of glutamine is a glutamine-limited fed-batch 

strategy. This involves adding low levels of glutamine to the medium cantinuously or at 

regular intervals. This prevents ammonium accumulation due to both decomposition 

and high rates of cellular metabolism expected in the presence of high glutamine levels 

in the medium. Ljunggren and Haigstromm (1990) used this type of regular glutamine 

feeding regime to successfully reduce ammonium accumulations by nearîy 50 % in a 

myeloma culture. 

Another method of reducing the glutamine content in the medium involves 

complete or partial replacement with less ammoniagenic substrates or analogues. This 

approach offers a number of potential advantages compared to glutamine-limited fed- 

batch cultures. Substitution of glutamine may be less labor intensive than daily feeding 

regimes, reduœs the risk of depletion of an essential nutrient and increases the 

thennostability of the medium. Both glutamate and glutamine-containing dipeptides 

have been used as substitutes for glutamine. 



Eady studies indicated high concentrations of glutamate wuld substihrte for 

glutamine in Hela cell cultures but not with mouse L cells (Eagle et al., 1956)- A 

combination of glutamate and a low level of glutamine were later described to produce 

increased cell yields in mouse LS cells (Griffiths and Pi& 1967) and in the human 

diploid lines WI-38 and MRG5 (Gritfiais, 1973) compared to medium with the normal 

complement of glutamine, Hassell and Butler (1990) examined the ability of three 

anchorage dependent cell lines to adapt to a glutamate-based medium- McCoy cells 

were found to adapt readily H i l e  BHK and Vero required longer periods of adaptation- 

Higher cell yields were obtained for the McCoy cells along with reduced ammonium 

production in the presence of glutamate. 

Cumulatively, the studies with glutamate demonstrate this amino acid may be 

advantageous as a substitute for growth of some cell lines because of its stability and 

inherently less ammoniagenic nature. However, some cells display a limited capacity ta 

adapt to glutamate. In these cases, the dipeptides alanyl-glutamine (ala-gln) and glycyC 

glutamine (gly-gln) may be considered as alternative replacements. The structures of 

the dipeptides are show below: 

ala-gln 91~-gin 

The peptide bond at the amine nitrogen of glutamine prevents the fornation of 

pynolidone carboxylic acid and ammonium. Consequently, the dipeptides are therrnally 

stable at 37 OC and at higher temperatures, thus permitting heat sterilization. The 

dipeptides have been used as replacements for glutamine in human, hamster and 

mouse cell lines. 80th ala-gln and gly-gln appear to be equally effective as substitutes 

for human cells and promote growth rates comparable to medium with a normal 



glutamine complement (Roth et al., 1988). However, ala-gln was found to be a better 

replacement for glutamine in murine cukures (Minamoto et al-, 1991). Gly-gln produced 

low cell yields at the concentrations examined for a mutine hybridorna (0.7 and 

3.5 mM). On the other hand, normal growth, reduced ammonium production and 

increased produdivity of tPA were reported for recombinant CHO cells in medium with 

a mole for mole substitution of glutamine with gly-gln (4 mM) (Holmlund et al., 1992). 

Thus, the appropriate substitute for glutamine appears to Vary depending on the cell 

line. Nevertheless, glutamate or dipeptides are anticipateci to support the growth of a 

range of cells in medium with a substantially reduœd glutamine content The factors 

wntrolling the ability of cell Iines to utilize either of these substitutes, however, have not 

been fully identified in the literature. Additional studies are also required to characterize 

the effects of substitutes on growth, metabolism and productivity of animal cells. 



1.6 Project objectives 

A continuing challenge in animal ceIl witure on boai the labotatory and 

industrial levels is to optimize culture parameters to maximize oell growth. This is 

necessary to improve the yields of products derived ftom ttie cells including monoclonal 

antibodies, native or recombinant proteins and vaccines, The net result is ta reduce the 

assoaated cost of generating a cellular product so large-sale production is financially 

feasible. Attaining and maintaining high cell densities, however, has been problematic. 

Grawlli is generally considered to be limited by nutrient depletion or the accumulation 

of waste produds arising ftom cellular metabdism or decomposition of medium 

camponents. Nutrient depletion may be remedied by adding heavily consumed 

nutrients to the medium at the beginning or throughout the course of the culture. 

Reducing waste products, however, is more difficult to achieve. Hydrogen ions, lactate 

and ammonium have al1 been identified as inhibitory waste by-products. In processes 

with pH control, ammonium has been cited as the most potent of the k n m  inhibitors. 

Furthemore, ammonium may affect products derived from cultured cells by altering 

protein glycosylation. Thus, limiting ammonium accumulation was considered 

imperative to prevent growüi limitations, reduce production costs and ensure consistent 

product quality. The approach involved reducing or replacing glutamine with less 

ammoniagenic substrates in the culture medium. The two cell lines used as models 

throughout the investigations were a murine hybridome (CCSCIO) and baby hamster 

kidney cells (BHK-21). The pmjed objectives are summarired below: 

i) Investigate the use of glutamate and dipeptides (ah-gln and gly-gln) as substitutes 

for glutamine in animal cell cultures. 

ii) Characterize the effects of the alternative substrates on growth and metabolism of 

cell lines demonstrating sensitivity to ammonium. 



iii) Explore the mechanisms of dipeptide and glutamate uülization and identify the 

factors mediating growth in the presence of the substitutes. 

ldeally these studies will contribute to a long tenn goal of ensuring products 

from animal cell cultures used for diagnostic and thefapeutic purposes are readily 

available and affordable. 



Chaptmr 2 

General Materials and Methods 

2.1 Cell lines 

All cell lines were purchaseâ from the Amencan Type Culture Collection 

(ATCC). CCSCIO (ATCC No, HB123) is a murine hybtidoma derived ftom the SpUO 

myeloma and secretes a monodonal antibody of dass IgG1 against insulin (Schroer et 

aL, 1983). CCSClO g m s  freely suspended in culture medium. BHK-21 (C-13) (ATCC 

No, CCL-10) is a clone derived m m  aie kidneys of baby Syrian hamsters (Macpherson 

and Stoker, 1962 and MacPherson, 1963). Vero cells (ATCC No. CCL-81) were 

isolated from the kidney of an Afn'can green monkey (Yasumara and Kawakii, 1963). 

BHK and Vero cells have a fibroblast-like morphology and are anchorage dependent. 

Bath exhibit abnomial karyotypes and grow mntinuously in cell culture. 

2.2 Chernicals 

All diemicals and reagents were obtained from the Sigma Chernical Company 

unless otherwise indicated. All additions to the culture medium were cell culture grade 

or of the highest purity available. 

2.3 Cuiture medium 

The basal medium in al1 cases was Dulbecco's Modified Eagle's Medium (Gibco, 

23800-022) with 25 mM glucose and 44 mM sodium bicarbonate. DMEM was provided 

in powdered fom and was prepared with water purified by reverse osmosis and either 

distillation or Milli-Q filtration. A 0.2 prn filter (Gelman) was used to sterilize medium 

which was subsequently stored at 4 OC. Glutamine, glutamate, dipeptides and other 

supplements wem added to the stock DMEM at concentrations specified in each 

expriment and the medium was again sterilued by 0.2 pm membrane filtration. Just 



prior to cell inoculation, 10 % bovine semm (v/v) was added to the medium, The serum 

supplements used were FetalClone (HyClone, A-6165-L), Calf Semm (supplemented, 

iron enriched) (Gibco, 16201-022) or Donor Calf Serurn with iron (Gibco, 10371-029) as 

specified for each experiment 

2.4 Cultum conditions 

Cells were mutinely wltured in a CO2 inaibator (NuAire, IR Autoflow) at 37 OC 

with a 10 % C02/90 % air atmosphere. Experiments were perfonned in disposable 

plastic 24well plates as well as 25 c d ,  75 cm2 and 150 un2 T-fiasks (Coming). 

Culture medium volumes in these vessels were 1 ml (per well), 10 ml, 30 ml and 70 ml, 

respectively, unless otherwise indicated. Larger cultures required the use of glass 100 

ml spinner flasks (Bellco) or a 1.5 L bioreactor (New Brunswick, CelliGen) with volumes 

of 100 ml and 1.25 LI respectively. For the anchorage dependent BHK cells, 

microcamers were used as the substrate for cell attachment when grown in the spinner 

flasks or bioreactor. Fumer details on the use microcamers are provided below. 

2.5 Maintenance of cell stocks and subcu~re  procedure 

Worlcing cell stocks were maïntained in 25 cm2 T-flasks at a volume of 10 ml. 

Cells were subcultured every 3-4 days, prior to onset of stationary phase. The split ratio 

or dilution factor was chosen to correspond with this desired interval between 

passages. CCSClO simply required a 1/10-1/20 dilution of the ceIl suspension in fresh 

medium. BHK and VER0 cells are anchorage dependent and required detachment 

from the T-flask by trypsinization prior ta subcultum. The trypsinization procedure 

involved removing the culhire medium from the flask, washing cells with Dulbecco's 

Phosphate Buffered Saline (D-PBS) (Gibco, 21 600-1 0) to remove proteins and 

incubation with 0.5 ml trypsin/EDTA (0.25 % trypsin, 1mM EDTA4Na in Hanks' 

balanced salt solution) (Gibco, 25200-72) for 5-10 minutes at room temperature. The 



bottom of the flask was tapped vigorously to dislodge the cells. The trypsin reaction 

was stopped by addition of 10 ml PPBS with 10 % bovine semm (vfv). The suspension 

was transfened to a 15 ml plastic centrifuge tube (Coming) and œnaifuged at 330 g for 

5 minutes. The supematant was then removed and the œll pellet resuspended in 10 ml 

of D-PBS or DMEM. The cell suspension was diluted 1/30 for BHK cells and 1/20 for 

Vero œlls in 10 ml of fresh medium. Once the medium was inoculated, the T-flask was 

placed in the CO;! inaibator with the cap loosened to allow equilibration with the 

atrnosphere. 

Greater quantities of cells required for expen'mental work were provided by 

subculture into larger volumes of media in a number of 75 or 150 cm2 T-flasks. BHK 

and VER0 cells were trypsinized by the procedure outlined above although the volume 

of trypsin used increased in proportion to the size of the flask. With the exception of the 

centrifugation, al1 steps of the subcukure procedure and other experimental work 

involving direct manipulation of the ceh  were perfomied under aseptic conditions in a 

laminar flow hood (NuAire). Trypsin, PBS and any other reagents used in culture 

processes were supplied sterile by the manufadurer or sterilized by 0.2 pm membrane 

filtration. 

2.6 Microcrinier cultums 

Cytodex 1 micracamers (Phannacia, 17-0448-01) were used for growth of BHK 

cells in 100 ml spinner flash and the bioreactor. The beads were prepared by a 

procedure basa  on that provided by the manufacturer. First, 10 g of the microcmiers 

were hydrated in 500 ml of 0-PBS (pH 7.2) for at least 3 houn. An additional wash was 

provided by decanting the supematant and making up to 500 ml with fresh PBS. The 

beads were allowed to settle and the supematant again removed. The volume was 

made up to 250 ml with PBS and sterilization was achieved by autodaving at 120 OC, 

1 10 kPa for 20 minutes. After cooling, the volume was adjusted to 250 ml resulting in a 



stock microcamer solution of 40 gk. Microcamers were added to culture medium fmm 

the stock to yield a final concentration of 5 g L  The bottle used to prepare the 

microcaniers and the culture vessels were siliconized with Sigmacote (Sigma) 

according to manufacturer's instnictions to prevent beads adhering to glass surfaces, 

2.7 CeII storage 

Master stocks of each cell line were stored m e n  in liquid nitrogen (-196 OC). 

Cells were prepared for storage by suspension in a freezing medium at 4x106 - 1x1 07 

cells/ml. The freezing medium was purchased h m  Gibco (11101-011) or was an in- 

house formulation wnsisüng of sterile DMEM/2û % calf senim/10 % DMSO (v/v). The 

cells were then aliquoted in 1 ml volumes into cryovials (Nunc) wtiich were placed in a 

plastic storage box (Nalgene). This, in tum, was packed in a covered Stpfoam box to 

ensute more gradua1 amling during incubation at -70 OC ovemight. The boxes were 

transferred into a liquid nitmgen container (Themolyne, Locator 8) the next day. 

Cells stored in liquid nitmgen were withdrawn to replace stock cells that had 

been passaged 30-40 times or were demonstrating anomalous growth- The vials were 

rapidly thawed in a 37 OC water bath and the contents immediately dispensed into 10 

ml of fresh growth medium. When the cells were nearly confluent (usually 1-2 days 

later), they were subcultured according to the procedure described previously. 

2.8 Sampling of culture medium and ceIl enumerrtion 

Samples were collected from the growth medium in regular intervals, usually 12 

or 24 hours, for evaluation of ceIl concentrations and medium components. The sample 

was generally 1-5 ml, depending on the volume of the culture vessel. 

Cell growth was monitored by counting cells, either with a Neubauer 

haemocytometer or Couiter counter (Model ZF). Viable cell concentrations were 

detemined using the trypan blue exdusion method (Patterson, 1979) and a 



haemocytometer- Briefly, equal volumes of the cell sample and a solution of 0.2 % 

trypan blue in D-PBS were mixed (nomially 200 pl of each). A few microlitres of the 

sample were then added to both chamben of the haemocytometer. The unstained cells 

were counted in each chamber to determine the viable cell concentration- The Coulter 

counter was used for rapid detemination of total cell concentraüons for a large number 

of samples. Cell preparation for counting with this method involved mixing 200 pl of the 

cell suspension with 20 ml of lsoton II (Couiter Electtonics, 7546719). 

For CCQC10, part of the growth medium sample was used direcüy for cell 

counts. If analysis of the medium was necessary, the remaining fraction was 

centrifuged at 330 g for 5 minutes to pellet the cens. The supematant was then 

removed and stored at -20 OC for subsequent quantification of medium wmponents. 

Anchorage dependent cells required trypsinization before counts were 

performed. Thus, BHK and Vero cultures grown in T-flasks were trypsinized and 

resuspended in PBS or DMEM/lO % bovine serum (vlv), comparable to the procedure 

previously describeci for subculture. Modifications of the trypsinizaüon protocol were 

required for cells grown in 24well plates or microcarrier cultures. For 24-well plates, the 

medium was first removed and each wefl was washed with 1 ml PBS followed by the 

addition of 150 pl of trypsinEDTA, The plate was placed on a shaker bed at 150 r.p.m. 

at r o m  temperature for 5-10 minutes. The reaction was stopped and cells 

resuspended with the addition of 850 pl of PBWlO % bovine serum (vfv) to each well. 

AI1 wells were then counted in duplicate with the Coulter counter. The procedure for 

counting microcarrier cultures began with the removal of 1 ml sample frorn the culture 

vesse1 which was added to a 1.5 ml miuohrge tube (Fisher). The beads were allowed 

to seffle for at least 2 minutes and the supematant was then wiaidrawn and stored at 

-20°C or discarded. The beads were washed with 1.2 ml of PBS and after they had 

settled, the supematant was removed and discarded. TrypsiWEDTA was added to a 

total volume of 1 ml and the sample incubateci at 37 OC for 5-10 minutes. The maction 



was stopped by mMng equal volumes of the trypsinized sample and PBS or DMEW 

20 % bovine serum (vhr). Viable cell concentrations were detennined with trypan blue 

staining and the haemocytometer. Supematants removed fmm T-flasks, 24-welI plates 

or microcamer cultures wem stored at -20% for further analysis if neœssary. 

2.9 Parrimeters for evaluation of gmwth performance 

Cultures were routinely compared by specific growth rates (p) during the 

exponenbial phase. This value was detemined from a plot of the natural log of the cell 

densities (InN) against the tirne of culture. The slope of the best straight line during the 

pen'od of exponential growth was the specific growth rate and expressed in units of 

hrl. 

Doubling times were used in some cases as a measure of the rate of cell 

growtti. This value was detemined accarding to the following equation: 

D = &-t;)l0a2 (3) 
W N f  / Ni) 

where D is the doubling time (hours), 9 and ti are the final and initial time points. 

respecüvely. and Nf and Ni are the final and initial cell densities, respectively. 

2.1 0 Determination of cellular protein 

Protein from cellular extracts was detemined with the bicinchoninic acid protein 

assay kit from Sigma (BCA-1). The method, descnbed by Smith et al. (1985). is based 

on the ability of proteins to reduce  CU+^ to CU*' under alkaline conditions. The 

resuîting cuprous ion reacts with bicinchoninic acid, fonning a stable purple colored 

mmplex which absorbs maximally at 562 nm. The protein concentration is proportional 

to the production of the chromogenic product. The reagents and procedure adapted for 

a 96-well plate assay are provided below. 



I Reaaents 

i )  Bicinchoninic Acid Solution (Reagent A): The solution containing bicinchoninic acid, 

sodium carbonate, sodium bicarbonate and sodium tarbate in 0.1 M NaOH (pH 11.25) 

was prepared by Sigma (8-9643). 

ii) Copper (II) Sulfate Pentahydrate Solution (Reagent 6): 4 % cupric sulfater 5H20 

(wh) solution was provided by Sigma (C-2284). 

iii) Protein Stock Solution: 1 .O mgml of bovine senim albumin (BSA) prepared in 0.15 

M NaCl and presewed with 0.05 % NaN3 mis stomd at -20 OC until required. 

II Assav ~rocedure 

i) A series of BSA protein standards ranging in concentration fmm 0.2 - 1.0 mghl  were 

prepared from the Protein Stock solution. 

ii) Samples were diluted up to 1/40 to fall within the concentraüon range of the 

standards. 

iii) 10 pl of standards and samples were added in duplicate to the wells of a 96-well 

plate (Nunc). 

iv) The protein detemination reagent was prepated just before use by rnixing 1 part of 

Reagent B with 50 parts of reagent A. The assay was initiated by adding 200 CL( of this 

reagent to the wells of the microtitre plate. The plate was incubated for 30 minutes at 

37 O C  and alkwed to cool to room temperature (at least 1 hour). 

v) The absorbance of each well was read at 550 nm with a plate reader (SLT- 

Labinstniments Australia, €AR 400 AT). Protein concentrations in samples were 

detennined from a standad wrve pmduced from a best straight line fit of the protein 

standards. A sample standard curve is shown in Appendix 6- 



2-1 1 Analysis of W i a  compowrrb 

2.1 1.1 Glucose and lactate 

Glucose and ladate concentrations in culture medium were detemiined by a YS1 

Industrial Analyzer or colorimetric assays in a microtitre plate, as specified for a 

particular expriment Each of the methods relies on the specific interactian between 

an enzyme and cognate substrate for accurate quantification, 

2.1 1.1-1 YS1 Industrial Andyzer 

The YS1 Model 27 Industrial Analyzer vellow Springs Instrument Company) 

measures concentrations of diffemnt compounds using an enzyme electmde sensor. 

This consists of a sensor probe covered wiar a thin, enzyme impregnated membrane 

mounted in a measurement chamber. The probe is f i d  with either a glucose oxidase 

(YSI, 2365) or lactate oxidase (YS, 2329) membrane for detemination of glucose and 

lactate, respectively. Oxidation of these compounds at the membrane yields hydrogen 

peroxide as a by-produd The Hz02 is oxidized at the probe's platinum anode 

accarding to the following reaction: 

anode - Hz02 - 2H++02 + 2e- 

The resulting current generated between the platinum electrode and a 

silver/silver chloride reference electrode is proportional to the concentration of glucose 

or lactate in the sample. The signal current is converted to a voltage, scaled relative to 

standards containing &nom concentrations of the substrates and the resulting 

concentration value displayed on a digital meter of the analyzer. 

The instrument was calibrated with O and 27.7 mM glucose standards and 0, 5 

and 15 mM lactate standards. The volume injected into the measurement chamber was 

25 pi for both standards and samples. 



2.1 1.1.2 Glucose oxidase .-y for glucose 

The glucose oxidase assay was provided as a kit fiom Sigma (510-DA) for 

detemination of glucose in biological fluids and is based on the procedure of Raabo 

and Terkildsen (1960). The method combines simultaneous enzyme madons 

catalyzed by glucose oxidase and peroxidase with the use of dianisidine, a 

chromogenic oxygen accepter: 

glucose oxidase 
û-glucose + 02 gluconic acid + Hz02 

peraxidase 
Hz02 + dianisidine oxidized dianisidine (brown) 

The absorbance of the oxidiied dianisidine measured at 425475 nm is 

proportional to the glucose present in the sample. The reagents used and the modified 

Sigma procedure adapted for use in 96-well plates is outline below. 

I Reaaents 

i) PGO Enzyme Solution: A capsule containing 500 units of glucose oxidase, 100 

Purpumgalin units of peroxidase and buffer salts (Sigma, 510-6) was dissolved in 100 

ml of water. The solution was stored at 4 OC. 

i i )  Color Reagent Solution: One via1 containing 50 mg of dianisidine dihydrochloride 

(Sigma, 510-50) was dissolved in 20 ml of water and stored at 4 OC. 

iii) Combined Enzymecolor Reagent Solution: 1.6 ml of Color Reagent Solution was 

mixed with 100 ml of POO Enzyme Solution and stored at 4 OC until mquired. 

iv) Stock Glucose Solution: A 100 mg/dL (5.56 mM) glucose solution preserved with 

O. 1 % benzoic acid (Sigma, 635100) was provided with the kit 

II Assav oracedure 

i) A series of 2-fold dilutions of the Stock Glucose Solution was prepared in water, 

producing a range of glucose standard concentrations from 0.017 - 1.1 12 mM. 



ii) Samples wem diluted 1/20 or 1/40 in water. 

iii) 20 pl of each standard or sample were added in duplicate and tripkate, respectively, 

to the wells of a 96-well plate. 

iv) 200 pl of Combined Enzyme-Color Reagent Solution was added to each well and 

the plate incubated at 37 OC for 30 minutes. 

v) The absorbante of each well at 450 nm was measured in a THERMOmâ, plate 

reader (Mdeailar Devices). Sample glucose concentrations were detemineci from a 

standard curve pmduced from the best straight line fit of the glucose standards (see 

Appendi 8 for a typical standard curve). 

2.1 1.1 -3 Lactate dehydrogenase assay for lactate 

Lactate dehydmgenase was used to detennine lactate concentrations based on 

the method described by Gutmann and Wahlefeld (1974). The reaction catalyzed by 

the enzyme is as follows: 

LDH 
L-lactate + NAD+ pyruvate + NADH + H+ 

The production of NADH measured spectrophotometrically at 340 nm is 

proportional to the initial lactate present in the sample. The reagents and procedure 

required for a 98-well plate assay are provided below. 

I Reaaents 

i) GlycindHydrazine Buffer: 0.83 M glycine and 5.1 % hydrazine hydrate (vlv) 

preserved with 0.05 % NaN3. The solution was stored at 4 OC. 

ii) NAD Solution: 17.2 mM NAD stored at -20 OC. Aliquots of the solution were thawed 

as needed. 

iii) LDH Solution: Conœntrated lactate dehydmgenase (Sigma, L-2881) was diluted to 

119 unWml in Glycine/Hydrazine Buffer just before use. 



iv) Stock Lactas Saution: 100 mM lactate storeci at -20 OC until needed. 

II Assav ~rocedure 

i) The Stock Lactate Solution was used to prepare standards ranging in concentration 

from 0.062 - 2 mM in 2-fold dilutions, 

ii) Samples were diluted up to 11160 in water, within the concentration range of the 

standards. 

iii) 40 pi of standards or samples were added in duplicate to the wells of a 96-well plate, 

followed by 40 pl NAD Solution, 130 pî Glycine/Hydrazine Buffer and 40 pl of LDH 

Solution. The plate was incubated at 37 OC for 30 minutes. 

iv) The absoibance of each well at 340 nm was read with the THERMOmw plate 

reader. A best straight line fit of the standards produced a standard cuwe that was 

used to determine sample lactate concentrations. An example of a standard wwe is 

shown in Appendix B. 

2.1 1.2 Ammonium 

The total concentration of ammonium and ammonia in samples was measured 

with an ammonia electrode (Orion, Model 95-10). Thus, referenœ to the "ammonium 

concentrationn throughout these studies actually indudes the combined concentration 

of ammonium and ammonia, The eledrode is comprised of sensing and reference 

elements immersed in a filling solution separated from the sample by a hydrophobic 

membrane. A sample is made basic by addition of a strong alkali, converüng 

ammonium ion to ammonia gas. The ammonia from the sample diffuses through the 

membrane and into the filling solution until the partial pressure on either side of the 

membrane is equal, The partial pressure of ammonia is proportional to its concentration 

in the alkaline sample. A fraction of the ammonia reacts with the water in the filling 

solution as show below 

NHJ + Hz0 NH4+ + OH- 



The readion results in a change in potential between the sensing and reference 

elements that is related to the ammonia concentration in the sample. The potential 

difference is read by a digital rneter (Fisher Scientific, Model 25 pH meter). The sample 

concentration is determined from a calibration cuwe of the electrode potentials for a 

series of standard ammonium solutions. 

I Reaaents 

i) Alkali Solution: 10 M NaOH. 

ii) Stock Ammonium Solution: 0.1 M ammonium chloride stored at -20 OC until required. 

Il Procedure 

i) Calibration standards from 101 to 1 ~ 5  wem prepared by 10-fold serial dilutions of 

the Stock Ammonium Solution in water. 

ii) Samples were diluted 114 in water for a total volume of 1 ml. 

iii) 10 pl of Alkali Solution was added to 1 ml of standards or samples just before each 

measurement. The tip of the eledrode was immersed in the stirred solution and the 

millivolt output allowed to stabilize before recarding the final value. The readings for the 

standard solutions were fit to the best straight line and the sample concentrations 

determined from the standard cunre. A typical standard curve is provided in Appendix 

B. 

2.1 1.3 Monoclonal rntibodies 

Monoclonal antibodies in hybndoma supematants were determined with a 

ProAnaMabs column (Biolytica) and an HPLC systern. The column consists of a silica 

matrix coupled with the bacterial Fc mceptor. A pre-column filter was attached to the 

inlet to remove parb'culate material and prevent fouling of the main column. Monodonal 

antibodies were selectively bound and eluted from the colurnn and quantified by U.V. 

absorbanm. The HPLC system included an LKB controller (Model 2352). two pumps 

(Model 2150). high pressure mixing chamber, solvent conditioner (Model 2156), 



rheodyne valve, rapid spectral detedor (Model 2140) and a computer with EZChrome 

software (Shimadzu) . 

I Reaaents 

i) Binding and Elution Buffers: Buffers were supplied as 20X concentrates (HyCIone, 

JH9-842343) and diluted just before use- The pHs of the diluted Binding and Elution 

Buffers were adjusted to 5-0 and 1.6, respectively, if necessary. 

ii) Antibody Standards: The ProAnaMAbs IgG standard was supplied in lyophilüed fom 

(HyClone) and dissolved in water to a conœntration of 3.0 mg/ml. This was diluted in 

Binding Bufier to provide IgG standards of 12.5,25,50, 100 and 200 pglml. 

Il Procedure 

i) A 1 ml volume of samples (diluted 1 in 4 in Binding Buffer) or standards were injected 

into the column via the rheodyne valve. Buffers were delivered to the high-pressure 

mixing chamber, then to the rheodyne valve and column by separate pumps and was 

regulated by the controller, ûegassing of the buffers with helium was govemed by the 

solvent conditioner. The analytical cycle consisted of binding, elution and re- 

equilibraüon phases as indicated befow 

Time (min1 
0-2 
2 4  
4-7 

Mobile Phase Flow Rate (mumin1 
8inding Buffer 2 
Elution Buffer 3 
Binding Buffer 2 

ii) The effluent fmm the column was muted through the spectral detector and the 

absorbante at 280 nm monitored. The detedor output was recorded with the computer 

and analyzed with the EZChrome software. Thus, the monoclonal antibody peak 

produceci during the elution phase was identified from the retention tirne and quantified 

by the peak area according to the IgG standard wrve (see Appendix 6). 



2.1 1.4 Amino rcids 

Glutamine concentrations in a large number of samples were detemined rapidly 

by a wlorimetric glutaminase enzyme assay in microtitre plates. Derivatization of 

samples with OPA and HPLC analysis was required for quantification of other amino 

acids or confirmation of glutamine concentrations obtained witti the plate assay- 

2.1 1 A.1 Glutaminase rssay for glutamine 

The enzymatic method for detemination of glutamine was adapted from the 

procedure describeci by Lund (1985). The method couples the glutaminase reaction 

with glutamate dehydmgenase: 

glutaminase 
Lglutamine + H20 Lglutamate + N H ~ +  

H+ 

GDH 
L-glutamate + NAD+ + Hz0 - 'C a-ketoglutarate + NH4+ + NADH 

ADP 

The glutamine present in the sample is proportional to the production of NADH 

and thus the increase in absorbance at 340 nm. The glutaminase reaction has a pH 

optimum of 5.0 and is camed out under acidic conditions. The equilibrium of the 

glutamate dehydrogenase reaction favors the production of glutamate and NAD? 

However, the forward reaction may be forced in a basic buffer with a high NAD 

concentration and a trapping agent for a-ketoglutarate- ADP is also induded to activate 

the enzyme. The reagents and protocol for a 96-well microtitre plate assay are outlined 

below. 

I Reaaents 

i) Acetate Buffer: A 0.5 M acetate buffer, pH 5.0, was prepared by mixing 0.5 M sodium 

acetate and 0.5 M glacial aœtic acid in appropriate proportions to obtain the desired 

pH. The solution was stored at 4 OC. 



ii) Glutaminase Solution: Lyophilized glutaminase (Sigma, G 5382) was dissolved in 10- 

fold diluted Acetate Buffer to a concentration of 10 units/ml. Aliquots were stored at 

-70 OC until required. 

iii) Hydroxyiamine Solution: 20 mM hydroxylamine, stored at 4 OC. 

iv) Tris/Hydrazine Buffer: 0.15 M Trima base, 3 mM EDTA and 7.5 % hydrazine 

hydrate (vh) MS prepared and the pH adjusted to 9.0. The solution was stable at 4 OC 

for up to 1 week. 

v) NAD Solution: 30 mM NAD, stoied at -20 OC. Aliquots were thawed as required. 

vï) ADP Solution: 100 mM ADP (sodium Salt) prepared in water and neutralized with 

2 M NaOH. Aliquots were stored at -20 OC until needed. 

vii) GDH Solution: A 2500 unWml glutamate dehydrogenase preparation was obtained 

from Sigma (G 2626) and stored at 4 OC until required. 

viii) Glutamine Stock Solution: 100 mM glutamine, stored at -20 OC until required. 

ix) Reagent A: 2160 pl Acetate Buffer, 1080 pl Hydroxylamine Solution and 1155 pi of 

water were mixed and warmed in a water bath at 37 OC. lmmediately before use, 108 pl 

of Glutaminase Solution was added. 

x) Reagent B: 2160 pl Acetate Buffer, 1080 pl Hydroxylamine Solution and 1265 pi 

water were mixed and wamed in a 37 OC water bath, 

xi) Reagent C: 9.6 ml of Tris/Hydrazine Buffer and 3.1 ml of water were mixed and 

warmed in a 37 OC water bath. Immediately before use, 1440 pl NAD, 144 pl ADP and 

90 pi GOH Solutions were added. 

II Assav nrocedure 

i) Glutamine standards with concentrations of 0.031 - 1 mM in 2-fold dilutions were 

prepared from the Glutamine Stock Solution. 

ii) Samples were diluted up to 1/10 in water to fall within the concentration range of the 

standards. 



iii) Two separate were demarcated on the microtitre plate- Standatds and 

samples were added in duplicate at a volume of 70 piMeIl to each of the two halves of 

the plate in an identical pattern. 

iv) The glutaminase reacüon was initiated with the addition of 50 pl Reagent A to each 

well on the first half of îhe plate. In the second half of the plate, 50 pi of Reagent B was 

added ta each well. The plate was incubated at 37 OC for 75 minutes. 

v) To each of the wells, 120 pl Reagent C was added and the plate was incubated at 

37 OC for 30 minutes- 

vi) The absorbance of each well at 340 nm was measureâ mth the THERMOmax plate 

reader. The increase in absorbance in the first half of the plate was due to the 

presence of both glutamine and glutamate in the sample, The second half of the plate 

did not contain glutaminase and the absorbanœ increase was due to the presence of 

glutamate. Thus, to obtain the increase in absorbance due to glutamine alone, the 

absorbance for each well in the second half of the plate was subtracted from the 

corresponding well in the first half. A calibration curve was constructed from the 

standards and the glutamine concentrations in the samples were detemiined. An 

example of a calibration curve is available in Appendix 8. 

2.1 1.4.2 OPA ckrivatüaîion and HPLC analysis 

Amino acid concentrations in culture medium were detemined by 

ephthaldialdehyde (OPA) denvatkation followed by separation on an HPLC reverse 

phase column. OPA reacts with pnmary amines induding amino acids and a thiol such 

as 2-mercaptoeaianol yielding an ephthaldialdehyde-thiol (OPT) derivative at alkaline 

pH. The chernical readion is as folows: 



0- + + O * - q 1 - P <  -C -CH-R + H20 
CHO 

s -(CH2)-on 

The heterocyciic isoindole moiety of the derivative is highly fluorescent. This 

pemiits very sensitive quantification of nanomole levels of amino acids with a 

fluorescence detector. The hydrophobic ring structure of #e derivative also results in 

retention by the reverse phase column. The net hydrophobicity, however, is a function 

of the R group of the amino acid. This, of course, determines the retention time of each 

amino acid derivative on the column and is the key determinant in their separation. 

Separation is facilitated by applying a gradient of increasing organic content or 

hydrophobicity to the colurnn during elution of the derivitized sample. 

The HPLC system consisted of the same basic hardware used for monoclonal 

antibody analysis except a Shimadzu SIL-SA auto-injector replaced the rheodyne valve 

and an LKB fluoresœnce detector (Model2144) was used to monitor the effluent An 

Alltech ODS C-18 0.24 X 20 cm reverse phase column with Waters guard column was 

used for separation of the amino acid derivatives. The method of amino acid 

derivatization of medium samples and separation is based on a method described by 

Jones and Gilligan (1983). The procedure is described below. 

I Reaaents 

i) OPA Reagent: 54 mg of O-phthaldialdehyde was dissolved in 0.5 ml HPLC grade 

methanol. Next, 1 O ml of O. 1 M borate, 100 pl 2-mercaptoethanol and 200 pl Brij were 

added and the solution filtered through a 0.2 pm syringe filter (Nalgene). The reagent 

was prepared fresh, only as needed. 

ii) Elution Buffers: Mobile Phase A was 50 mM sodium acetate/0.5 % tetrahydrohrran, 

pH 5.7, prepared only as needed. MiIlipore water and HPLC grade tetrahydrofuran 

(Fisher) were used and the solution passed through a 0.2 pm filter to minimize 



contaminants and parüculate matter that could degrade separation. Mobile Phase B 

was 100 % HPLC grade methanol (Fisher). 

II Procedure 

i) An aqueous amino acid standard containing 20 amino acids and the intemal standard 

L-cr-amino-n-bWc acid (aba) was prepared, each at a concentration of 500 fl. 

Alanyl-glutamine (ala-gln) and glycyl-glutamine (giy-gln) were included in some casas 

but at a concentration of 1.0 mM. A conœntmte of 17 amino acids, each at 2.5 mM, 

was purchased (Sigma, AA-S-18) and simply required dilution in water. Asparagine, 

glutamine, tryptophan, the intemal standard and dipeptides were added h m  separate 

25 mM stock solutions. 

ii) The intemal standard, amino butyric acid, was added to each sample at a final 

concentration of 500 W. 

iii) Standards and samples were treated with an equal volume of ice-cold 10 % 

trictiloroaœtic acid (TCA) (wlv) followed by centrifugation at 14 000 r.p.m. for 6 minutes 

at 4 OC. This proœss precipitated the protein from the samples. The supematant was 

removed and neutralized with an equal volume of 0.2 M borate buffer (pH 10.4). The 

neutralizeâ sample was again microhrged at 14 000 r.p.m. for 6 minutes at 4 OC. 

iv) 250 pi of neutralized standards and samples were dispensed into 500 pi microfuge 

tubes (Ependorf) and placed in HPLC sample vials. 

v) An equal volume (250 pi) of OPA Reagent was mixed with the prepared standard or 

sample. Following muting and an incubation of 1.7 minutes at m m  temperature, 50 pl 

of derivitized sample was injected into the colurnn. This process was automated with 

the auto-injecter. 

vi) Derivatized amino acids were eluted from the column using a gradient of increasing 

hydrophobicity fomed by mixing the aqueous acetate buffer (Mobile Phase A) and the 

methanol (Mobile Phase B). ûegassing of the mobile phases with helium was regulated 

by the solvent conditioner. A separate pump was used to deliver each of the mobile 



phases to the high-pressure mîxing chamber and subsequently to the column at a fiow 

rate of 1 m'min. The gradient was detemined by the relative proportions of the two 

mobile phases deliverd to the mixing chamber which was regulated by the HPLC 

contmller. The elution gradient is show below: 

Mobile Phase 6 (%) 
0120 

20-65 
65-1 00 

100 
100-0 

O 

vii) The effluent from the mlumn was rnonitored by the fluorescence detectar with 

excitation and emission filters of 340 nm and 455 nm, respectively. The output from the 

detector was recorded and analyzed by the computer. The EZChrome software 

identified peaks via retention times, determined their amas and calculated response 

factors from the amino acid standards. The amino acid concentrations were then 

determined in samples based on the appropriate response factor and peak area 

relative to the intemal standard. The method outlined above permits detection and 

quantification of al1 amino acids in culture medium with the exception of proline and 

cysteine. The former is a secondary amine which does not react with the OPA reagent 

white the latter yields a poar fluorescent response. A chromatogram of a standard 

amino acid run and the equations used to calculate amino acid concentrations are 

available in Appendix C. 

2.1 1 .S SpecHic rates of consumption or production 

Cell specific consumption and production rates (q) of media components were 

calculated using the equation: 



where AC is the change in component concentration, tf and ti are the final and initial 

time points, respedively, and Nf and Ni are the finat and initial cell densities, 

respedively. 

An integral method was used as an alternative for the detemination of specific 

wnsumption or production rates, At each time point of the culture, the integral of the 

cell number was evaluated usirig the trapezoidal mle with SigmaPlot (Jandel Scientific). 

This is referred to as the œll index and is represented by the following equation: 

ceil index = xdt (5) 

where x is the cell number and t is the time. The change From the initial quantity of 

substrate (AS) or product (AP) up to each time point was then plotted against the 

conesponding value for the cell index. The points ftom a linear portion of the 

exponential phase of the culture were fit to the best straight line. The slope of the line 

was equivalent to the specific wnsumption or production rate during this period of 

growth. The error associated with the resulting value was represented by the standard 

emr of the line (detennined by SigmaPlot). An example of this method is provided in 

Appendk D. The specific rate values using both the equation and integration approach 

were expressed as nmoles of substrate utilized or product produced per 106 cells per 

hour (nmol 106 cells hrl). 

2.1 2 Nucleotide analysis 

The analysis of nudeotides was based on the method descn'bed by Ryll and 

Wagner (1991). The HPLC procedure involves separation of nudeotides on a C-18 

reverse phase column and detection and quantification by absorbanœ at 254 nm. The 

HPLC system was as described for amino acid analysis except that the spectral 

detector was used to monitor the mlumn effluent. 



I Reaaents 

i )  Elution Buffers: Mobile Phase A consisted of 96.5 mM potassium phosphate 

bMerl8.0 mM tetrabutylammonium hydrogen sulfate, pH 5.3. The solution was 

prepared with MiIlipore water and parb'wlates removed with a 0.2 pm filter. Mobile 

Phase B was comprised of 70 % Mobile Phase A and 30 % HPLC grade methanol. 

ii) Nudeotide Standard Solution: The nudeotide standard induded NAD, UDP-Glc, 

UDF-GalNAc, UDP-GlcNAc, AMP, GDP, CTP, UTP, ADP, GTP and ATP, each at a 

concentration of 2 X 105 M. The solution was prepared by adding 40 pi of a 1x103 M 

stock of each nudeotide to 1170 )iI water and 390 pl Mobile phase A for a total volume 

of 2 ml. 

i )  The Nudeotide Standard Solution reguired no further prebeatment pnor ta analysis. 

Sarnples were prepared by diluting 1:l with Mobile Phase A and partiwlate material 

was removed by centrifugation in a microfuge (14 000 r.p.m. for 5 minutes). 

ii) Standards and samples (100 pl) were dispensed into 500 pl micmfuge tubes 

(Ependorf) and piaced in HPLC sample vials. A 50 pl volume of each was delivered to 

the column by the auto-injecter. 

iii) An elution gradient was fomed by mixing the two mobile phase solutions, gradually 

increasing the proportion of Mobile Phase B. The flow rate was 1.5 mVmin and the 

gradient is provided below: 

Time (minutes) 
0-5 
5-1 5 
15-20 

20-28.5 
28.5-40.5 
40.544.5 
44.5-52.5 

Mobile m hase B (%) 
0-20 
20-24 
2440 
40-100 

100 
100-0 

O 

iv) The column effiuent was routed through a spedral detector and the absorûance 

measured at 225 nm. Detector output was recorded and analyzed by the cornputer. 



EZChrome was used to identify peaks by retention times and detemine areas, The 

software also detemined response factors from the standard run which were used to 

evaluate nudeotide concentrations in the samples. A sample chrornatogram and the 

calculations required to detemine nudeotide concentrations are provided in Appendbc 

El 

2.1 3 Assam for inbawllulrr enzyme acüviües 

2.1 3.1 Glutamine syna#trrslgluhmim trrnsfWase (GS) 

In addition to the synthesis of glutamine from glutamate and ammonium, 

glutamine synthetase catalyzes a non-physiological y-glutamyl transfer reacüon (Rowe 

et al., IWO). Glutamine and hydroxylamine form y-glutamylhydroxymate and ammonia 

in the presence of manganese ions and arsenate in the followÏng reaction: 

The product of the reaction, y-glutamylhydroxymate, foms a colored mmplex with ferric 

ions which can be detected colorimetrically (535 nm). The assay outlined belaw is 

based on a procedure descn'bed by Meister (1985). 

I Reaaents 

i) Reaction Buffer: 0.123 M imidazole-HCI, 62 mM L-glutamine, 77 mM hydroxylamine, 

0.25 mM MnC12, 12 mM sodium anenate and 0.49 mM ADP. The pH of the final 

solution was adjusted to pH 7.2. 

ii) Ferric Chloride Solution: 0.37 M FeCI3, 0.67 M HCI and 0.20 M trichloroawüc acid. 

iii) y-Glutamylhydroxymate Solution: 10 mM ~lutamylhydroxymate in 50 mM ascorbic 

acid. 



II Assav ~rocedure 

i) The y-Glutamylhydroxymate Solution was used to prepare a series of standards from 

O - 1 .O prnoles in tm-fold dilutions in a volume of 100 pl. 

i i)  The assay was initiatecl with the addition of 400 pl Reaction Buffer to 100 pi of 

standards and samples followed by incubation at 37 OC for 30 minutes- 

iii) The teaction was terminated with 0.75 ml Femc Chloride Solution. After 

centrifugation in a mimfuge (14 000 r.p.m. for 5 minutes), the absorbance was 

measured at 535 nm using water as a blank Pmduct formation in samples was 

detennined from a linear standard cuwe (see Appendix B) constructeci from the 

absorbance of k n m  quantities of y-glutamylhydroxymate. Activity was expressed as 

pmoles y-glutamylhydroxymate fomied per minute per mg of cell pmtein. 

2.13.2 Phosphrte-acthrateâ glutaminase (PAG) 

The phosphate-activated glutaminase assay was based on a procedure 

described by Kvamme et al. (1985) and adapted for use in 96-well plates. The method 

couples the glutaminase and glutamate dehydmgenase reactions: 

PAG 
glutamine + Hz0 -glutamate + NH4+ 

Pi 

GDH 
a-ketoglutarate + NH4+ + NADH glutamate + NAD+ + Hz0 

The glutaminase activity can thus be monitored colonmetrically (340 nm) by the rate of 

NADH oxidation. The reagents and assay procedure are provided below. 

I Reaaents 

i) Reaction Buffer: 0.125 M potassium phosphate buffer (pH 8.0), 12.5 mM glutamine, 

6.25 mM a-ketoglutarate, 0.25 mM EDTA, 0.39 mM NADH and 1.25 units/ml glutamate 

dehydrogenase. The GDH was diluted from a concentrated stock (2451 units/rnl) 

(Sigma, G 2626). The pH of the final solution was adjusted to 8.0. 



ii) 0.10 M Ammonium Chloride Solution 

II Assav Procedure 

i) Standards were prepared from the Ammonium Chloride Solution in a series of 2-fold 

dilutions from O - 0.25 moles in a volume of 50 pi. Samples (50 pl) were also added to 

the wells of the microtitre plate. 

ii) The reaction was initiateci with the addition of 200 pi of Reaction Buffer to the 

standards and samples. The plab was incubateâ at 25 OC in the THERMOmax plate 

reader for 15 minutes, The absorbanœ at 34ô nm was measured automatically every 

30 seconds with the instrument in the kinetic mode. 

iii) The maximum change in absorbance (Vm& during the incubation was detemined 

by the plate reader SOFTmax software. A linear standard wwe (see Appendix B) of 

the maximum absorbance change venus pmoles of ammonium was plotted. The 

standard wwe was used to determine the ammonium produœd in the samples- The 

reaction was also independently monitored by glutamate production quantified by 

HPLC analysis. Acüvii was expressed as pmoles of glutamine deaminated ta 

glutamate and ammonium per minute per mg of cell protein. 

2.1 3.3 Alanine rminotrrnifensdglutamic pyruvic transaminase (ALTIGPT) 

Alanine aminotransferase (ALT) was detemiined in cell extracts using a kit 

obtained from Sigma (505-P). The method was introduced by Tonhazy et a/. (1950) and 

simplified by Reitrnan and Frankel (1957). Aminotransferase acüvity is detected 

colorimetrically (505 nm) from the readon of pyruvate, a product of the enzyme 

reaction, with 2,edinitrophenylhydrau'ne: 

ALT 
alanine + a-ketoglutarate / pynivate + glutamate 

pyruvate + 2,4-dinitrophenylh-ne -- pyruviephenylhyrazone 
denvative 



The absorbance of the phenylhydrazone product at 505 nm is related to the 

ALT adivity in the $ample. Althwgh a-ketoglutarate also fonns a colored hydrazone, 

the absorption maximum is considerably diemnt from that of pyruvate (ffichmar, 

1970) and does not interfere with the assay. The reagents and procedure are 

essentially as descn'bed by Sigma but the reaction volume was reduced by 4-fold. 

l Reaaents 

i) Alanine-a-KG Substrate: 0.2 M DL-alanine and 1.8 mM a-ketoglutarate in phosphate 

buffer, pH 7.5 (Sigma, 505-51). 

ii) Color Reagent: -20 mg/dl2,4-dinitrophenylhydrazine in acid solution (Sigma, 505-2). 

iii) Calibration Solution: 1.5 mM sodium pymvate in phosphate buffer, pH 7.5 (Sigma, 

505-1 O). 

II Assav  raced dure 

i) Standards were prepared by combining the solutions indicated in Table 2-1. 

Table 2-1. Preparation of standards for the ALTIGPT assay. 

Test tube Calibration Alw-KG Water ALT Adivity 
number Solution (pi) Substrate (pl) uii) (SF UniWml) 

1 O 250 50 O 
2 25 225 50 23 
3 50 200 50 50 
4 75 175 50 83 
5 100 150 50 125 

ii) A 250 pi volume of Color Reagent was added to each tube, shaken gently and 

inwbated at room temperature for 20 minutes. 

iii) 2-5 ml of 0.4 M NaOH was added to al1 tubes and inverted to m k  

iv) After 5 minutes, the absorbance of each tube at 505 nm was detemined in a cuvet 

(1 cm light path) using water as a blank. 

V) The absorbance of Tube 1 was subtraded from each of the tubes and the net 

absorbance in each tube was plotted against the ALT activity specified in Table 2-1. 



The standard wrve (see Appendk B) was produœd by fitting the points to the best 

hyperbolic equation using a curve fiüing algorithm in SigmaPlot 

vi) Aminotransferase activity was next detemined in the samples. A 50 pl volume of 

each sample was added to a test tube followed by 250 fl Al--KG Substrate pre- 

wanned at 37 W. Tubes were shaken gentty and incubated for 30 mimites at 37 OC. 

vii) 250 pl of Color Reagent was added to each of the samples followed by an inversion 

to m k  and incubation at m m  temperature for 20 minutes. 

viii) The reaction was stopped with the addition of 2.5 ml 0.4 M NaOH and tubes were 

inverted to mix. 

ix) After 5 minutes, the absorbance at 505 nm was determined using water as the 

blank, The absorbance of Tube 1 was subtracted from each of the samples and the 

standard wrve used to detemine the ALT adivity. Activities in the samples were 

converted from Sigrna-Frankel (SF) UnWml to moles glutamate formed/ml. One SF 

Unit produces 4.8~10'4 pmoles glutamate/minute at pH 7.5 and 25 OC (Sigma 

Procedure No. 505). Thus, activity was expressed as pmoles of glutamate formed per 

minute per mg of cell protein. 

2.1 3.4 Glutamate dehydrogenau, (GDH) 

The assay for glutamate dehydmgenase was adapted for a 96-well plate fmm 

the procedure described by Schmidt (1974). The -action catalyzed by the enzyme is 

show beIow and activity measured by the oxidation of NADH to NAD? 

GDH 
a-ketoglutarate + NH4+ + NADH + H* glutamate + NAD+ + Hz0 

i) Readion Buffer: 58.3 mM triethanolamine buffer (pH 8.0), 3.00 mM EDTA, 0-136 M 

ammonium acetate, 1.37 mM ADP, 0.28 mM NAOH and 2.75 unitslml lactate 



dehydmgenase. The LDH was diluted from a conœntrated stock (4848 unWml) 

(Sigma, L 2881). The pH of the final solution was adjusted to 8.0. 

ii) 43-7 mM a-KG Solution 

iii) GDH Solution (2451 units/ml) (Sigma, G 2626) 

II Assav ~rocedure 

i) A series of standards were prepared from the GDH Solution in 2-fold dilutions from 

O - 0.25 units/ml. One unit reduœs 1 pmole of a-KG to glutamate per minute at pH 7.3 

and 25 OC. A 50 pi volume of the standards and samples were added to the wells of 

the microtitre plate- 

ii) Next, 160 pl of Reaction Buffer was added to each well and the plate inwbated at 

25 OC for 10 minutes to remove any pyruvate in the sample. 

iii) The reaction was initiated with the addition of 40 pi a-KG Solution. During a 15 

minute inwbation at 25 OC in the THERMO,,, plate reader, the absorbance at 340 

nm was determined every 30 seconds with the instrument in kinetic mode. 

iv) The maximum absorbance change (Vm& dufing the inwbation was determined by 

the SOFTmax software. A standard curve (Appendk B) was derived fmm a plot of the 

maximum change in absorbance against the k n m  activity of the GDH standards. The 

points were fit to a quadraüc equation by SOFTmax. Acb'vity of the samples were 

detemiined from aie standard curve and expressed as pmoles a-ketoglutarate reduced 

to glutamate per minute pet mg of cell protein. 

2.1 4 Statisücal anrlysis 

Unless otherwise indicated, cultures and sample analyses were performed at 

least in duplicate. Values were expressed as the average of the replicates plus or 

minus the standard enor (SE) of the mean. The standard error was calculated as the 

standard deviation divided by the square roat of the number of samples. Statistically 

significant differences were indicated by standard errors which exmeded the difference 



between the means of comparecl samples. Student's t-tests (Pe0.05) were also 

perfomed where indicated using SigrnaPlot. Equations for standard deviation, standard 

enor and &tests are available in Appendix F. 



Ammonium and Ladate Inhibition of BHK, Vem and CC9C10 CdIs 

3.1 Introduction 

The purpose of the follom'ng studies was to explore the use of less 

ammoniagenic substrates than glutamine in animal œll cultures. The selecüon of 

appropriate cell lines to illustrate the effects and any possible benefits of reduced 

ammonium production, however, required preliminary experiments to establish their 

sensitivity to ammonium. 

Cell lines have been characterized as very sensitive, moderately sensitive and 

tolerant of ammonium. The particulat degree of sensitivity depends on bath the cell line 

and culture conditions. Thus, it was necessary to establish the response of cells to 

ammonium under the culture conditions employed throughout the present 

investigations, Commercially valuable cell lines exhibiting some degree of ammonium 

inhibiion would clearly be ideal for studies of low-ammoniagenic media. The three lines 

initially chosen were BHK, Vero and CCSCiO cells. BHK cells are routinely used for 

production of recombinant proteins and veten'nary vaccines. Vero cells are widely used 

for preparation of human vaccines. The CCSCIO line is a typical murine hybridoma and 

potentially useful for elucidating the effeds of reduced ammonium on monodonal 

antibody production. 

The procedure commonly used to study the effects of ammonium inhibition on 

cells is to include varying initial concentrations of an ammonium salt, such as 

ammonium chloride, in the culture medium. For reasons discussed later, this strategy 

may not provide a representative measure of the inhibition due to ammonium produced 

by cellular metabolism. Neveraieless, it yields an indication of relative sensitivities of 

different œll lines under quivalent culture conditions. A comparable method was used 

to examine lactate inhibition although other workers have demonstrated a limited effect 



on cell grawth compared to ammonium. Ladate appears to eliat its inhibitory effects by 

reducing the pH or substantïally increasing the osmolarity of the growth medium. The 

chernical effects of lactate inhibition were disthguished from those induced by pH or 

osmolarity changes by neutralizing the medium after addition of lactate and wmpanng 

growth to cultures with equivalent concentrations of NaCl, 

3.2 Materials and methods 

3.2.1 Ammonium inhibition 

BHK and Vem cells were grown in DMEMIiO % calf semm with 3 mM glutamine, 

1.2 mM senne and a range of ammonium chloride concentrations. CCSClO was grown 

in DMEWIO % FetaClone with 4 mM glutamine and increasing levels of NH4CI. The 

desired series of NH4CI concentrations for ea& ce1 line were prepared from two stock 

solutions of growth media, one with no added ammonium sait and the other with the 

maximum concentration tested. These stocks were mixed together in appropriate 

proportions to produce medium with a specific NH4CI concentration. The highest 

concentration of NH&I examined was 13.5 mM, 40 mM and 20 mM for BHK, Vero and 

CCSCIO cells, respectively. Ammonium chloride of the highest purity available was 

used in these studies to minimize inhibitory effects from impurities. BHK and Vero cells 

were cuitured in triplicate for each concentration of NH4CI in 24-well plates at a volume 

of 1 ml per well. The initial s e d  density was 0.84 X 105 total cdWml for BHK and 

0.80 X 105 total ceIlsiml for Vem mlls. The hybndoma was seeded at an initial density 

of 2.75 X 105 total cellchnl in duplicate 25 cm2 T-flasks with a medium volume of 10 ml 

for each NH4CI conœntration. All cultures were incubated under the standard 

conditions defined in section 2-4. 



3.2.2 Lactata inhibition 

The effects of lactate on the growth of BHK cells were detemined with a 

methoâ analogous to that used to examine ammonium inhibition. The growth medium 

was DMEW10 % donor calf serum with 1.2 mM serine, 3 mM asparagine, 4 mM 

glutamine and various additions of sodium ladate. Two stock solutions of growai media 

wîth O and 125 mM sodium lactate were mîxed to provide the anay of lactate 

concentrations. The pH of the stock medium containing 125 mM lactate was adjusted to 

pH 7.4 to eliminate the effects of growth inhibiin due to reduced pH caused by the 

lactate. An identical set of growth media was prepared wiai additions of NaCl in place 

of lactate. The cells wem seeded at an initial concentration of 1.0 X 105 total cellslml in 

a 1 ml volume in 24-well plates with duplicate samples for each lactate and NaCl 

concentration. Incubation condiïns were described previously (section 2.4). 

3.3 Resub 

3.3.1 Ammonium inhibition 

The effects of ammonium chloride on growth rates and cell densities were 

examined for each of the t h e  cell lines- In Figure 34a, the exponential phase specific 

growth rate at each NH4CI concentration is expressed as a percentage of the control 

which contained no initial addition of ammonium sak Each of the cell lines exhibits a 

different response to the added ammonium. The growür rate of BHK cells decreased 

Iinearîy wïth increasing NH4CI concentrations. The Vem growth rate declined marginally 

over the wide range of NH4CI concentrations examined. The hybridome was tolerant to 

ammonium up to 10 mM but the gmwth rate rapidly decreased beyond this 

concentration. The sensitivity of each of the cell lines can be defined more 

quantitatîvely with the assignment of an I.C.50 value. The I.C.50 designates the 

inhibitoy concentration of NH4CI which reduœs the specific growth rate by 50 96. The 

I.C.50 values were 8 mM and 16 mM for BHK and CCSCIO cells, respecüvely. A value 



could not be detennined for Vero wlls because ammonium chloride as high as 40 mM 

decreased the specific gmvth rate by less than 15 %, Figure 3-lb illustrates the ceIl 

densities after -3 days for BHK œlls and -4.5 days for Vero and CCSClO cells at each 

NH&l concentration as a percentage of the conttol with no added ammonium. The 

effect of ammonium on œll density was simifar to that observed for the growai rate. An 

1-C.50 of 9 mM for BHK and 15 mM for CCgClO cells was comparable to that obtained 

ftum the spetific growth rate. Once again. an I.C.50 could not be derived for Vero cells 

as densities were reduced by only 40 % in the presence of 40 mM NH4CI. Vero cell 

concentrations, however, were affected to a greater extent by ammonium than was 

noted for the specific growth rate as were CC9C10 densities below 1 O mM NH4CI. 



Figure 3-la-b. The effect of NH4CI on (a) speciffc giaivth rates and @) cell densities of 
BHK, Vero and CCSClO cells. BHK and Vero cells were cultured in triplicate (n=3) in 
24-well plates. Total cell concentrations were evaluated by counting each well twice by 
Coulter counter. CCSClO cells were grown in duplicate T-Rasks (n=2) for each NH4CI 
concentration. Total œll concentrations were determined by counting samples fmn 
each flask by haemocytometer. The specific growth rate (p) was calculated from 
exponential growth conespnding to 2044 houn for BHK, 22-93 hours for Vero and 
23-45 hours for CCSClO cells. The effect on cell densities were evaluated after 68 
hours for BHK, 117 hours for Vero and 1 12 hours for CCSClO cells. The percent of 
control growth rate and cell densities were calculated relative to the cultures with no 
added NH4CI. In al1 cases. points npmsenting an average of replicate counts were 
plotted and the standard error of each was 4 0  % with respect to the mean. 
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3.3.2 Lactate inhibition 

The effeds of sodium lactate and NaCl on the exponential phase specific 

growth rate of BHK cells were very similar as depicted in Figure 32a. The I.C.50 was 

102 mM for both lactate and NaCl which is an order of magnitude higher than obsewed 

for NH4CI. Inhibition of œll densities rneasured after -3 days of growth is shown in 

Figure 3-2b. The impact on cell densities was more marked than obsenred for the 

specific growth rate. In addition, lactate had a more signifiant effect on cell densities 

than NaCl. Ladete yielded an I.C.50 of 54 mM Mile the value for NaCl was slightly 

higher at 70 mM. The I.C.50 values for NHgCI. lactate and NaCl are summarized in 

Table 3-1. 



Figure 3-2a-b. Effed of lactate and NaCl on (a) specific growth rate and (b) cell density 
of BHK cells. Duplicate cultures (n=2) for each ladate and NaCl concentration were 
grown in 24-well plates. Total cell concentrations were determined by counting each 
well twice with a Coulter counter. The specific growth rate was calculated from 
exponential growth conesponding to 23-46 hours for lactate and 2245 hours for NaCI. 
The effed on cell density was detemined from the cell concentrâtion after 71 hou= for 
lactate and 69 hours for cells grown with NaCI. The percent of control growth rate and 
cell density were expresseci as a pemntage relative to the medium with no additions of 
inhibitor. Points are an average of replicate counts and standard emr  for each was 
e l  0 % relative to the mean. 
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Table 3-1. Summary of 1C.w values for inhibition of BHK. Vero and CCQCIO œlls by 
NH4CI. lactate and NaCI. The 1.C.m determined fiom the effect on speciçc granith rate 
(p) and the total cell concentrations (N) are Iisted for each cell Iine. 

Gmwth parameter used to determine I-C.50 

P N Cr N P N 
1 

, Inhibitor 1 BHK 1 Ver0 1 CC9C10 

I ladate 
102 mM 54 mM N.D. N.D. N.D. 

N-D- l 1 N ~ C I  102 mM 70 mM N.D. N.D. N.D. N.0- I 
N.D. is not detemiined 



3.4 Discussion 

Ammonium has been corisidemd for sorne time as a primary inhibitor of animal 

cell cultures (Ryan and Cardin, 1966, Butler et al., 1983, Glacken et al., 1983 and 

Butler and Spier, 1984). The effects on cell growth and cell densities were assessed by 

the addition of ammonium chloride directly to the cuiture medium as shown in Figure 

3-1. The different sensitivities of BHK, Vero and CCSClO cells to ammonium (Table 

3-1) were expected as other invesügators have noted varying degrees of inhibition 

among cell lines. Hassell et al- (1991) studied ammonium inhibition in 8 cell lines and 

categorized each aocording to the effect of a 2  mM NH4CI addition to the culture 

medium on cell yields. The first group was characterized by a tolerance to ammonium 

with little or no growth inhibition ( 4 4  %) compared to controls. The second group was 

moderately sensitive, demonstrating reductions in cell densities by 50-60 %. The third 

group was very sensitive to the NHqCl with decreases of ~ 7 5  %. Among the cell lines 

they studied, Vero cells were placed in the first category, as no reduction in cell yields 

were apparent at 2 mM NH4CI and the 1-C.50 was ~ 2 . 5  mM. Altematively, the cell 

density of BHK cells was reduced 80 % by 2 mM NH&l and the I.C.50 was 1.3 mM. 

mus, the BHK line was an example of the third group which is most sensitive to 

ammonium inhibition. On the other hand, an I.C.50 of 2.5 mM was reported for BHK 

cells in another study (Butler and Spier, 1984) and an even higher value was denved in 

the present investigation. The t.C.50 determined fmm the effect on cell density was 

9 mM and >40 mM for BHK and Vero cells, respectively (Table 3-1). Thus, the cells 

appeared to be much less sensitive to ammonium than noted in earlier investigations. 

Despite the elevated I.C.50 values show hem, BHK and Vero cells were cleady at 

opposite extremes regarding their toleranœs to ammonium. In other words, the same 

relative sensitivities obsewed by other workers were still apparent, the former being 

very sensitive while the latter is tolerant CCSCIO demonstrated an intermediate fevel of 



sensitivity beniireen these two œll lines. Hybridomas are typically moderately sensitive 

or tolerant to ammonium with I.C.50 values of 2-10 mM (Ozh~rk et al., 1992). 

The variable sensitiviües to ammonium, not only among different cell Iines but 

also by the same ceIl line in diierent studies, suggest that culture conditions and the 

history of the cell line may have a pmfound influence on the response to ammonium. 

For instance, Wentz and Schügerl (1992) reported a reduction in the specific growth 

rate of suspension BHK cells grom in Roux flasks from 0.051 hrl to 0.01 1 hrl upon 

addition of 17.7 mgiL NH4CI. This is equivalent to an I.C.50 of less than 0.33 mM and a 

degree of sensitivity much greater than observed by other investigators. In contrast to 

the Roux cultures, however, the addition of 100 mgR (1.87 mM) NH4Cl had no effect 

on the BHK œlls grown in a sürred bioreactor. The authors surmised the pH control in 

the bioreactor and displaœment of NH3 from the vesse1 by indirect aeration resulted, at 

least in part, in the reduced sensitivity to ammonium- Doyle and Butler (1990) had, in 

fact, previously indicated the degree of ammonium inhibition was related to the pH of 

the culture medium. A negative correlation was found between the 1.C-50 and the pH of 

the medium. This was postulated to be the result of an inaeased proportion of NH3 in 

the medium, which readily d i i ses  through cell membranes and into cells, as the pH is 

raised. It was further speculated that the variable response of cell lines to ammonium 

may be to some degree related to the differences in culture conditions such as medium 

pH. Other workers have found that the composition of the culture medium affects 

sensitivity to ammonium. lio et al. (1985) described a 64 % reduction in the ceIl 

numbers of a mun'ne myeloma grown in serurn-free medium in contrast to a 30 % 

demase in the presence of senim. The highu I.C.50 values obtained for BHK and 

Vero cells in the current study may be indicative of more favorable or optimal culture 

conditions. This wuld result in the reduced sensitivity to ammonium compared to earlier 

investigations. 



The methodology of adding inhibitors d i d y  to the growth medium introduces 

an additional factor that affects the sensitivity of cells to ammonium. Marb'nelle and 

HaggsWrn (1 993) have suggested ammonium producd from cellular rnetabolism may 

be more inhibitory than that originating externally from decomposition of glutamine or 

addiion of ammonium sa& to the culhire medium. The NH4+ generated intracellularly 

by mitochondrial enzymes such as glutaminase and glutamate dehydrogenase results 

in an addification of the mitochondrial ma- This could weaken the proton gradient 

aaoss the mitochondria and thus reduœ ATP production. Externally supplied NH& 

conversely, induœs an inuease in the pH of the mitochondria, perhaps enhancing the 

proton gradient and impmving the energy status of the cell. In contrast, a recent report 

by Newland et al. (1994) dernonstrated cells may adapt more readily to the gradua1 

increases in ammonium which would be generated by cellular metabolism compared to 

the sudden increases resulting from the addition of ammonium salts to the medium. 

They found the SPOl hybridoma was not inhibited by a low rate of wntinuous addiion 

of NH4CI up to a concentration of 12.5 mM in a stirred bioreactor. In contrast to Mis 

fed-batch system, the cells had an I.C.50 of 3 mM for ammonium in batch culture. In 

continuous culture, $tepWise increases in ammonium resulted in a transient inhibition 

followed by stabilüation of cells at a lower density. Thus, the dynamic conditions in the 

culture also influence the sensitivity of cells to the inhibitor which may not be reflected 

by its immediate addition to the medium. A number of competing variables are 

therefore likely to detennine the overall response of each cell line to ammonium and 

are likely to Vary, at hast to some degree, in each experiment The result is manifested 

as contfasüng I.C.50 values mported by different laborotories. Nevertheless, the 

inhibition studies desdbed above estabtished the importance of reducing ammonium 

accumulation in the medium and provideci the rationale for examining the respanse of 

cultured cells to a lwarnmoniagenic medium. 



The addition of ladate to animal cell cultures followed by adjustrnent of the 

medium pH to neutrality is a common practiœ to distinguish the chernical effects of 

lactate from the inhibition due to acidirfi-on of the medium. Lactate inhibition studies 

were sirnilady perfomed with BHK cells as shown in Figures 3-2 and Table 3-1. figure 

3-2a reveals the effed of sodium lactate on the specific growth rate of BHK cells. The 

I.C.50 was ,100 mM, IO-fold greater than observed for ammonium. The effects of NaCl 

were virtually indisünguishable from those of the lactate. In addition, equivalent 

concentrations of sodium lactate and NaCl induced identical increases in medium 

osmolarity suggesting inhibition by the former may be entirely due to elevation of 

osmolarity. However, Figure 3-2b indicates lactate is somewhat more inhibitory than 

NaCl based on their effects on cell density wïth l.C.50'~ of 54 and 70 mM, respectively. 

These contrasting values can be explaineci by differences in the extent of the lag 

phase, growth rate and duration of the exponential phase induced by each of the 

substances. Most of the inhibitory action of lactate can be attributed to osmotic effects 

but a minor component appears to be due to other uncharacterireci biochemical effects. 

These conclusions are similar to those reported by Ozturk et al. (1 992) where the effect 

of lactate on mutine hybndoma ceil line 167.465.3 was examined. Lactic acid was 

added to the culture medium at various concentrations up to 69 mM and neutralized to 

compensate for the decrease in pH. An initial lactate concentration of 23 mM had minor 

effects on !he specific growth rate- Inhibition was noted at higher levels but appeared to 

be the resuit of increased osmolarity at lactate concentrations up to 40 mM. Inhibition of 

growth rate due to direct chemical effects of lactate became apparent only at levels of 

40-50 mM. The chemical effects of lactate and the mechanisms of inhibition, hawever, 

were not defined. 

Alaiough œll yields wre  affected to a greater extent than growth rates, 

neutralized lactate remained a mlatively mild inhibiior wmpared to ammonium. These 

findings are consistent with previous studies. Hassell et a/. (1991) describeci lactate 



inhibition in three cell lines with different sensitivities to ammonium. Lactate 

conœntrations up to 20 mM had negligible effeds on the cell yields of BHK, McCoy and 

Vero cells which repmsented cell Iines with a high, moderate and a low degree of 

ammonium sensiüvity, respectively. Wentz and Schügeri (1991) also reported no 

inhibition of BHK œlls at ladate conœntrations up to 2.5 glL (28 mM) and only a much 

higher level of 9.5 g/L (105 mM) caused signifiant reductions in viable ceIl 

concentrations in Roux flasks. They also observed lacfate had l i e  effect on grawth 

rate and cell densities at 4.5 gA (50 mM) in a stined reactor with pH control. High 

concentrations of lactate have similarly b e n  found to have little or no inhibitory effect 

on murine hybridomas (Reuveny et al., 1986, Glacken et al., 1988 and Miller et al., 

1988). Ozturk el a/. (1992) reported the I.C.50 of 55 mM for lactate with the mouse 

hybndoma 167.465.3 was more than 10-fold higher than the value observed for 

NH4CI. 

The present studies, supported by previous investigations, suggest that 

ammonium in animal cell cultures would lirnit growth in advanœ of the accumulation of 

inhibitory levels of lacîate. Wai pH control or cultures with supplementary buffets, the 

effects of lactate are minimized. Consequently, the reduction of ammonium by 

replacing glutamine with less ammoniagenic substrates appeared a more plausible 

strategy for improving gro* and produchivity of culturd cells and was the focus of 

subsequent studies. CCSC10 and BHK cells were seleded as model cell lines in this 

type of medium because of their sensitivity to ammonium. Vem cells were not 

considered further as reduced ammonium yields would have a limited impact on an 

ammonia-tolerant cell line. 



Chapter 4 

Gmwth and PmductMty of a Murine Hyôridomr in Dipeptide Media 

4.1 Introduction 

Following the seledion of appropriate cell lines susceptible to ammonium 

inhibition, efforts were directed -rd development of lourcammoniagenic media. Other 

investigators have considered repl-ng glutamine with more stable and less 

ammoniagenic analogues. In some cases, glutamate may be an acceptable substitute 

for glutamine (Gnffiths and Pi& 1967 and Hassell and Butler, 1990). However, not al1 

cell lines adapt to glutamate-based media (Eagle et al., 1956). This may be the result of 

a deficiency in the inducibility of glutamine synthetase (Griffiths, 1973) or an inability to 

transport the arnino acid into the œll at a suffident rate to sab'sfy cellular demand 

(McDennott and Butler, 1993). Glutamine-containing dipeptides such as ala-gln and 

gly-gln have been mnsidered as altemative replacements (Roth et al., 1988, Minamoto 

et al., 1 991 and Holmlund et al., 1992). 

The suitability of both glutamate and glutamine-containing dipeptides as 

substitutes for glutamine in mutine hybndoma cultures was investigated using CC9ClO 

as a mode1 cell line. An acceptable substitute should reduce ammonium accumulation 

and sustain high growai rates and cell yields without Iimiting aie productivity of the 

culture over numerous generations. These criteria established dipeptides as the most 

effective replacement for glutamine. The changes in growth and metabolisrn associated 

with the reduced availabiiii of glutamine and lower levels of the ammonium inhibitor 

were analyzed in dipeptide media. In addition, the potential of the dipeptides to improve 

the stability of the medium was investigated. 



4.2 Materials and methods 

4.2.1 Culturis conditions 

The a b i l i  of CCSClO to graw in the presence of glutamate was examined in 

DMEW10 % FetalClone with 4 mM gln and I O  mM L=glu or û-glu. The effet3 of a range 

of L-glu concentrations up to 10 mM was also examined in DMEW10 % FetalClone wiai 

4 mM glutamine. Oipeptide media consisting of DMEWlO % FetalClone with either 

6 mM ala-gln, 6 mM gly-gln or 20 mM gly-gln were evaluated relative to the contra1 

containing 6 mM gln. mese cultures wene designated DMEWala-gln, DMEWgly-gln 

(6 rnM or 20 mM) and DMEWgln, respedively. The glutamine concentration of 

FetalClone (which is derived from bovine serum) was detemined to be less than 50 pM 

(see Appendix G) and did not contribute significantiy to glutamine levels in the complete 

media. Cells were allowed to adapt to the dipeptiâes by subculturing in the presence of 

each substrate for at least 6 passages (-24 generaüons) prïor to the expenmental 

work. For al1 experiments, cells were cultured at the standard temperature and 

atmosphere desaibed previously (section 2.4). 

4.2.2 Cell enumemtion 

Cell counts were determined by the trypan blue exclusion method and the 

Neubauer haemocytometer or with the Coulter counter (section 2.8) as specified for 

each experirnent 

4.2.3 Analysis of media compomnts 

Amino acid concentrations were evaluated by HPLC with the G18 reverse 

phase colurnn following derivatization with ephthaldialdehyde (section 2.11.4.2). 

Glutamine was measured independently with the glutaminase assay (section 2.1 1.4.1). 

Ammonium was detemined with the gas-sensing electtode (section 2.1 1.2). Glucose 

and lactate were analyzed wiar the YSI industrial analyzer fitted with appropriate 



membranes (section 2- 1 1.1 - 1)- Monodonal antibody concentrations were detemined 

with the ProAnaMabs column (sedion 2.11.3). Specific consumptïon and production 

rates of metabolites were calculateci by Equation 4 (section 2.1 1.5)- 

4.2.4 Determination of intracellular amino acids and dipeptides 

Cells were seeded in duplicate T-150 flasks in DMEM/gln, DMEM/ala-gln and 

DMEMIgly-gIn (20 mM) (50 ml/ flask) at a density of -1 X 106 viable cellrlml. Following 

incubation for 24 hounr, mlls (-1 X IO*) were pelleted at 250 g (saving supematant for 

extracellular metabolite analysis), washeâ with D-PBS and pelleted once again. The 

pellets were resuspended in 1 ml of 5 mM Tris-HCI, pH 7.5 with 0-15 % SDS and 

sonicated 3 X for 30 seconds on ice. The resulüng lysates were œntrihrged at 31 000 g 

for 90 minutes at 4 OC. Supernatants were lyophilized, resuspended in 2 ml of water 

and stored at -20 OC until ready for analysis. Amino acid and dipeptide concentrations 

in the supematant were determined by HPLC analysis (section 2.1 i -4.2). lntracellular 

metabolite calculations were based on estimating the total volume of the cells lysed 

using the method of Schmid and Blanch (1992). Cells were assumed to be spheres 

with an average diameter (d) of 16.5 Mm determined by measurement with a 

micrometer. Cell volume was detemined from the equation: 

v = nd3/6 (6) 

4.2.5 Stability of dipeptides 

The suitability of dipeptides for heat-sterilization was evaluated. Aqueous 

solutions with 6 mM glutamine or dipeptides were autodaved (120 O C  at 1 10 kPa for 20 

minutes) Mile control samples remained on ice. The remaining dipeptide 

concentrations were evaluated from the glutamine released following incubation with 

0.1 mg/ml cell lysate pmtein in e 250 pi vokme of 0-PBS/SO mM HEPES, pH 7.4, for 8 

hours. The cell lysates contained peptidase advity which hydrolyzed the dipeptide. The 

CC9Cl O ceIl lysate was prepared by sonication of -3 X 108 cells (3 X 30 seconds on 



iœ) in 0-PBS wïth 50 mM HEPES, pH 7.4- Cell debris was removed by centrifugation 

(31 000 g for 90 minutes at 4 OC) and filtration of the supernatant thmugh a 0.2 pm 

filter. The protein content of the lysate was evaluated by the bicinchoninic acid assay 

outiined previously (sedon 2.10). After incubation with the lysate, samples were 

assayed for glutamine using the specific enrymatic meoiod described previously 

(section 2.1 1.4.1). 

The chernical stability of glutamine and dipeptides was compared in DMEWgln, 

DMEM/ala-gln and DMEWgly-gln (6 and 20 mM) with and without I O  % FetalClone- 

Each medium was maintaineci at pH 7.4 with 20 mM HEPES. Each medium was added 

to duplicate 75 c d  T-flasks (25 rnUfïask). Following a 4 day incubation at 4 *C and 

37 OC, ammonium concentrations in each sample were measured (section 2.1 1.2). 

The susceptibility of dipeptides to hydrolysis by serum enzymatic activity was 

also studied. Peptidase activity in the serum supplement was investigated in DMEM 

with dipeptides (100 mM ala-gln or gly-gln) and containing either no semm or 10 % 

untreated or heat-treated FetalClone. DMEM with untreated serum and no added 

substrate was inciuded for cornparison- The heat-treated senim was incubated at 

65 OC for 30 minutes before addition to the medium. The pH of the media were 

controlled at 7.4 with 50 mM HEPES. Samples were added in duplicate to the wells of a 

96 wel plate (100 phvell) and incubated 24 houn at 37 OC. The inaeases in glutamine 

content in aie samples after the incubation were detemined by the glutaminase assay 

(section 2.1 1 -4.1). 



4.3 Resulb 

4.3.1 Gmwth in glutamate mdium 

Initial attempts to adapt CCSClO to a medium substituted with glutamate were 

performed by subcuituring cells into a medium mntaining both glutamine and a high 

concentration of glutamate. The glutamine level would subsequently be reduced with 

each subculture until it was eliminated, thereby allowing cells to adapt over numerous 

passages. Figure 4-la shows the growth of the hybridoma in medium containing 4 mM 

gln and either 10 mM L-glu or D-glu. The indusion of L-glu in the medium exacerbated 

the lag phase and reduced the growth rate and final cell density achieved compared to 

the control without glutamate. On the other hand, the nonbiological enantiomer D-glu 

elicited a less pronounœd inhibiion of cell growth. This implies inhibition by L-glu is 

primarily due to specific biochemical effeds rather than a nonspecific mechanism such 

as a change in medium osmolarity also induced by D-glu. 

Additional studies demonstrated that reducing the level of glutamate did not 

impmve growth (Figure 4-lb). Concentrations as low as 2 mM Lqlu produced a 

signifiant growth reduction mi le  10 mM in this case was almost completely inhibitory. 

Adding 10 mM glutamate after -3 days resulted in a normal lag phase and initial growth 

rate compared to the contml (O mM glutamate) although the inhibitory effects were 

evident after the addition. Inhibition appeared more extensive than the previous 

expenment at 10 mM L-glu indicafing some variability in response to glutamate with 

culture conditions or the state of the cell inoculum. However, the inhibitory effect 

observed even at low concentrations suggested glutamate would not be a viable 

replacement for glutamine. This was confirrned when attempts to adapt cells to lower 

glutamate with gradua1 reducüons in glutamine conœntration wem ineffective. Further 

efforts to adapt wlls to glutamate medium were therefore discontinued. 



Figure 4-la-b. The effect of glutamate on the growth of CCSCIO œfls. (a) The culture 
medium was DMEM/lO% FetalClone with 4 mM glutamine and either O mM glu (O), 
10 mM L-glu (O) or 10 mM D-glu (A). Viable œll concentrations were detennined by 
haemocytometer counts. (b) Celfs were also culturd in the same medium with 4 mM 
gln and a range of L-glu concentrations: O mM (O), 2 mM (O), 4 mM (O), 8 mM (a), 
10 mM (*) and O mM initially with 10 mM added after -3 days (71 hours) (e). Total cell 
concentrations were evaluated with the Coulter counter. The hybridoma was grown in 
dupliate (n=2) 25 T-flasks for each of the wltunw in both experiments. Duplkate 
counts were averaged and plotted f standard emr (SE). 
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4.3.2 Dipeptide medium 

4.3.2.1 CeII gmwth and productivity 

The CCSClO hybndoma grew in media supplemented with glutamine (6 mM), 

ala-gln (6 mM) or gly-gln (20 mM) to rna>cimum densities >2 X 106 viable cellrlml within 

5 days (Figure 4-2). Cell yields of the dipeptide cultures were slightly higher (14 YO for 

DMEMîgly-gln) compared to DMEMIgln. In cultures containing 6 mM afa-gln or 20 mM 

gly-gln, no deterioration of celt gtowth was apparent even after more than 40 passages. 

However, growth and ceIl yield in gly-gln (6 mM) was poor with an insignifiant increase 

in cell concentration before 5 days. Consequently, medium with a low gly-gln Ievel was 

not cansidered acceptable for the grawth of the hybndoma. 

A decrease in viable cell concentration occurred during a lag phase (initial 24 

hours) in the ala-gln and gly-gln cultures. This resulted in the maximum cell yield 

occumng later in the culture compared to the glutamine-based control. The lag period 

was characterized by a substantial decrease in viability (%) of the cells grown in 

dipeptide-based media as measured by trypan blue exclusion (Figure 4-3). This 

suggests that there was a loss in membrane integrity and possibly cell lysis during this 

period. The lag period was also associated with dipeptide hydrolysis and a concomitant 

increase in glutamine concentration in the medium (discussed below). 

The possibility that a low initial concentration of glutamine could reduce the lag 

phase in the presenœ of a dipeptide was investigated by the addition of 0.5 mM gln to 

a DMEWgly-gln (20 mM) culture. As show in Figure 4 4 ,  this low-level supplement of 

glutamine eliminated the lag phase and a H d  the culture to mach a maximum cell 

density 24 hours earlier. 

Monoclonal antibody concentrations were measured daily thmughout the culture 

period. In al1 cultures, the rnAb concentration was proporüonal to the integral of the 

viable cell concentration and time (viable ceIl index). The rnAb production was not 

significantiy different between DMEMIgln, DMEWala-gln and DMEWgly-gln (20 mM) 



cultures (Figure 4-5) reaching a maxÏmum concentration of -200 pgiml and a specific 

production rate of 1 .CL1 -3 pg per 106 celb per hour. 



O 50 I O 0  150 200 250 

Time (hours) 

Figure 4-2. CC9ClO tell growth in media supplemented wïth glutamine or dipeptides. 
The hybridomas wem grown in media with 6 mM gln (0). 6 mM ala-gln (O), 6 mM 
gly-gln (e) or 20 mM gly-gln (O) in duplicate 25 d T-Rasks (n=2). Viable cell 
concentrations were detennined by daily counting of each flask with a 
haemocytometer. Each point represents an average of replicate counts from each 
medium I SE. 



Figure 4-3. The viability of CCSClO cells in glutamine and dipeptide cultures. Cells 
were grown in media supplemented with 6 mM In (O), 6 mM ala-gln (O), 6 mM gly-gln 
(+) or 20 mM gly-gln (0) in duplicate 25 A T-flarks (n=2). The viability (%) war 
detemiined from the number of viable cells (which exduded trypan blue) as a 
percentage of the total cells duting the munting procedure. The duplicate flasks from 
each medium were munted twice and each point represents the average. The standard 
emr  associated with most points was 4 0  % of the mean. 
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Figure 44 .  CC9C30 cell growth in DMEM/gly-gln with and without a low level of 
glutamine. The cells were grown in media supplemented with 20 mM gly-gln with (O) 
and without (O) the addition of 0.5 mM glutamine h duplicate 25 cm2 T-flasks. Viable 
cell concentrations were determinecl daily by haemocytometer counts. Duplicate points 
were averaged and plotted i SE. 



Figure 45. Monodonal antibody production by CC9ClO cells in glutamine and 
dipeptide media. The media were supplemented with 6 mM glutamine (O), 6 mM 
ala-gln (O) or 20 mM gly-gln (O) in duplicate 25 cm2 T-flasks (n=2). Antibody 
concentrations were detemined from daily samples from each of the different media. 
The duplicate values were averaged and points plotted I SE. 



4.3.22 Subsbate utilkation and by-product formation 

4.3.2.2.1 Glutamine and ammonium 

Concentrations of glutamine and ammonium were detemined from daily 

samples of the three cultures show previously induding DMEWgln, DMEWala-gln and 

DMEWgly-gln (20 mM) (Figure 4-6). In DMWgln, the glutamine content of the medium 

was completely depleted in 116 hours wiai a concomitant increase in ammonium 

concentration to 4.4 mM. This can be expressed as a metabolic coefficient 

(ammonium/glutamine) of 0.73 which is typical for glutamine-based cultures (Hassel1 

and Butler, 1990). In DMEWala-gln, the glutamine concentration increased to 4.2 mM. 

This may be associated with a peRod of rapid dipeptide hydrolysis occumng in the lag 

phase. The initial increase in glutamine concentration in DMEWgly-gln was 

considerably lower (1.4 mM) despite the higher original content of dipeptide (20 mM). 

This indicates that the enzymatic actÏvity associated with peptide hydrolysis has a 

higher specificity for ala-gln than gly-gln. 

A specific glutamine mnsumption rate (91 -6 nmol per 106 cells per hour) was 

detennined for DMEWgln (Table 4-1)- Values wuld not be detennined for dipeptide 

cultures because of the simultaneous process of dipeptide hydrolysis and glutamine 

consumption by the cells. The glutamine content of the dipeptide cultures increased 

rapidly in the first 24 hours of the culture. However, it is apparent that during the 

exponential gmwth phase, the cellular consumption of glutamine from dipeptide 

cultures was equal to or greater than the rate of its release by dipeptide hydrolysis. The 

increase in glutamine concentration during the dedine phase of the DMEMlgly-gln 

culture may be explainecl by a period in which the rate of dipeptide hydrolysis was 

higher than the cellular glutamine mnsumption. 

Table 4-1 indicates that the specific ammonium production during the 

exponential phase of gmwth was slightiy lower in DMEMlala-gln (43 nmol per 106 cells 

per hour) mmpared to DMEMlgln (57 nmol per 106 celk per hour), although the final 



ammonium concentration (4.5-5 mM) was not reduœd. In DMEWgly-gln, the specific 

ammonium production (23 nmol per 108 cells par hour) was substantially lower (60 %) 

cornpared to DMWgln as was the final ammonium concentration (3.5 mM). 

4.3.2.2.2 Glucose and lactate 

Daily measurements were made of glucose and lactate concentrations in the 

three cultures. In al1 cases, the glucose was almost completely consumed with a 

concomitant increase in lactate concentration. For DMEMIgln, the glucose was nearly 

depleted in 5 days an assoaated metabolic coefficient (lactate/glucose) of 1.7 

(Figure 67) .  The lactate/glucose coefficient for the dipeptide cultures was similar with a 

value of 1.6. Ouring expnential cell gmvth, the speci-fic glucose consumption rate of 

the DMEWgly-gln culture at 176 nmol per 106 cells per hour was nearly 50 % lower 

than in the DMEWgln culture (Table 4-1). The equivalent rate in DMEWala-gln (295 

nmol par 106 cells per hour) was 13 % lower than for DMEMlgln. The reduced glucose 

consumption in DMEM/gly-gln resulted in almost a 50 % decrease in specific lactate 

production (373 nmol per 106 cells per hour). 



Figure 4-6. Glutamine and ammonium concentrations in CC9C10 cultures. The 
hybndomas were grown in media containing 6 mM glutamine (0.a). 6 mM ala-gln 
(0.i) or 20 mM gly-gln (O,+) in duplicate 25 un2 T-f)esks (n=2). Glutamine (open 
symbols) and ammonium (dosed symbols) were deterrnined from daily samples taken 
from the cultures. Duplicate samples were averaged and plotted * SE. 



Figure 4-7. Glucose and lactate concentrations in CC9C10 cultures. The cells were 
grown in media containin 6 mM glutamine (O,.), 6 mM ala-gln (O,=) or 20 mM gly-gln I (O, +) in duplicate 25 cm T-flasks (n=2). Glucose (open symbols) and lactate (closed 
symbols) were detemined from daily samples taken from the cultures. Duplicate 
samples were averaged and plotted î SE. 



Table 4-1. Specific rates of metabolite consumption (-) and production (+) during the 
expanential phase of CCSClO œlls grown in glutamine and dipeptide media. The 
culture media induded OMEM + I O  % FetalClone with 6 rnM gln, 6 mM ala-gln or 
20 mM gly-gln- The exponential phase in DMEWgln, DMEWala-gln and DMEM/gly-gln 
conesponded to 20-68 houn, 4S93 houn and 68-117 hours, respedively. Values are 
the means * SE of duplicab samples (n=2). 

Speoit- pmducüon (+) and amsumpüon ) rates per 106 cells C- (nmol l@ ceils h r  ) 

J.D. is not detennined 
Cellular produdion or consumpüon rates could not be detemined due to additional production 

of amino acid fmm hydrolysis ofdipeptide. 
Consumpüon andlor pmdudiar Mes wem maIl  and variable 

c Could not be quantlfied by HPLC analysis due to co-elution with gly-gln peak 



4.3.2.2.3 Arnino acid consurnption or production 

The specific rates of consumption or production of amino acids in three cultures 

(DMEWgln, DMEMlala-gln and DMEIWgly-gln) were detemined fmm daily 

measurements of the amino acid content of the culture medium (Table 4-1)- Apart fmm 

glutamine. 6 amino acids showed high rates of cellular consumption (+5 nmoi per 108 

cells par hour) in the three cultures - arg. ile, leu. lys. thr and val. For these 6 amino 

acids, the specific rates of consumption were significantly fower in DMEM/gly-gln 

compared to DMEWgln. These amino acids (except arg) also showed lower speafic 

consumption rates in DMEMîala-gln compared to DMEWgln. 

There was a high net production of alanine in DMEWgln (34.6 nmol per 106 

cells per hour). although the rate was significantly lower (57 %) in DMEWgly-gln. The 

equivalent cellular production rate of alanine could not be detemined in DMEWala-gln 

due to the additional release from dipeptide hydmlysis. Four other amino acids (am, 

asp, glu and gly) increased in concentration during the culture but no significant 

differences in calculated specific production rates were observed between cultures. 

4.3.2.3 lntracellular dipeptide and amino acid concentrations 

lntracellular and extracellular concentrations of 18 amino acids and dipeptides 

were measured after a 24 hour incubation of cells (106/ml) in DMEM/gln. DMEMIala-gln 

and DMEWgly-gln (Table 4-2). This would indicate if dipeptides or their hydrolytic 

products accumulated intracellularly. 

The concentrations of glutamine and the dipeptides decreased substantially in 

the culture supernatant over the incubation period. However, the dipeptides were not 

detected in the intracellular samples of either DMEWaIa-gln or DMEWgly-gln. This is 

compatible with the idea that the dipeptides are hydrolyzed in the culture medium pnor 

to uptake of the products into the cells (discussed in the follawing chapter). The 

hydrolytk products ala and gly were substantially higher in the intracellular samples of 



DMEWalakgln and DMEWgly-gln at 9.6 and 27-6 mM, res-vely, corresponding to 

elevated extracellular concentrations of these amino aüds- 

In most cases (exwpt where indicated in Table 4-2), the amino aad 

concentrations were significantl y hg  her in the intraœllular environment compared to 

the culture supernatant Such accumulation against a concentration gradient is typical 

for active transport of aie amino aads into the œll. For 12 amino acids (asn, asp, glu, 

gln, his, ile, leu, lys, met, phe, ser and val), the intracellular concentrations in 

DMEWala-gln and DMEWgIy-gln were significantly lower than in DMEWgln. This is 

compatible with the data presented in Table 4-1, although the diierences between 

cultures may be greater for this short incubation expenment (24 hours) because it 

covers the lag petid of the dipeptide cultures. 



Table 4-2. Extracellular and intracellular metabolite concentrations of CCSClO cells 
grawn in glutamine and dipeptide media, Concentrations were measured after 24 hours 
in cultures with DMEM/îû% FetalClone and 6 mM gln, 6 mM ala-gln or 20 mM gly-gln. 
Values are the means I SE (n=2). 

€xtracellular concentration (pM) lntracellular concentfation (CiM) 

Medium : DMEMI 

dipeptides) 
b The extracellular concentration is not significsntly different from the intracellular according to a 
t-test cornparison (P<O.OS). 
c The intracellular concentration is not significantly different m m  the intracellular concentration 
in DMEWgln (P<O.OS)- 
d The intracellular concentration is not significantly different fmm the intracellular concentration 
in DMEWala-gln (PeO.05). 

aion was below the threshoîd of detedion 

- 

( 4 0  PM for amino acids and < 50 VM for 



4.3.2.4 Stomge and stability of dipeptick media 

The thermal stability of glutamine and dipeptides was examined by autodaving 

6 mM solutions of each for 20 minutes. Final glutamine concentrations were quantified 

by the glutaminase assay. Dipeptide concentrations were detennined by incubating 

dipeptide solutions with cell lysates for 8 hours prior to perfonning the assay. Figure 4-8 

shows that glutamine was almost completely degraded after autoclaving with only 10 % 

of the initial concentration remaining. However, the dipeptide concentrations were not 

significantly reduced by autoclaving. For both ala-gln and gly-gln, the final 

concentration was >95 % of the on'ginal, a change within the error limits of the assay 

system. 

The decomposition of dipeptides and producüon of ammonium was campared 

with that of glutamine by incubation of culture media at 4 OC and 37 OC for 4 days 

(Figure 49). The ammonium concentration of glutaminecontaining DMEM at 37 OC 

accumulated to 1.66 mM which represents 28 % decomposition of glutamine, assuming 

only deamidation has occurred. Glutamine degradation in the presence of serurn or at 

4 OC was reduced. 60th dipeptides were much less ammoniagenic than glutamine. The 

production of ammonium from ala-gln, however, was significantly greater than from 

gly-gln in the presence of serum. The enhanced ammonium production due to senim, 

partiailady at 37 OC,  was presumably due to hydmlysis of Me dipeptides by a serum 

derived peptidase. The presence of peptidase activity in semm is further illustrated by 

Figure 4-10. Fresh, wll-ftee culture medium supplemented with 10 % untreated or 

heat-treated FetalClone was inwbated with 100 mM of each of the dipeptides mile 

substrate was omitted from the control sample. After 24 hours, the increase in 

glutamine conœntration was measured in each of the samples. In the absence of 

serum, the hydrolysis of dipeptide and release of glutamine was minor. The addition of 

serurn resulted in the producüon of 0.47 mM and 0.37 mM glutamine in medium 

containing ala-gln and gly-gin, respectively. However, hydrolytic activity was reduced 



markedly by heating the serum prior to incubation with the dipeptides (78 % for ala-gln 

and 82 % for gly-gln), This further suggests the presence of a heat-labile enzyme in the 

semm catalyzing dipeptide hydmlysis. The ideal storage conditions for the dipeptide- 

based media appear to be at 4 without senim supplementation to minimize 

hydmlysis of the dipeptide and the resulting breakdown of glutamine to ammonium. 



Figure 4-8. Effect of autoclaving on glutamine and dipeptides. Solutions of 6 mM 
glutamine. ala-gln and gly-gln were treated at 120 O C  and 110 kPa for 20 minutes. 
Dipeptides were hydmlyzd by cell lysates and glutamine concentrations detennined by 
enzyme assays. The emr associated wiai the procedure was 4 0  %. 



gin ala-gln 6 mM gly-gln 20 mM gly-gln 

Figure 4-9. Chernical decomposition of glutamine, ala-gln and gly-gln. Culture media 
(25 ml DMEM with 20 mM HEPES, pH 7.4) with or without 10 % FetalClone and 
mntaining glutamine (6 mM), ala-gln (6 mM) or gly-gln (6 and 20 mM) were incubated 
at 4 OC or 37 OC in duplitate 75 cm2 T-flasks (n=2). After 4 days, the ammonium 
concentration was measured and averages of duplicate flasks plotted I SE, 



0 DMEM 
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Figure 4-10. Peptidase activity in serum (FetalClone). OMEM with 100 mM ala-gln or 
100 mM gly-gln was prepared containing untreated and heat-treated 10 % FetalClone. 
The dipeptide substrate was omitted from the control which contained only DMEW10 % 
FetalClone. Each sample was added in duplicate (n=2) to the wells of a 96-vue11 plate 
and inwbated for 24 houn at 37 OC. The gkitemine content of samples before and 
after the 24 hour incubation was measured by the glutaminase assay. The increase in 
glutamine concentration h m  duplicate wells was averaged and plotted I SE. 



4.4 Discussion 

Aithough some cell Iines can utilize glutamate in place of glutamine, adaptation 

to glutamate-based medium has proven variable among cultured cells. Some cell lines 

require higher initial glutamate concentrations and extended periods of adaptation to 

assume normal grawüi in the absence of glutamine (Hassell and Butler, 1990) while 

others are unable to adapt at al1 (McDermott and Butler, 1993). However, the limited 

growth of the CCSClO hyhidoma in the presence of both glutamine and glutamate 

(Figure 4-1) was unexpected. Inhibition by glutamate has not been widely characterized 

as a prablem in the adaptation of cells to glutamate medium. Other studies, though, 

have-desdbed inhibition or toxicity of glutamate in culture and may also account for 

the observations in the present investigation. 

Glutamate inhibition has been atüibuted to its interference with the uptake of 

cystine, another essential amino acid. Bannai and Kitamura (1980) described a unique 

transporter in human diploid fibroblasts specific for glutamate and cystine. Cystine 

uptake was competitively inhibiied by glutamate and vice versa in this Na'independent 

camer, designated System CG. The addition of high glutamate concentrations to the 

culture medium may thus result in a deficiency of cellular cystine- Depletion of cystine 

has been show to result in cell death (Bannai et al., 1977). Similar findings have been 

reported in other cell lines. Murphy et al- (1989) desdbed a cyslglu antiporter in a 

neuronal hybridoma. Glutamate and cystine again demonstrated mutual cornpetitive 

inhibition. Cytotoxic effects were observed at millimolar glutamate concentrations with 

200 pM cystine present in the basal culture medium (DMEM). Glutamate cytotoxicity 

was also found to be more pronouncd with decreasing cystine concentrations. 

Furthemiore, the morphological changes assodated with cellular degeneraüon prior to 

cell lysis in low cystine medium were indistinguishable from those induced by 

glutamate. Cell death apparently results fram oxidative or fme radical damage due to 

reduced production of glutathione (May and Gray, 1985 and Murphy et al., 1989). 



Cysteine, a precunor of glutathione, would be limited by the decreased uptake of 

cystine in the pmsence of glutamate- 

Attempts to adapt the CCSClO hybridoma to glutamate-based medium proved 

unsuccessful and may be the result, at hast in part, of a cystine deficiency. Reducing 

glutamate in the medium, however, did not fully ameliorate the inhibitory effect. 

Furthemiore, increasing the cystine concentration would be of little benefit because of 

its limited solubility in solution. The solubility of cysa'ne in water is equivalent to only 

0.47 mM at 25 OC and 0.99 mM at Sb % (Wïndholz et al., 1983). Thus, the use of 

dipeptides was investigated as an alternative strategy for reducing the glutamine 

content and preventing ammonium accumulation in the culture medium. 

The ability of dipeptides to promote c e H  growth and normal rnAb productivity 

was shown ciearly for the CCSCIO cultures. Cell yields in the dipeptide media were 

slightiy but significantly higher than the glutamine-based culture. This was most 

apparent in medium with the 20 mM gly-gln supplement where the cell yield was 14 % 

higher (Figure 4-2). Monoclonal antibody production was comparable in a l  three 

cultures (Figure 4-5). Human leukemia (Roth et al,, 1 988). human lymphoma (Minamoto 

ef al., 1991) and Chinese hamster ovary (CHO) cells (Holmlund et al., 1992) have al1 

been grown successfully in ala-gln or gly-gln at a concentration of 2 4  mM. However, 

Minamoto et al, (1991) found poor cell yields when a murine hybridoma was grown in 

gly-gln at a concentration up to 3.5 mM. This was pmbably due to the low concentration 

of dipeptide and confimis the data in the present study that a higher concentration of 

gly-gln (20 mM) is required to obtain growth of murine cells. An insuffident gly-gln 

concentration was characterired by a considerable decrease in viability during the lag 

phase and reduced cell yields (Figures 4 2  and 4-3). 

The effect of the dipeptides on cellular metabolism was analyzed from the 

pattern of substrate utilkation and by-product formation. The glutamine concentration 

of the ala-gln and gly-gln cultures increassd in the first day (Figure 4-6), presumably 



due to dipeptide hydrolysis. This conespondeci to a lag period of cell growth which 

could be prevented if a minimal concentration of glutamine was added initially (Figure 

44). During the growth phase, the rate of glutamine release by dipeptide hydrolysis 

was offset by rapid cellular consumption. This resufted in a low glutamine concentration 

in gly-gln cultures until the stab'onary phase when the glutamine level ôegan to 

increase. The low concentration of glutamine cauld be explained by a low dipeptide 

hydrolysis rate in the gly-gln cultures which, in tum. resulted in a reduced specific rate 

of ammonium production (60 % reduction compared to the control wntaining 

glutamine) Fable 61). In addiion, the total ammonium produced after 164 hours in the 

20 mM gly-gln culture was 22 % lower than the glutamine control (Figure 4-6). This can 

be compared with a glutamine-limited fed-batch culture in which a low concentration of 

glutamine (<OS mM) was maintained (Ljunggten and Haggstrem, 1990). In this report, 

the total glutamine utilized by SpUO murine myeloma cells was reduced and the final 

ammonium concentration was 50 % lawer than an equivalent batch culture with an 

initial glutamine concentration of 4 mM. 

The dipeptides had a signifiant effect on the glucose wnsumption of CCQClO 

cells. Although the total glucose utilized was similar in al1 three cultures (Figure 4 3 ,  the 

specific consumption rate during the exponential phase was 13 % and 50 % lower in 

ala-gln and gly-gln medium, respectively (Table 4-1). This phenornenon may be 

explained by the need for an increased glycolytic flux in glutamine-supplemented 

cultures to sequestrate the higher inttacellular ammonium. Further evidence for this 

hypothesis is the significantly lower (57 %) spetific proâuction of alanine in the gly-gln 

grown CCQClO cuitures (Table 44). The alanine may be generated by transamination 

of g lyc~l~cal ly  derived pyruvate as required for growth at higher glutamine 

concentrations or in the presence of added ammonium (Hassel1 and Butler, 1990 and 

Butler et al., 1 991). 



Signifiant decreases also ocarned in the specific rates of consumption of 

amino acids in dipeptide media, particularly for the six amino acids arg, ile, leu, lys, thr 

and val whidl showed a pattern of mpid utiIïkation (Table 4-1). This decrease was 

especially noticeable in the gly-gln culture and to a lesser extent in ala-gln medium 

wmpared to the glutamine-based controt. In addition, the intracellular concentration of 

the 12 amino acids asn, asp, glu, gln, his, ile, leu, lys, met, phe, ser and val were 

reduced in dipeptide cultures (Table 4-2). No specific explanations are offered for this 

but it does indicate how a change in the availability of a major substrate can alter the 

overall utilkation pattern of the cells. The intracellular analysis of metabolites also 

revealed no traces of dipeptides which is consistent with an extracellular hydrolysis 

prior to uptake and will be discussed fumer in the following chapter. 

The stability of dipeptides has been recognued as a major advantage for their 

use in cell cutture media. Thus, heat steril'izaüon or long-terni storage of dipeptide- 

based serumfree media at 37 OC has no deleterious effects on growü~ promotion 

(Minamoto et al., 1991 and Roth et al., 1988). The stabilii of ala-gln and gly-gln was 

confirmed in the present study (Figure 4-8). arthough some ammonium was produced in 

dipeptide media stored in the presence of senim, particulariy at 37 OC (Figure 69). This 

may be attributed to the psence of peptidase activity in serum (Figure 4-1 0). 

The dipeptides have proven an acceptable replacement for glutamine in murine 

hybridoma cultures. Slightiy higher cell concentrations were achieved in gly-gln which 

may, in part, be due to the reduced ammonium accumulation in the cultures. Cell 

growth and productivity may be further enhanced for hybridoma lines demonstrating a 

greater degree of sensitivity to ammonium. 



5.1 lntroâuction 

The dipeptides ala-gln and gly-gln are effective substitutes for glutamine in 

CCSC10 cultures. However, relabively r i e  is known about how the dipeptides are 

uti l id  by hybridomas. Minamoto et al. (1991) descn'bed an aminopeptidase activity in 

a rnurine hybridoma with a higher specificity for ala-gln than gly-gln. This accounted for 

the poor growth observed in relatively low wncentmtions of gly-gln. However, a more 

thorough charaderkation of the peptidase and the mechanism of dipeptide uü i Ï Ïon  

was necessary. This would provide a more amplete explanation for the diierences in 

ala-gln and gly-gln concentrations required to support growth of the hybridomas. 

The investigation of the peptidase kgan with studies to determine the cellular 

location of the adivity in CCSCiO mlls. The specificity and kinetic properties of 

peptidase were subsequently examined in the cell fraction containing the highest 

specific activity. The mechanism of dipeptide utilkation was explored by attempts to 

localize dipeptide hydrolysis to either the intra- or extracellular environment This 

involved an assay for the release of peptidase into the culture medium. The nature of 

peptidase expression in CCSClO was also investigated to discem if activity was 

constitutive or adaptation was required and induced by the dipeptides. Finally, some of 

the factors which influence peptidase adivity were examined to identify conditions 

which could potentially limit growth in dipeptide medium. 



5.2 Materials and methods 

5.21 Cell fractionatïon 

CCSClO lysates were prepared based on a method descn'bed by Howell et al. 

(1992). Cells were grown to midexpunential phase in DMEM/aIa-gIn, washed with 

0-PBS and suspended in 5 mM Tris-HCI (pH 7-4). Cells (-3 X 108) were lysed with 12 

passes of a cooled Potter-Elvehjem homogenizer. The resulting homogenate was 

fracüoned by three centrifugation steps at 4 OC: 3 000 g for 10 minutes, 31 000 g for 90 

minutes and 100 000 g for 90 minutes. The pellets (Pl-P3) were washed with D-PBS 

and resuspended in 50 mM HEPES, pH 7.4. The supernatant (SI-S3) and pellet 

(Pl-P3) fractions wem stomd at -70 OC prior to analysis in protein and enzyme assays. 

The S2 (microsomaVcytosolic) fraction was passed through a 0.2 prn filter before use. 

This fraction was used in expenments to characterize the peptidase enzyme. 

5.2.2 Peptidase assays 

5.2.2.1 Peptidase activity in ceIl fractions 

For the standard assay of peptidase acbivity in cell fractions, 0.05 mg/ml protein 

was incubated with 2 mM dipeptide in 50 mM HEPES buffer, pH 7.4, in a total volume 

of 250 pl. The incubations were for 1 hour at 37 % in 96-well microtitre plates. The 

reactian was stopped by the addition of an equal volume of cold 10 % TCA. The 

precipitated proteins were pelleted in a microfuge at 14 000 r.p.m. for 10 minutes at 

4 OC. Supematants wem neutralized with an equal volume of 0.32 M Tris. pH 10.5. The 

rate of reaction was determined from measurements of the formation of free glutamine 

quantified by the glutaminase assay or OPA derivitkation and HPLC analysis (section 

2.1 1.4). 



5.2.2.2 Substrate specificity of peptidrse activity 

The specificity of the pepüdase for various dipeptide substrates was detemineci 

using the standard assay system with a minor modification- Ala-gln, gly-gin. gly-glu, 

glu-trp and gly-Dphe were each incubated at a concentration of 6 mM with 0.05 m@ml 

lysate protein (S2 fracüon). Hydrdysis of dipeptides after the incubation was evaluated 

by HPLC analysis. 

5.2.2.3 Dasrnination of peptidase V,, and K, 

Vma and K, values wiM respect to ala-gh or gly-gln were detennined by 

varying the dipeptide concentration (0-100 mM). kwping the 52 fraction protein 

concentration constant at 0.025 mghl. The reaction was perlomed in 100 pl 

PBSlSO mM HEPES, pH 7.4. for 1 hour a 37 OC. Reactions were stopped and 

neutralized as descn'bed above and assayed for glutamine with the glutaminase assay. 

V,, and the Michaek constant were detemined by fitting the rate data to a 

hyperbolic equation using SigmaPlot. 

5.2.2.4 Peptidase activity in condiioned media 

Peptidase activity in conditioned media was measured from cells cultured in 

DMEWgln, DMEWala-gln and DMEWgly-gln (20 mM). Cells were seeded at 

-1 X d / m l  and incubated 24 houn. Sarnples of the cultures befom and after the 

growth pend were centrifuged at 200 g, and the supematants filtered airough a 

0.2 pm filter to remove remaining mlls or membranous material. Samples (150 pi) fmm 

each of the different types of media were diluted t 1  (vh) with PBS/lOO mM HEPES 

(pH 7.4) with no further additions or with 200 mM ala-gln or gly-gln and incubated 24 

hours at 37 OC. Reactions were stopped. neutralired and assayed for glutamine with 

the glutaminase assay. 



5.2.2.5 Peptidase acthrity in a d r m  and non-adapteâ d l s  

S2 fractions were prepamd from cells adapted to dipeptides (grown in 

DMEWala-gln or DMEWgly/gfn for 20 passages) and non-adapted cells (grown in 

DMEWgln). Peptidase assays were perfonned according to the standard method for 

cell fractions desmbed previously except the lysate protein concentration from each of 

the different types of media was only 0.015 mgfml. Glutamine was measured by HPLC 

analysis aiter incubation with each of the ala-gln and gly-gln substrates. 

5.2.2.6 Influence of media components and metal ions on peptidase activity 

The effects of DMEM and its various components on the advity of the 

peptidase was determined. S2 lysate fractions (0.05 mg/ml) were inwbated with 2 mM 

gly-gln in D-PBS, OMEM or D-PBS containing 2X MEM amino acids, 2X MEM non- 

essential amino acids, 4X MEM vitamins or a combination of these arnino acids and 

vitamin solutions. The 5OX MEM amino acids (Gibco, 320-1 130) and 1OOX vitamins 

(Gibw, 320-1 120) stocks were diluted 1/25 in the PBS resulting in concentrations of 

most amino aads and vitamins comparable to those in DMEM. The 1WX MEM non- 

essential amino acids (Gibco, 320-1140) were diluted 1/50 in the PBS. Glucose, 

sodium bicarbonate, CaC12 and phenol mi were added to the PBS in concentrations 

equivalent to DMEM and aie pH of final solutions adjusted to 7.4. After a 24 hour 

incubation, glutamine release was detemined by HPLC analysis. 

The effects of EDTA and various metal ions on peptidase activity were also 

examined. The S2 lysates (0.05 mg/ml) were inwbated in DPBS/2mM gly-gln (pH 7.4) 

with 4 phil EDTA or 0.2 mM FeN03, CaC12, MgSO4, CuSO4 or ZnS04. The lysates 

were also pre-incubated for 2 houn at room temperature with 0.2 mM EDTA before 

addition to the PBS/2 mM gly-gln with the metal ions. This resulted in a final EDTA 

concentration of 0.02 mM in the readion mixture while the metal ions were in lû-fold 

excess at 0.2 mM. Reactions were allowed to proceed for 24 hou= at 37 OC. Glutamine 



concentrations were then determined by HPLC analysis. Acüvity was expressed as a 

percentage of glutamine produced in each sample relative to the control containing only 

PBWsubstrate and lysate. 

5.3.1 Cellular location of the paptidase 

The location of the peptidase adivity required for hydrolysis of ala-gln and gly- 

gln was investigated by dierential centrifugation of the ceIl lysate. Three pellet 

fractions were characterized as follows: P l  (nuclei and plasma membrane sheets), P2 

(smaller organelles and plasma membrane fragments) and P3 (al1 other non-cytosolic 

material). These fractions and conesponding supematant fractions (SI-S3) were tested 

for peptidase activity by their ability to hydrolyze ala-gln and gly-gln to free amino acids. 

The results (Table 54) showed that there was minimal enzymatic activity in the pellet 

fractions compared to supernatant fractions. Ultracentrifugation at 100 000 g eliminates 

al1 membranous matetial to leave only cytosolic components in supematant sample S3, 

which showed the highest overall specific adivity (0.605 v o l  per mg protein per 

minute). This indicates that the peptidase acüvity is not membrane bound but is present 

in the cytosol. 

In further expenments to charaderize the enzyme, the S2 fraction was used. 

This was the microsomaVcytosolic fraction with relatively high specific activity and which 

could be prepared easily. 

5.3.2 SpecificiRy and kinetics of the peptidase act iv ' i  

The specificity of the peptidase activity was invesügated by incubating the S2 

cell lysate fracüon with various dipeptides. Of five dipeptides tested, those containing 

glutamine showed the highest activity (Table 5-2). The rate of ala-gln hydrolysis was 



nearly 2 X compared to gly-gln at the substrate concentration (6 rnM) used in this 

assay. 

The peptidase activity was further charaden+ed with respect to ala-gln and 

gly-gln by measurements of rates of hydrolysis at varying substrate concentrations 

(0-100 mM), The enzyme showed typical Michaelis-Menten kinetic behavior with 

respect to either substrate (Figure 5-1). The apparent Vm, and )<, values were 

detenined by curve fitting of the data ta a hyperbolic equation (Table 5-3). The )(m is 

at least an orûer of magnitude higher for gly-gln (14-0 mM), indicating that the 

peptidase has a substantially higher affinity for a w l n  O(, = 1.21 mM), although the 

Vma is higher for gly-gln. 

The relatively higher affinity of the peptidase for ala-gln wmpared to gly-gln 

could indicate why a higher concentration of gly-gln is required to maintain normal cell 

growth. Fmm the Michaelis-Menten plot (Figure 5-1). it can be shown that the rate of 

hydrolysis of ala-gln at 6 mM is equivalent to the rate of hydmlysis of gly-gln at 21 mM 

under the desaibed assay conditions. These dipeptide concentrations were found to 

support normal growth rates of CCQC10 cells. 



Table 5-1. Hydrolytic acüvity in ftadions of CCSClO isolated by differential 
centrifugation. Protein frorn each fadion (0.05 m@mt) was incubated with 2 mM ala-gln 
or gly-gln. Glutamine produced was measured by the glutaminase assay or HPLC 
analysis Me r  a 1 hour incubation at 37 OC. Specific hydrolytic advity is expreued as 
the pnoles dipeptide hydrolyzed per mg of cellular protein per minute. Values are the 

SpaMc hydrol c acüvity ru @mol minœl) 
Fraction 

alaqln gl~+ln 
L 

L 
a Hydrolytic adivity was below the threshold of deteeon (e0.003 vmol mg'' minœ7) 

Table 5-2. SpecificÏty of peptidase activity in CCSClO cell lysate. Each dipeptide (6 mM) 
was incubated with 0.05 rng/rnl of lysate protein from the S2 fraction. Following a 1 
hour incubation at 37 OC. hydrolysis to individual amino aads was detennined by HPLC 
analysis and used to express the specific acüvity. Values are the means f SE (n=2). 

Di peptide 
Specific rate of hydrolysis 

m o l  mg'' min-1) 

I I 

a Rate of hydrolysis was below the threshold of detedion ( ~0.003 ~ m o l  mgœT mino1) 



O ala-gln 

gly+ln 

O 20 40 60 80 100 120 

Dipeptide concentration (mM) 

Figure 5-1. Michaelis-Menten plot of peptidase activity in CCSClO cell lysate. The rate 
of ala-gln (0) or gly-gln (O) hydrolysis was detennined at vanous substrate 
concentrations (0-100 mM) inwbated with 0.025 mg/ml protein from the S2 fraction. 
After a 1 hou incubation at 37 OC, glutamine release was detemined by the 
glutaminase assay. Values are means f SE (n=3), 



Table 13. V,, and K, values for CCSClO lysate peptidase hydrolysis of ala-gln and 
giy-gln. A wrve fitîing program (SigmaPlot) was used to fit the rate data (Figure 5-1) to 
a hyperbolic equation and determine the constants I SE 

Rate of hydmlysis is e>cpnrssed per mg of pcotein 



Peptidase adivity was assayed in culture medium condiined by celf growth in 

order to substanüate the possibiiii of exPraœllular hydrolysis of the dipeptides. In this 

experiment. celCfree media was isolateci following a 24 hour incubation of cells (106/ml) 

in DMEWgln, DMEWala-gln and DMEWgly-gln. These samples of conditioned media 

were then tested for peptidase adMy by incubation with i00 mM added ala-gln or 

gly-gln for 24 hours after which the change in glutamine concentration was detemined. 

Controls without addition of substrate showed l i e  increase in glutamine concentration 

sinœ the dipeptide available for hydrolysis from the medium alone was relatively low. 

The resuits of this experiment (Table 5-4) showed significant peptidase acb'vity 

in al1 conditioned media samples even fiom DMEM/gln wbres, with a maximum 

increase of 2.77 mM glutamine, This indicates that the enzyme is released into the 

supernatant during culture. However, the acüvity in the conditioned media was 

estimated to be a small fraction of the maximum activity available in the original culture: 

1. The maximum specific acüvity available was based on a V,, value for ala-gln of 
0.799 v o l  minœ1 mgœ1 (Table 5-3) and a protein content detemined to be 
0.1 16 mg11 o6 -Ils (in the S2 fraction). 

maxi.mum activity = 0.799 pmol min-1 mg-1 X 0.1 16 mg (106 celis)-1 

Note that the maximum adivity determined from an S2 fraction was considered 
representatke of that present in an unfracüoned sample. This is because a Vmm value 
would be smaller but the cellubr protein content hi~her in the unfractioned preparation. 
Thus, applying the calculation described above, an unftactioned sample should yield a 
similar maximum activity of -9.3 X 102 pmoi min-1 (106 tells)-1. 



2. The highest level of dippüâe hydrolysis in conditioned media occurred in DMEiWgln 
using ala-gln as a substrate. Table 54 indicates that 2.77 mM ala-gln was hydrolyzed 
in the 150 pl sample volume useâ in the assay during the 24 hour incubation. This was 
used to detemine the sOecific activity in the condiioned medium. 

pmoles of ala-gln = 2.77 mmol L-1 day-1 X 150 X 106 L X (1 X 103 pollmmol) 
h ydrolyzeâ 

= 0.416 pmoi day-1 

number of œlls in = 1 X 108 cellslml X 0.150 ml 
sample volume 

= 1.5 x 105 cells 

specitic acovity in = (0.41 8 pnol day-lfi.5 X 105 cells) 
conditioned medium 

= 2.77 X 108 m o l  day1 d l -1  

3. The peptidase acüvity released by the cells into the culture medium was expressed 
as a percentage of the maximum available. 

-3 -1 6 -1 
% activity in con- = 11 -9 X 1 O m o l  min (10 cells) X 100 
ditioned medium (9.3 X 1v2 pmol mino1(l @ œlls 

The glutamine produced in the other conditioned medium samples was less than that 

fmm cells grown in DMEWgln. Thus, the activity in conditioned media was s 2 % of the 

maximum content in CC9C10 œlls. 

Table 5 4  also shows that peptidase hydrolysis in conditioned media was 

significantly higher (up to 3.1 X) for ala-gln as a substrate compared to gly-gln. This 

wuld seem to conbadict data fiom the kinetk assay and the apparent higher Vma 

with respect to gly-gln. This might be explained by the presenœ of components in 

conditioned media which interfere with the peptidase adivity, particulariy when gly-gln 

is the substrate. This explanation is hiMer substantiated by the lower glutamine 

produced in DMEM/gly-gln (20 mM) cultures compared to DMEWala-gln (6 mM) (Figure 

4-6), even though the rates of hydmlysis of aie two substrates at these concentrations 



are equivalent in OPBS (Figure 5.1). It is abo noteworthy that the measureâ peptiâase 

activity in semm would account for only a portion of the dipeptide hydrolysis observed 

in the wnditioned media- In DMEM with 10 % FetalClone, 0.47 mM and 0.37 mM 

glutamine was produced when inwbated for 24 houn at 37 OC with 100 mM ala-gln 

and gly-gln, respedively (Figure 4-1 O), 



Table 54. Change in glutamine concentration following incubation of condiioned 
growth media (DMEWgln, DMEMfala-gln or DMWgly-gln) wïthout dipeptide or with 
100 mM ala-gln or gly-gln. After the 24 hour incubation at 37 OC. alutamine was 
determined by the glutaminase assay and values expressed as means of duplicate 
samples (n=2) I SE- An incmase in glutamine conœntration is indicated as a positive 
(+) value while a decrease is show as a negative (-) value. 

-- - - - - .  . 

Change in  luta amine concentration (mM) 



5.3.4 Expression of pepüdase activity 

To determine if the peptidase was consütuüvely expresseci or induable, activity 

was measured in cells grown in dipeptides for numemus passages and those cultured 

in glutamine-containing medium. 80th ala-gln and gly-gln wem used as substrates for 

the enzyme in lysate ptotein (S2 fraction) derived from cells grown in each of the 

diierent types of media. Figure 5-2 shows that the specific activities of the peptidase 

isolated from cells grown in DMEWala-gln and DMEWgly-gln were comparable- 

However, peptidase actjvity from cells grown in DMEWgln was significantly higher than 

that from cells derived h m  the dipeptide cultures (by at least 21 % and 58 % when 

ala-gln and gfy-gln were the substrates, respectively). The rate of hydrolysis of the 

gly-gln substrate was found to be lower than that for ala-gln, for each of the different 

lysates, as would be expected in the presence of the low dipeptide concentration 

(2 mM). These results indicate that CCSC10 cells grown in the absence of dipeptides 

express the peptidase constitutively. Consequently, murine hybridomas are likely to 

require minimal adaptation prior to the substitution of glutamine with an appropriate 

concentration of either of the dipeptides. 

5.3.5 Factors affecthg peptidase activity 

The reduced hydrolysis of gly-gln compared to ala-gln in the conditioned 

medium experiment suggested that DMEM may contain wmponents that interfere with 

peptidase activity. This possibilii was investigated further by examining the hydrolysis 

of gly-gln in PBS wntaining additions of amino acids and vitamins that approximated 

the concentration of rnost components in DMEM. Figure 5-3 shows the acüvity 

(measured by production of glutamine) in DMEM was lower (by >70 %) wmpared to the 

PBS control. The presence of MEM amino acids in PBS resulted in a 28 % decrease in 

hydrolysis of the dipeptide Mile non-essential amino acids and vitamins alone had liffle 

effect. However, the combination of MEM essential and non-essential amino acids and 



vitamins yielded a 47 % drop relative to the control, This was less than observed in 

OMEM but nevertheless demonstrates the pmsence of components in complete 

medium that interfere with the adivii of the peptidase. 

To detemine if the peptidase had any obvious cofactor requirements, the effect 

of EDTA and vadous metal ions @n the enzyme activii was studied. Figure 5.4 shows 

low concentrations of EDTA (4 pM) abolished the hydrolysis of 2 mM gly-gln by aie cell 

lysate. In addition, copper and zinc ions acted as inhibitors of the peptidase, completely 

eliminating activity at concentratioris of 0.2 mM, This suggested that the peptidase was 

a metaloprotein and that copper and zinc may displace the normal metal cofactor- 

Thus, the cell lysate was pre-incubated with EDTA (0.2 mM) before addition to the 

reaction buffer (PBS/2 mM gly-gln) containing dierent metal ions. Only femc ion was 

found to partially restore peptidase activity to a significant degree. These tesults 

indicate the availability of iron in the culture medium and minimal copper and zinc 

concentrations may be important &teria for growth in dipeptide media. 



Growth medium: 
1-1 DMEWgln 

DMEM/ala-gln 

Substrate 

Figure 5-2. Peptidase activity in CCSClO cells cultured in glutamine medium and 
adapted to dipeptide media. Lysates from cells (0.015 muml protein from the 52 
fraction) gmwn in DMEWgln, DMEWala-gln and DMEMigly-gln were incubated with 
2 mM ala-gln or gly-gln as substrate for 1 hour at 37 OC. Glutamine was detennined by 
HPLC analysis and specific activity calculated. Values plotted are means f SE (n=2). 



Figure 53. The effect of DMEM and its components on peptidase activity. S2 lysate 
fractions from CC9ClO cells wem inwbated with 2 mM gly-gln substrate in 0-PBS, 
DMEM or PBS containing 2X MEM amino acids (MEM AA), 2X MEM non-essential 
amino acids (MEM NE AA), 4X MEM vitamins or a combination of the amino aad and 
vitamin solutions. Glutamine production was measured by HPLC analysis after the 24 
hour incubation and expmswd relative to mat of the PBS contiol. Values plotted are 
means î SE (n=2). 



1-1 No pre-treatment 
Pre-incubation with 
0.2 mM EDTA 

Figure 54. The effect of EDTA and metal ions on peptidase activity. CCSCiO lysates 
(S2 fraction) were incubateci with 2 mM gly-gln in PBS containing additions of 4 phil 
EDTA or 0.2 mM FeNO3. CaC12, MgSOg. CuS04 ZnSOg or a combination of the iron. 
calcium and magnesium salts (0.2 mM of each). Lysates were also pre-incubated with 
0.2 mM EDTA prior to the addition to the madon bufier containing substrate and the 
metal ions (resulüng in a final EDTA concentration of 0.02 mM). Activity was 
deterrnined by the glutamine produceci (measured by HPLC) after the 24 hour 
incubation periad and expressecl relative to the mntrol containing only PBSkubstrate 
and lysate. Values represent the average * SE (n=2). 



5.4 Discussion 

The mechanism by which munne hybridomas utilize dipeptides has not been 

adequately characterized in the literature and was thus invesügated in the present 

study- Evidence for hydrolysis of the dipeptides was indicated by the rapid increase of 

glutamine in the medium following cell inoculation in dipeptide media (Figure 4-6). Also, 

significantly higher levels of alanine and glycine were found both extra- and 

intracellularly following incubation in DMEWafa-gln and DMEWgly-gln, respectively 

uable 4-2). This suggested the presenœ of peptidase activity although aime possible 

mechanisms of dipeptide uülization were possible: (a) dipeptide is transporteci intact 

into the cell and metaboliied intracellularly by a peptidase; (b) dipeptide is hydrolyzed 

extracellularly by a plasma membrane-bound peptidase; or (c) dipeptide is hydrolyzed 

extracellularly by a peptidase released into the medium- 

The first mechanism would require dipeptide transport through the cell 

membrane. Dipeptide transport has been reported in cells of the intestine (Ganapathy 

et al., 1984 and Takuwa et al., 1985) and kidney (Daniel et al., 1991). However, cell 

types fmm sources inciuding siceletal musde, liver and red bfood cells have been found 

to lack a peptide transport system (Lochs et al., 1990). Evidenœ against dipeptide 

transport as a major mechanism of utikation in the CCSClO cultures is implied by: 

(a) the substantial rate of hydrolysis of the dipeptides in the culture medium and (b) the 

inability to deted intact dipeptides in cell lysates follmng a 24 hour incubation in 

dipeptide-based media (Table 4-2). Thus, the possibility of dipeptide transport in 

CCSClO cells could only be entertained if hydrolysis were to occur extremely rapidly 

following uptake. 

The second mechanism suggested above is that the dipeptide is hydrolyzed 

extracellufarly by a plasma membrane bound enzyme. Cell surface peptidases have 

been obsewed and characterized in human colon cell lines (Howell et al., 1992). 

However, the differential centrifugation of CCSCIO fysates showed low activity of 



peptidase in cellular pellet fiadons P l  and PZ which would be expeded to contain 

membrane (Table 5-1). In fact, the highest specific peptidase activity was found in the 

final supernatant fraction S3, which is representative of the cytosol. The peptidase 

enzyme found in CCSClO may be related to the aminopeptidase activity which has 

been descn'bed mcentiy in the human T e I l  lymphoma line, Jutkat (Murray et al,, 

1994). A high proportion (89 %) of the aminopeptidase of Jurkat cells was found in the 

cytosol and had distinct propeRies ftom a previously reported cell surface 

aminopeptidase in lyrnphoid tissue (Bowes and Kenny, 1987). 

The signifiant peptidase activity found in celkfree culture media which had 

been conditioned by incubation with cells for 24 hours (Table 5-4) provides 

experimental data which weighs heavily in support of the third mechanism of dipeptide 

utilization; that the dipeptides are hydrolyzed by an enzyme released extracellularly. 

This may occur by secretion from viable wlls or by lysis of a proportion of the cell 

population. The possibili of cell lysis cannot be ruled out because of the significant lag 

phase mat occurs following inoculation and the substantial loss in viability of the 

dipeptide grown cells during this phase (Figure 4-3). 

The kinetic pmperties of the peptidase enzyme were anatyzed from a cell lysate 

fraction (S2). Clearly, the peptidase has a high affinity for dipeptides containing 

glutamine (Table 52) .  Furthemiore, the peptidase has the highest affinity for ah-gln as 

is evident by the ten-fold lower K,,, value compared to gly-gln (Table 53). In fact, the 

kinetic data indicates that the rate of hydrolysis of gly-gln at 21 mM was equivalent to 

the rate of ala-gln at 6 mM. These were also the approm'mate dipeptide conœnûaüons 

that allowd successful growth of the CC9CIO cells in culture. The indicated dipeptide 

concentrations should also replace glutamine without an extended period of adaptation 

as the peptidase activity was constitutively expresseci in the hybndoma (Figure 5-2). In 

fact, higher enzyme activity was obsewed in lysates from cells grown in DMEM/gln. 



The presence of fadors in culture medium which affect peptidase adivity was 

suggested by the diierential rates of incmase in glutamine concentration in DMEW 

ala-gln (6 mM) and DMEWgly-gln (20 mM) (Figure 4-6). Further evidence for this cornes 

from the higher rate of ala-gln hydrofysis in conditioned media at a high substrat0 

concentration (100 mM) (Table 54)- This is apparently contradictory to the effect 

observed in the assay system with PBS/HEPES buffer in whicti gly-gln has a higher 

Vma (Figure 5-1). Peptidase activity in DMEM was indeeâ found to be lower than in 

PBS buffer and MEM amino acids were identified as one of the group of medium 

components that may inhibit the enzyme (Figure 5-3). The activity of the enzyme may 

additionally be affecîed by metal ions in the culture medium. The peptidase appears to 

require iron as a cofactor and is i nh ib i i  by copper and zinc (Figure 54). 

Studies with the CCSCIO hybfidomas has demonstrated that high cell yields can 

be obtained with murine hybridoma cultures containing either ala-gln or gly-gln 

providing the concentrations are optimal for extracellular hydrolysis by a peptidase 

derived from the cytosol. The optimal dipeptide concentrations, though, may differ with 

cell type. Furthemore, the type and composition of the medium may influence the 

dipeptide requirements. The use of gly-gln is parb'wlarly effective in reducing 

ammonium accumulation in cultures. H ~ v e r ,  the lower specifiaty of the enzyme for 

this dipeptide, especially in culture medium, warrants careful determination of the 

optimal concentration when used as a replacement for glutamine with other cell lines. 



Chapter 6 

ûevelopmnt and Optimhation of Low-Ammoniagenic Medium 
for Gmwth of BHK Celk 

6.1 Introduction 

The CC9ClO cell line respnded favorably to the replacement of glutamine with 

the less ammoniagenic dipeptides. However, the improvement in growth with dipeptide 

media may have been limited by the nature of the cell line which exhibited only a 

moderate sensitivity to ammonium. BHK cells were considered more ideally suited to 

examine the effects of lwammoniagenic medium on cell growth and metabolism. One 

would pmdict that BHK cells, which have been established as more sensitive to 

ammonium, would respond to an even greater extent with enhanced growth when lower 

levels of the inhibitor are produced. Investigating mis possibility first required the 

development of the lwammoniagenic medium that supports the growth of BHK cells. 

The method employed focused on the reduction of glutamine and replacement with 

dipeptides, glutamate and other supplements. Glutamate has previously been used as 

a replacement for glutamine in BHK cultures (Hassel1 and Butler, 1990). The present 

study extends the earlier investigations and more closely analyzes the most effective 

combination of substitutes for glutamine. Lwammoniagenic medium was optimized to 

support maximal growth rates and cell yields in batch cultures. This provided a 

foundation for experiments in the subsequent chapter where the growth, metabolism 

and adaptation of cells in low-ammoniagenic medium were investigated in stationary 

and microcamer cultures. 

6.2 Materials and m o d s  

6.2.1 Culturi, media and growth conditions 

The medium used to examine the growth of BHK œlls was DMEMI10 % calf 

serum with 1.2 mM senne and other supplements added as specified in each 



expriment The glutamine requirements were first assessed by adding glutamine to 

this medium in a range of concentrations and analyzing the effect on growüi. The initial 

stage in the development of the 1-mmoniagenic medium involved substitution of 

glutamine directly with dipeptides or glutamate. Prior to the growth experiments using 

dipeptides as a substitute, cells were allowed to adapt to ala-gln or gly-gln for at least 6 

passages. Cells were more gradually adapted to glutamate by first subculturing cells 

into medium with a high glutamate and a low glutamine concentration and reducing the 

levels of each after sequential passages. Thus, cells were subwltured 2 passages 

each in medium wittr 1 mM, 0.5 mM and then O mM glutamine witfi 20 mM glutamate in 

al1 cases- Glutamate was then reduced to 10 mM, 6 mM and as low as 3 mM, with 2 

passages at each concentration. The subculture ratio was nonnally 1:19 with each 

passage- The effects of ammonium, aspartate and asparagine on grawth in glutamate 

medium were investigated without pfior adaptation. The most effective combination was 

established to reduce the glutamine or dipptide requirements in the glutamate-based 

medium. For al1 experiments, cells were grown in 24well plates under the standard 

culture conditions defined in section 2-4. 

6.2.2 Cell enumemtion and evalurtion of gmwth performance 

Total cell concentrations were detemined with the haemocytometer or Coulter 

counter (section 2.8). Cultures with different supplements were grown in at least 

duplicate samples in 24well plates and replicate counts averaged. Growth 

performance was typically evaluated by the specific growth rate (p) (section 2.9). The 

cell yield after -3 days was also considered. At this point, cultures were normally within 

the exponential phase and cell viabilities remained high. Cell yields were expressed as 

cells/ml based on a medium volume of 1 müwell. 



6.2.3 Anaiysis of mudia components 

Glutamine and glutamate conœntrations were determined by HPLC analysis of 

OPA derivatized samples (-on 2.11.4.2)- Ammonium was measured with the gas- 

sensing electrode (section 2.1 1.2). 

6.3 Resutts 

6.3.1 Glutamine requirements of BHK cells 

Glutamine is a vital component in standard culture media but is unstable in 

solution and decomposes to produce pymlidone carboxylic acid and ammonium. 

Consequently, glutamine should not be induded in the medium at concentrations 

beyond that required to support aie gfowth of the cells in order to prevent unneœssary 

accumulation of ammonium. Thus, the glutamine requiremerits of BHK cells in batch 

culture were characterized prior to growing cells in media with a modified complement 

of glutamine. 

BHK cells were g m  in a range of glutamine concentrations from 0.25 to 

40 mM. Figure &ta illustrates that the cells were dependent on glutamine as minimal 

growth was observed in the presence of low concentrations (10.5 mM). High growth 

rates were achieved at glutamine levels as low as 1.5 mM aithough cells prematurely 

entered the stationary phase. A glutamine concentration of 2-3 mM supported both high 

growth rates and cell yields. Very high glutamine additions (40 mM) clearly resulted in 

reduœd growth. The glutamine concentrations required to promote optimal growth are 

more dearly depicted in figure Slb .  The specific growVI rate and cell yield after -3 

days increased rapidly with glutamine addiions up to 1.5-2.0 mM while further 

improvements were not realized beyond 3 mM glutamine. In fact, glutamine 

concentrations above 5 mM resulted in a gradua1 dedine in the gr& rates and cell 

concentrations. 



The minimum effective glutamine level was also established by determination of 

the glutamine and ammonium concentrations after -3 days of culture. Figure 6-1c 

indicates glutamine was completely wnsumed after this period in medium containing 

initial conœntrations 4 mM. The depletion of an essential nutrient explains the eariy 

onset of stationary phase in cultures with low initial glutamine levels (~1.5  mM). The 

reduced growth at very high glutamine concentrations, meanwhile, can be attributed to 

the accumulation of inhibitory ammonium levels. Figure 6-ld depicts the ammonium 

after -3 days of incubation for cultures and mll-free medium with equivalent initial 

glutamine concentrations. In the 40 mM glutamine culture, 8-1 rnM ammonium was 

produced. This was cleariy sufficient to cause the 4 % reduction in specific growth rate 

and the 21 % decrease in cell concentration after 3 days compared ta the culture with 3 

mM glutamine in which only 2.1 mM ammonium accumulated- It was also obvious ftorn 

the dl-free medium that an increasing initial glutamine concentration resulted in 

greater ammonium levels from chemical decomposition of the amino acid. Thus, the 

proportion of ammonium produced due to the degradation of glutamine increased 

compared to that arising from cellular metabolism. By companng BHK cultures and cell- 

free medium with equivalent initial glutamine concentrations, the proportion of 

ammonium arising from the chemical decomposition of glutamine was deterrnined. This 

value increased h m  41 % to 72 % with initial glutamine concentrations of 3 and 40 mM, 

respecüvely. Thus, a glutamine concentration of 3 mM allowed optimal gmwth and 

minimized ammonium production from decomposition in batch cultures of BHK cells. 



Figure 6-1a-d. Growth, glutamine u t i l i i on  and ammonium accumulation in BHK 
cultures with various initial glutamine supplements. (a) Gmwth of œlls in medium with 
0.25-40 mM glutamine as indicated in the legend. Cells were cultured in duplicate wells 
(n=2) of 26well plates at each concentration- Samples were counted by Coulter 
counter and each point represents the average of replicate counts at each glutamine 
concentration I SE. (b) The effed of glutamine concentrations on specific gr- rate 
and cell yield. The specific growth rate (0) was determined during the exponential 
phase of growth at each glutamine concentration from 25-46 hours and plotted I SE. 
Total cell concenfrab'ons (O) are shown after 70 hours (-3 days) of growth for each 
glutamine concentration and points represent the average of counts I SE. 
(c) Glutamine concentrations in the cultures after -3 days of growth with different initial 
additions of glutamine. Glutamine was measured after 70 hours in the duplicate 
samples and the average plotted f SE. (d) Ammonium concentrations measured after 
70 hours for duplicate samples of cultures (0) and in ceII-free medium (m). The 
average ammonium concentrations were plotted I SE. 
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6.3.2 BHK gmwth in dipeptide media 

Dipeptides were investigated as possible replacements for glutamine in BHK 

cultures. Studies with the CCSClO hybridoma revealed that growth was influenced by 

the dipeptide concentration in the medium. Consequently, BHK cells were g m  with a 

range of ala-gln and gly-gln concentrations to detennine if a minimal level of each was 

required to promote optimal growth performance. 

Glutamine was replaced with ala-gln concentrations ranging from 1-25 to 40 mM 

and growth compared to a control containing 3 mM glutamine. Figure 6-2a 

demonstrates after -3 days, the cell yield was significantly higher in the DMEWgln 

culture compared to those supplemented wiai ala-gln. The ceIl yield increased with 

ala-gfn concentrations up to 5 mM but further impmvements were not obsewed beyond 

this concentration. In fact, very high ala-gln levels (40 mM) resulted in an apparently 

slower growai rate, perhaps due to increased medium osmofarity. 

The media from cultures with varying ala-gln concentrations were analyzed to 

detemine if the use of this dipeptide resulted in lower glutamine in the medium and, 

consequentiy, lawer ammonium production. As shown in figure 6-2b, glutamine in the 

cultures after -3 days increased with higher ala-gln levels in the medium. With 1.25 mM 

ala-gln, glutamine remained e0.37 mM fhroughout the culture period and was 

eventually almost depleted- This would account for the reduced cell densities at this 

ala-gln concentration. Glutamine remained law in 2.5 mM ala-gln as well, ranging from 

0.50-0.65 mM after the first 24 houn of culture. However, this concentration was 

apparently not so low as to limit growth to the same extent as the 1.25 mM culture. 

With 5 mM dipeptide, glutamine further increased to a range of 0.60-1.70 mM after the 

first day and appears to supply suffiCient glutamine airoughout the culture period to 

ensure both high growth rates and cell concentrations. Ala-gln from 10-20 mM resulted 

in a further jump in glutamine available in the medium and was similar in each of these 

cultures, ranging fmm 0.70-3.20 mM for most of the culture duration- As expected, 



40 mM ala-gln resulted in the highest release of glutamine into the medium, from about 

0.90 mM after the first day of culture up to 3.4 mM by the third day. The increased 

glutamine availabilii with the higher ala-gln conœntrations was also associated with 

increased ammonium yields. Figure 6-2c illustrates the ammonium concentrations after 

-3 days of culture which increased pmgressively with a higher initial ala-gln 

concentration in the medium, Note that an increase in ala-gln from 1-25 mM to 5 mM 

resulted in a significant improvement in cell concentrations yet the difference in 

ammonium production benHeen them was marginal. Ala-gln greater than 5 mM, on the 

other hand, resulted in higher ammonium levels without the beneft of significarit 

improvements in growth, Ammonium was 1.44 mM after 3 days with 5 mM ala-gln 

compared to 2.13 mM in the culture with the 3 mM glutamine supplement, a difference 

of 32 %. Further increases in the dipeptide up to 40 mM resulted in ammonium yields 

comparable to the glutamine-based medium. ftius, 5 mM ala-gln promoted high growth 

rates and cell densities with reduced ammonium accumulation although cell densities 

were slightly lower than the 3 mM glutamine culture. 



Figure 6-2a-c. Growth and concen~tions of glutamine and ammonium in BHK cultures 
wiai a range of initial a lwln supplements. (a) Growth of cells in medium with 
1.2W0 mM ala-gln or 3 mM glutamine as indicated by the symbols in the legend. Each 
culture was grown in tripkate (n=3) in 2dweH plates and samples were counted with a 
Coulter counter. Replicate counts were averaged and ploUed i SE. (b) Glutamine 
concentrations in the cultures for the first 3 days of growth. Glutamine was detenined 
in samples at each time point from each of the replicate wells. Replicates were 
averaged and plotted i SE. (c) Ammonium concentrations in each of the cultures after 
-3 days (70 hours) of growth. Ammonium was determined for each of the tripkate 
wells and the average plotted * SE. 
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Studies with the CC9C10 cell line demonstrated that acceptable growth rates of 

the hybridoma could only be sustained in gly-gln medium when the dipeptide was 

present at high conœ-ons (20 mM). BHK œlls were similariy found to rely on 

elevated levels of gly-gln as shown in Figure 6-3. Cells wre grown in a ange of gly-gln 

concentrations fram 2.5 to 40 mM. Low levels of gly-gln (2.5-10 mM) resulted in 

prolonged lag phases, mduced growth rates and lower cell yields- This suboptimal 

growth may be explained by a phenomenon already described for the hybndoma where 

gly-gln, at low concentrations, is not hydrolyred at a suffiaent rate to meet the cellular 

glutamine requirements- A minimum of 15 mM gly-gln appeared necessary to supply 

glutamine at a level where BHK growat was not wnsiderably impaired. Further 

improvements were possible by increasing gly-gln up to 40 mM. At this concentration, 

the lag phase was still slightly mom pronounced and the cell yield after -3 days was 

lower than the control with glutamine. The cell density eventually reached a level similar 

to that of the DMEWgln medium but this ocwrred after 5 days. The addition of gly-gln 

to gmwth medium at concentrations as high as 40 mM, however, is undesirable 

because its eventual hydrolysis could release high levels of glutamine into the medium, 

culminating in increased ammonium production. In addition, the dipeptide is expensive 

and would substantially increase the medium osmolarity. Further efforts were therefore 

directed toward examining the efficacy of replacing glutamine with glutamate in BHK 

cultures. 
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Figure 63. Glowlh of BHK cells in medium with various gly-gln concentrations. The 
culture medium was supplementeâ mth the indicated additions of gly-gln or 3 mM 
glutamine. Cells were culhrred in trïplicate ~ 8 l l s  ( ~ 3 )  of 24-well plates at each 
~~mentmtion. Wells were counted by COUW COmter and nplicates averaged and 
plotted f SE. 



6.3.3 Optirniution of arowth in glutamate medium 

BHK cells were adapted and g m  in medium in which glutamine had been 

replaceâ with a low (6 mM) and high (20 mM) concentration of glutamate. Amino acid 

analysis confirmeci that minimal glutamine was available in the serum (Appendix G) and 

the glutamate medium was thus virtually glutamine-free. BHK growth overall was not 

significantiy different at the two glutamate concentrations and was characterized by 

pmlonged lag phases, reduced growth rates and lower cell yields compared to 

glutamine medium (Figure 6-4)- The poor growth could not be attributed to an 

insufficient period of adaptation since cells were cultured in medium containing 

glutamate at the dif'ferent concentrations for at least 6 passages prior to the staR of the 

expenment. lnhibitory effects of glutamate were also ruled out as growtti was normal in 

medium containing both glutamate and glutamine dunng the adaptation of cells to 

glutamate medium. Thus, glutamate could not be direcüy substituted for glutamine on a 

mole-for-mole basis without a signifiant impact on growth. Further refinements in 

culture methods and medium were essential to improve growth in the presence of a 

limited availability of glutamine. 



Figure 84. Gmwth of BHK œlls in glutamine or glutamate medium. Cells were cultured 
in 24-well plates in medium with 6 mM glutamine (O), 6 mM glutamate (O) or 20 mM 
glutamate (A). The initial inoarlation density was 4 . 5  X 105 cellslml. Eight replicate 
wefls were used for each medium (n=8) and total cell concentrations evaluated by 
haemocytometer counts. Replicate counts w r e  avera-d and pfotted i SE. 



6.3.3.1 Efbct of seeâ density on growth in   lu ta mate meâium 

The possibili that a low initial seed density contributeci to the suboptimal 

growth in glutamate medium was invesügated by seeding the cells at increasing 

concentrations from 0.32 X 105 to 2.56 X 105 callshnll. Although the ceIl density in the 

culture inoculated at 0.32 X 105 œllsmil eventually surpassed those swded at higher 

concentrations, it suffered the most severe fa9 phase and slowest growth rate (Figure 

85 ) .  An inoculation density of 1.28 X 105 cells/ml reduced the lag and increased the 

growth rate significantly compared to the lower inoculum wnœntfations. An increase to 

2.56 X 105 cells/ml fumer improved the lag phase at the expense of a lower gmwth 

rate. Thus, glutamate medium was nomially inaarlated with 21 X 105 mWml in 

subsequent optimization expen'rnents. This cell density was expected to mitigate the lag 

phase to some degree and increase the growth rate in glutamate medium although 

limitations compared to glutamine-based medium were still evident. 
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Figure 6-5. Growth of BHK cultures inoailated at different cell densities in glutamate 
medium. Cells were cultured in 24-well plates in medium with a 6 mM glutamate 
supplement. Duplicate wells (n=2) were seeded for each cell concentration of 
0.32 X 105 (O). 0.64 X 105 (a). 1.28 X los (A) and 2.56 X 105 (V) celWml. Total cell 
concentrations wero evaluated with a haemocytorneter and replicate counts averaged 
and plotted I SE. 



6.3.3.2 B c t  of ammonium, aspartab and asparagine suppkmenb in glutamate 

meâium 

The lower growth rates and œll yields observed in glutamate medium suggested 

a nutritional limitation was induced by the elimination of glutamine. An attempt was 

made to compensate for aie defiaency by the addition of nutrients or metabolites 

derived from glutamine to the medium. 

Although glutamine was exduded from glutamate medium, its synthesis was still 

essential because of its role in various cellular processes described previously. 

Hovuever, the absence of glutamine in the medium introduœd the possibility of a limited 

availability of ammonium as a substrate for glutamine production via glutamine 

synthetase, at least dunng the eariy stages of the culture. BHK cells were therefore 

grown in glutamate medium (3 mM) with the addition of NH4CI concentrations from 

0.5-2.0 mM. Ammonium up to 2 mM had a negligible effect on gr& in glutamate 

medium or the control cultures containing 3 mM glutamine compared to those with no 

initial addition of NH4CI (Figure 6-6). The cells were cleariy not limited by a deficiency 

of ammonium when glutamate was substituted for glutamine. 

An attempt was also made to improve growth in glutamate medium by including 

aspartate. Aspartate is not a standard constituent of DMEM and would nomally be 

derived from the metabolism of glutamine. In glutamine-free medium, however, a low 

rate of aspartate production could limit growth. Thus, aspartate was added to 3 mM 

glutamate medium in a range of concentrations up to 20 mM. Figure 6-7 demonstrates 

aspartate did not reduce the extended lag phase, enhance the growth rate or increase 

the cell yield after -3 days. In fact, incmasing aspartate wncentrations resulted in 

slower growth. The final cell density was slightly higher in medium with 1.25-5 mM 

aspartate compared to that with only the glutamate (O mM aspartate) but only after -6 

days of growth. A limitation was still apparent wmpared to the culture containing 



glutamine. Obviously, aspartate was not a limiting nutrient and its addition to glutamate 

medium was unnecessary. 

Asparagine was considered as an additional supplement in glutamate medium. 

The biosynthesis of asparagine is expeded to involve an amidotransferase reaction 

with aspartate and glutamine as substrates, the latter senring as amide donor. The 

absence of glutamine in glutamate-based medium could thus mduœ the rate of cellular 

asparagine production culrninating in a growth limitation. Asparagine was added to 

3 mM glutamate medium at concentrations from 0.W3.0 rnM and the effect an gmwth 

examined. As show in Figure 6-8a, an asparagine concentration as low as 0.12 mM 

resulted in considerable improvements in both the growth rate and cell yield. Further 

increments in asparagine concentration up to 3 mM resulted in slight but significant 

improvements in growth. However, growth rates and cell concentrations were still lower 

Vian the culture containing glutamine. Neverthelers, p increased 25 % from 0.028 hrl 

with no asparagine addition (O mM) to 0.035 h r l  with 3 mM asparagine. The cell yield 

increased 85 % from 0.33 X 1$ cellshl to 0.61 X 106 cellslml after -3 days culture 

wîth O and 3 mM asparagine, respectively. These values compare with a specific 

gmwtt~ rate of 0.038 hr1 and a cell yield of 1.38 X 108 cellslml after -3 days in 

glutamine medium. A combination of asparagine and aspartate in glutamate medium 

did not result in further improvements in growth (Figure 6-8b). Growth in glutamine-free 

medium was obviously Iimited, in part, by asparagine but could be circumvented by its 

direct addition to glutamate medium. These results also suggested the biosynthesis of 

other nutrients, and hence growth, could similarly be limited by the availability of 

glutamine. Thus, aie mmplete elimination of glutamine without comprornisin~ gmwth 

performance would likely require identification of these nutrients and their addition to 

glutamate medium. Instead, a less complicated and more efficient appmach was 

employed and involved minimizing rather than replacing glutamine in the medium. 
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Figure 86. Effect of ammonium addition on BHK cell graivth in glutamate medium. 
Cells were grown in medium with supplements of either 3 mM glutamate (open 
symbols) or 3 mM glutamine (closed symbols) and the NH&I concentrations spedfied 
above. Duplicate cultures (n=2) for each ammonium concentration were added to 
24well plates. Total œll conœntrations wre evaluated by Coulter counter and 
replicates counts averaged and plotted f SE. 
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Figure 6-7. Growth of BHK œlls in glutamate medium suppkmented with various 
aspartate concentrations. The medium contained 3 mM glutamate and the indicated 
concentraüons of aspartate while oie control had a 3 mM glutamine supplernent. 
Cultulas w e n  grown in ûiplicate (n=3) in 24-weY plates. Total ce11 concantrations were 
detemined by Coulter aninter and replicates averaged and plotted f SE. 



Figure Ma-b. (a) Growth of BHK cells in glutamate medium with various 
concentrations of asparagine. The medium contained 3 mM glutamate and the 
indicated concentrations of asparagine. Cultures with asparagine up to 1 mM were 
grown in tripkate (n=3) while the remaining cultures wre in duplicate (n=2) wells of 
24-well plates. @) Growth in glutamate medium with asparagine and varying aspartate 
concentrations. The medium contained 3 mM glutamate. 3 mM asparagine and the 
indicated mncenbations of aspartate. Triplicate cultures (n=3) were grown in 2 4 ~ 1 1  
plates. In both experirnents, the control contained a 3 mM glutamine supplement Total 
cell concentrations were detemined by Couîter counter and replicates averaged and 
plotted î SE. 
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6.33.3 Glutamine and dipeptide suppkmnts in gluhrnatm-hsd medium 

Efforts to reduœ the concentration of glutamine in culture media and thereby 

limit ammonium production were focused on complementing glutamate medium with 

asparagine and low levels of glutamine. A range of glutamine concentrations 

(0.12-3.0 mM) were added to medium containing 3 mM glutamate. Figure 6-9a 

demonstrates glutamine at a concentration as low as 0.12 mM substantially improves 

growth in glutamate- An immediate reduction in the duration of the lag phase and an 

increase in the growth rate were obsewed relative to the culture without a glutamine 

supplement (O mM). The trend of improved growth continued with increasing glutamine 

concentrations up to 1 mM where growth was comparable to the 3 mM glutamine 

control culture (without glutamate). For glutamate cultures with O and 1 mM glutamine, 

p was increased 50 % from 0.026 h r l  to 0.039 h d ,  respectively. The cell yield after 

-3 days gmwth was 227 % higher in the cuiture with 1 mM glutamine (1.60 X 106 

cellsmil) compared to that without glutamine (0.49 X 106 cells/ml). Glutamine 

supplements above 1 mM in glutamate medium did not result in further improvements 

of growth rates and cell concentrations. An additional reducüon in glutamine 

requirements was anticipated by including asparagine in the medium. Cells were 

cultumd in glutamate medium with a range of low glutamine concentrations 

(0.25-1 mM) with and without 3 mM asparagine (Figure 6-9b). In the presence of 

asparagine, 0.25 mM glutamine resulted in a growth rate and cell yield after -3 days 

that was comparable to the control culture (medium 3 mM glutamine). The low 

level of glutamine was dearly suboptimal without the asparagine supplement. 

Asparagine, on the other hand, had little effed at higher glutamine concentrations 

(~0.25 mM). However, routinely including asparagine with a slightly higher glutamine 

concentration (0.5 mM) would compensate for variations in minimum glutamine 

requirements in glutamate medium caused by differences in culture conditions. Some 

variability, for instance, was apparent by comparing Fiiures &Sa and 6-9b in which the 



minimal levels of glutamine required for normal gmwth were 1 mM and 0.5 mM, 

resmvely, in glutamate medium without asparagine. Thus, the combination of 3 mM 

glutamate and asparagine would permit at least a 6-fold reduction in the amount of 

glutamine required to sustain normal growth of BHK cells in batch cultures (from 3 mM 

in glutamine-based medium to 0.5 mM in glutamate-based medium). 

The possibiiii that relatively low concentrations of ala-gln or @y-gln could be 

used in place of glutamine in glutamate-based medium was also investigated. BHK 

cells were grown in medium supplemented with glutamate, asparagine and a series of 

different dipeptide concentrations (Figure 6-1 0a-c). Figure 6-1 0a shows the cells 

cultured in the glutamate-based medium with an increasing ala-gln supplement 

Growth in 0.254.50 rnM ala-gln was charaderized by a more pronounced lag phase 

resulting in reduced cell yields after -3 days compared to the control culture with 3 mM 

glutamine. However, growth in I mM ala-gln was comparable to the control. Thus, in 

the presence of glutamate and asparagine, the ala-gln requirement was reduced Sfold, 

from 5 mM to 1 mM. Including these amino acids in the medium also permitted a 

dramatic decrease in the gly-gln requirement. Figure &.lob illustrates growth of cells 

with glutamate, asparagine and gly-gln ranging from 2.5 to 40 mM. Remarkably, it was 

found that at 2.5 mM, the lowest concentration tested, gly-gln pmduced growth that 

was similar to the control with 3 mM glutamine. Concentrations higher than 2.5 mM did 

not improve growth charactefistics but, in fact, appeared to eventually inhibit growth at 

30 and 40 mM. Another experiment was performed to address the question of how low 

gly-gln could be reduced before growth was significantly impaired. Cells were grown in 

the presence of 3 mM glutamate and gly-gln concentrations from 0.5 to 2.5 mM. Some 

of these cultures containeci asparagine while it was omitted from others to ascertain its 

effect on growth under low gly-gln conditions (Figure û-10c). In medium supplemented 

with both glutamate and asparagine, gly-gln concentrations e2.5 mM produced reduced 

cell yields after -3 days compared to the glutamine control. M e n  asparagine was 



omitted, hrrther redudons in growth were obsewed for the range of gly-gln 

concentrations examined (0.5 to 2.5 mM). This again illustrates the benefit of 

asparagine under conditions where glutamine is apt to be present at low levels, The net 

effect was that in medium supplemented with both glutamate and asparagine, up to a 

16-fold reduction in the gly-gln concentration was possible, from 40 to 2.5 mM, without 

campromising growth. 



Figure 6-9a-b. Growth of BHK œlls in glutamate medium wiai varying glutamine 
conœntrations with and without asparagine. (a) Cells were grown in medium wiai 3 mM 
glutamate and the indicated concentrations of glutamine Mile the control culture 
contained 3 mM glutamine without glutamate. Each of the cultures were g m  in 
tnplicate (n=3) in 24-well plates. (b) GmMh in medium supplemented with 3 mM 
glutamate and the indicated glutamine and asparagine concentrations. The wntml, 
once again, contained 3 mM glutamine. Cultures with both glutamate and glutamine 
were grown in triplicate (n=3) and the remainder in duplicate (n=2) in 24-well plates. In 
both expenments, œlls were wunted by Coulter counter, replicates averaged and 
plotted f SE. 
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Figure 6-IOa-c. Growth of BHK cells in glutamate-based medium with various dipeptide 
concentrations. Cells were cultumi in medium with 3 mM glutamate, 3 mM asparagine 
and the specified concentrations of (a) ala-gln or (b) gly-gln. (c) Gr- in medium with 
3 mM glutamate, either O or 3 mM asparagine and the indicated gly-gln concentrations. 
The contml in al1 cases mntained a 3 mM glutamine supplement Each of the cultures 
was grown in tripkate for (a) and @) and duplicate for (c) in 24-well plates. Cell 
concentrations were determineci by Coulter counter and mplicates averaged and 
plotted f SE. 
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6.3.3.4 Glutamate mquiremerrb in gluhmrds-brsed medium 

Growth of BHK cells was examined in medium supplemented with 3 mM 

asparagine, 0.5 mM glutamine and a range of glutamate concentrations from 

1-0-20 mM (Figure 6-lla). This would establish the minimum level of glutamate 

required for normal growth with a reduced availability of glutamine in batch culture. 

Glutamate concentrations ftom 2.0-15 mM produœd cell yields after -3 days that were 

slightiy but significantly higher than those observed in the control with 3 mM glutamine. 

The culture with the lowest glutamate concentration (1.0 mM) had the same cell yield 

as the glutamine wntrol but entered a more pronouncd decline phase after 3 days. A 

3 mM glutamate supplement appeared optimal and produœd the highest cell yield after 

-3 days at 1.94 X 106 celldml. This compares with 1.72 X 106 wWml in the glutamine 

control at the same üme point. lncreases in the glutamate concentration beyond 3 mM 

did not improve growth. In fact, a dedine in growth rate and ceII concentration was 

observed at 20 mM glutamate. 

Amino acid analysis revealed that glutamate was consumed by the BHK 

cultures at a high rate- Figure 6-1 l b  shows glutamate was depteted after -3 days 

culture with an initial concentration <4 mM. The cornplete wnsumption of glutamate 

would explain the abrupt onset of the dedine phase in the culture with the lowest 

glutamate concentration. Other factors, however, appeared to limit growth with higher 

glutamate concentrations (>3 mM). Ammonium was also determined at each of the 

glutamate concentrations after -3 days for cultures and cell-free medium (Figure 

6-11c). Ammonium in the cultures with a range of glutamine concentrations originally 

depicted in Figure 6-ld were induded for contmst. In the 1 mM glutamate culture, the 

highest ammonium level was observed at 1.08 mM. Ammonium actually dewased to 

as low as 0.52 mM with increasing glutamate in the medium. In glutamine-based 

medium, conversely, a progressive increase in ammonium occurred with higher initial 

glutamine supplements. For comparison, the 3 mM glutamine culture reached 2.08 mM 



ammonium after 3 days white that containing the equivalent glutamate concentration 

was 63 % lower at 0.76 mM, The cell density was 17 % higher in the glutamine medium 

after -3 days but this alone would not account for the much higher ammonium level. 

Clearly, cellular ammonium pdud ion was significantiy reduced in the glutamate 

medium. The greater stability and lmr ammoniagenic nature of glutamate was also 

demonstrated by the low and constant ammonium (-0.2 mM) in the cell-fiee glutamate 

medium. This contrasteci sharply with glutamine medium in which decomposition 

accaunted for a significant Fraction of the ammonium produced in the cultures. 



Figure 6-lia-c. Growth, glutamate utilkation and ammonium accumulation in BHK 
cultures supplemented with asparagine, a low level of glutamine and a range of initial 
glutamate concentmtions. (a) Gmvth of œlls in medium with 3 mM asparagine, 0.5 mM 
glutamine and glutamate concentrations from 1-20 mM as indicated in the legend. The 
wntml contained 3 mM glutamine without glutamate or asparagine. Each culture was 
g m  in duplicate wells of 2dwell plates. Cell concentrations were evaluated by 
Coulter caunter and replicate munts averaged and plotted * SE. (b) Glutamate 
concentrations in the cultures after -3 days (69 hours) of growth. Glutamate from each 
of the duplicate samples was determined and the average plotted î SE- (c) Ammonium 
concentrations in the glutamate cultures (0) and œli-free glutamate medium (m) after 
69 hours. Ammonium in cultures grown with vafious glutamine concentrations (0) and 
ceIl-free glutamine medium (a) after 69.5 hours were included for comparison. The 
concentration of ammonium was detennined in duplicate samples, averaged and 
plotted î SE. 
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6.4 Discussion 

Prior to the development of the low-amrnoniagenic medium, the minimum 

glutamine concentration which could support optimal growth of BHK cells was 

invesügated. This wouki provide an indication of the extent of the dependence of the 

cell line on glutamine and the potential for replacement with other substrates, 

Furthemiore, unnecessarily high levels of glutamine in the medium would exaggerate 

the contribution of ammonium inhibition to grwuth limitation in batch cultures. Other 

studies have established the importance of controlling the availability of glutamine in 

culture medium to reduce the accumulation of ammonium. Glacken et al. (1986) 

demonstrated the specific glutamine utilidon rate increased with a higher initial 

glutamine supplement in the medium. Ljunggren and Haggstram (1994) reported very 

low glutamine levels (e0.28 mM) could be maintained in murine hybridoma cultures, 

without affecu'ng the growth rate, by continuously feeding the amino acid at a low rate. 

Limiting glutamine in the medium is therefore a feasible strategy to alleviate ammonium 

production fmm both decomposition and rapid metabolism of glutamine. 

The present study revealed a glutamine conœntration of 3 mM was sufficient to 

promote maximum growth rates and high cell yields in batch cultures (Figure 64 a-b). 

Glutamine as low as 1.5 mM was able to sustain maximal exponential growth but a 

glutamine limitation (Figure 6-tc) eventually resulted in a prernature entry into the 

stationary phase and a lower cell yield. Altematively, a growth limitation due to 

ammonium inhibition only became apparent at very high glutamine concenttations. 

Ammonium increased as the initial glutamine concentration in the medium was raised, 

reaching in excess of 8 mM after 3 days in the 40 rnM glutamine culture (Figure &Id). 

This level of ammonium appmximated the 1.C-50 of BHK cells detennined previously 

(Figure 3-la-b). ln the 40 mM glutamine culture, though, the specific growth rate and 

cell concentration after 3 days were only 4% and 21 % lower, respectively, than for the 

culture with 3 mM glutamine. Thus, a greater degree of inhibition might have been 



expected. However. the determination of the 1-C.50 value does not consider the 

additional ammonium produced during the course of cell growth. Furthemore, the more 

gradual accumulation of ammonium from decomposition of glutamine and cell 

metabolism was probably less inhibitory than the immediate addition of NH4CI direcüy 

to the medium. Obviously, ammonium inhibition could be minimized with an initial 

glutamine concentration of 3 mM in the medium although growth was eventuaHy Iimited 

by other factors. A culture with a 3 mM glutamine supplement served as a reference for 

normal growth rates, cell yields and ammonium production in batch cultutes during the 

development of a lowammoniagenic medium. 

Previous work with the CCSClO hybndoma intmduced the possibility that 

dipeptides may also substitute for glutamine with BHK cells. An optimal ala-gln 

concentration of 5 mM in BHK cultures (Figure 6-2a) was similar to the 6 mM which 

promoted normal growai rates and high cell yields with the hybridoma (Figure 4-2). 

Significantly lower ala-gln resulted in a limited availability of glutamine in the medium 

(Figure 6-2b) which was earlier shown to result in reduced growVI rates and cell 

concentrations (Figure 6-1). Higher gly-gln supplernents (21 5 mM) were required to 

prevent a substantial dedine in growai performance of BHK cells (Figure 6-3) which is 

consistent with previous observations in CCSCIO cultures. lmprovements in growth 

continued up to the highest gly-gln concentration examined (40 mM). Again, a 

peptidase with a reduced affinity for gly-gln appears operative and the mechanisms of 

dipeptide utilization are probably analogous in each of the cell Iines. An obvious 

difference, however, was the more gradual increase of glutamine in ala-gln medium 

with BHK cultures (Figure 6-2b) compared to aie mpid dipeptide hydrolysis noted with 

CCSClO cells (Figure 4-6). This could be explained by a reduced sensitivity of BHK 

cells to the low initial glutamine levels in dipeptide medium resultïng in a less severe 

drap in cell viability and release of the peptidase. 



The studies above demonsfrated 5 mM ala-gln or up to 40 mM gly-gln can 

substitute for glutamine in BHK cultures. The indicated ala-gln concentration also 

resulted in a significant reduction (32 %) in ammonium after 3 days of culture relative to 

the control with a 3 mM glutamine supplement (Figure 6-2c). Even more substantial 

reductions in ammonium levels, though, were expected in medium substiMed with 

glutamate. Following hydrolysis of dipeptides, the released glutamine is still subject to 

metabolic deamidation and decornposition. Furthemore, the development of a 

glutamate-based medium could eliminate the need for the costiy additions of high 

levels of gly-gln. 

Eariy efforts to replace glutamine with glutamate demonstfated growth of HeLa 

cells in the subsütuted medium but only men  a high glutamate level(20 mM) was used 

(Eagle et al., 1956). Even at the high glutamate concentration, a marked lag phase was 

observed for HeLa cells while another Une, mouse L fibroblasts, were unable to grow. 

Hassell and Butler (1990) later descn'bed the gfowth of different cell lines in glutamate 

medium. McCoy, BHK and Vero cells were each able to grow in medium with an 

equimolar (4 mM) substitution of glutamate for glutamine. However, the period of 

adaptation required for the cells to assume normal growth rates in glutamine-free 

medium varied among the cell lines. BHK cells depended on an adaptation penod of 

15-20 days and a higher initial glutamate level which was gradually reduced over 

several passages. 

The present study indicates suboptimal growth of BHK cells when glutamine 

was substituted with glutamate at either high (20 mM) or low (6 mM) concentrations 

without additional supplements. Regardless of the initial level of glutamate, more 

pronounced lag phases, slower growth rates and lower cell yields were obtained 

compared to the medium containing glutamine (Figure 64). Growth also did not appear 

to improve in glutamate despite adaptation and prolonged culture in the medium 

considerably longer than 20 days. This poor performance of BHK cells in glutamate 



may not have baen witnessed in the earlier report which indicated doubling times of 

22-25 hours in glutamine medium (Hassell and Butler, 1990). A doubling time of 12-14 

hours is possible with these cells and a longer periad indicates suboptimal culture 

conditions. This may have obscured the actual diierenœs between growth in 

glutamine and glutamate medium. Thus, the gmwth response in glutamate medium is 

not only dependent on the cell line but may also Vary within the same line depending on 

the specific culture conditions. 

The present study demonstrates glutamine cannot be cumpletely eliminated 

from the medium without a considerable impact on the growth performance. 

Nevertheless, cells were capable of growing in glutamate and means of improving the 

growth characteristics required furttier attention. The effect of the cell inoculum on the 

gmwth in glutamate medium was first examined because a low initial density wuld 

contribute to a reduction in growth performance. This possibility has not been 

considered by other investigators. The duration of the lag period was reduced and the 

exponential growth rate improved with increasing inoculation densities up to 1.28 X 105 

celldml (FÏgura 6-5). A seed concentration of -1 X 105 cells/ml in glutamate medium 

was selected for future experiments to reduce the lag phase while ensuring an 

adequate gmwth rate. However, further improvements required doser scrutiny of 

additional nutritional requirements of BHK cells cultured in glutamate medium. 

Efforts to ameliomte a possible nufnüonal defiuency in glutamate medium 

focused on supplementing the medium with metabolites nomially produced from 

glutamine. Eagle et al. (1956) found that adding 0.51 mM NH4CI to medium 

substituted with glutamate usually improved the growth of HeLa cultures, Presumably, 

the ammonium sewed as a substrate along with glutamate and enhanced the cellular 

synthesis of glutamine via the glutamine synthetase readion. The addition of up to 

2 mM NHgCl had liffle effect on either the lag phase or giowth rates of BHK cells 

cultured in glutamate medium (Figure 6-6). Although lower ammonium production was 



expected, it was evidently not a growth limiting factor in this case. SuffiCient ammonium 

was probably generated by the metabolisrn of glutamate to meet the demands of 

existing levels of glutamine synthetase. 

Aspartate and asparagine are also ûenved from glutamine (Tate and Meister, 

1973 and McKeehan, 1986) and are not standard wmponents of DMEM- Cells must 

therefore rely on endogenous production of these amino aads and a low rate of 

biosynthesis in glutamate medium could limit growth. This process could also place 

further demands on a potentially limited cellular capacity to produœ glutamine. 

Previous reports have indicated aspartate or asparagine supplements are important in 

cultures with a limited availability of glutamine or when cells are unable to utilize 

glutamine as a substrate. Glacken (1988) suggested ammonium could be substantially 

reduced in bioreactors by contmlling glutamine at low levels and supplying aspartate 

and asparagine. This was compatible with the report by Donnelly and Scheffler (1976) 

indicating CHO cells could grow in the presenœ of a respiration inhibiior (and were 

therefore unable to oxidatively meta bolize glutamine), provided asparagine was 

included in the medium, Asparagine has also been used as a substitut0 for glutamine in 

CHO cell cultures (Kurano et al., 1990)- Consequently, asparlate and asparagine were 

investigated as additional supplements in glutamate medium for BHK cultures. 

Aspartate, throughout a range of concentrations examined (1 -25-20 mM), was 

of no benefit in improving the lag phase or growth rate of BHK cells in glutamate 

medium (Figure 6-7). On the contrary, the lag phase appeared to be exacerbated with 

an increasing concentration of aspartate. The addition of asparagine, altematively, 

resulted in marked irnprovements in growth (Figure 6=8a)- At al1 concentrations 

considered (0.CB3.0 mM), the lag phase was arneliorated and the specific growth rate 

and cell yield increased in response to the asparagine. A concentration of 3 mM 

appeared optimal, resuiting in 25 % and 85 % increases in growth rate and cell yield 

after 3 days, respectively, compared to glutamate medium without the asparagine 



supplement The relatively high concentration of asparagine would prevent its depletion 

and promote high consumption rates- Addiion of aspartate to medium supplemented 

wiai both glutamate and asparagine resulted in no further improvements in growth 

(Figure Mb). These expedrnents suggested aie rate of cellular aspartate produdian 

was suffident to meet the demands of BHK cells grown in glutamate medium- 

Presumably, aspartate was readily produced from the abundant supply of glutamate. 

However, the biosynthesis of asparagine was apparently a growth limiting reaction, 

probably msutting ftorn the re-cted availability of glutamine required for the amidation 

of aspartate. This was offset by induding asparagine directly in the medium. Growth 

performance was nevertheless mnsiderably reduced in the presence of both glutamate 

and asparagine compared to cultures containing the usual glutamine supplement. This 

implies a deficiency of other products derived from glutamine also contributes to the 

growth limitation in glutamate medium. Defining each of the limib'ng nutrients and 

induding them as supplements would increase the complexity and mst and perhaps 

afso reduce the stability of the medium. The more practical approach taken here was to 

minimize and replace a majority of the cellular glutamine requirements in glutamate 

medium. 

In glutamate-based medium, the minimum glutamine level necessary for normal 

gmwth of BHK cells was detemined with and without asparagine- In the presence of 

3 mM glutamate, glutamine could be reduced to 1 mM without a deletenous effect on 

growth (Figure 6-9a). The specific growth rate and cell yield were 50 % and 227 % 

higher, respectively, than the culture lacking glutamine- Even the lowest concentration 

examined (0.12 mM) substantially impmved growth aithough limitations were still 

apparent until glutamine reached 1 mM. The addition of 3 mM asparagine to the 

glutamate medium further reduced the minimum glutamine level to as low as 0.25 mM 

(Figure 6-9b). However, 0.5 mM would more likely accommodate potential vaflations in 



glutamine requirements (or loss of glutamine during pmlonged incubation or storage) 

and was still6 X lower than the 3 mM necessary in glutamine-based medium- 

The benefits of supplementing glutamate medium with low levels of glutamine 

may be related to a report by Griffiais and Pirt (i967)- These authors described the 

gr- of mouse LS cells adapted to medium subsütuted with 8 mM glutamate- Adding 

a nominal quantity of glutamine (0.7-0.8 mM) to the glutamate medium significantly 

reduced the lag phase and increased aie grawth rate compared to cultures facking the 

glutamine. In their experiments, an additional supplement with asparagine did not result 

in further improvements in growth in the glutamatefglutamine medium. However, 

asparagine may have a limited effect with increasing glutamine levels as observed for 

BHK cells (Figure 6.9b). 

In the presence of glutamate and asparagine, only a minimal glutamine 

supplement was essential to sustain normal growai of 8HK cells. It would also stand to 

reason that relatively low concentrations of dipeptides could be used in place of 

glutamine- Indeed, a combination of 3 mM glutamate, 3 mM asparagine and 1 mM 

ala-gln or 2.5 mM gly-gln resulted in growth rates and cell yields comparable to cultures 

wntaining 3 mM glutamine (Figure 6-10a-c). Thus, a 5- and 16-fold reduction in ala-gln 

and gly-gln, respectively, was possible and growat actually improved compared to 

media in which only the dipeptides were used as substitutes (Figure 6-2a and Figure 

6-3). The dipeptides were also advantageous in ensuring the stability of the medium 

when used in conjuncüon with glutamate, A low glutamine supplement, on the other 

hand, could decornpose to limiting levels with extended periods of storage. The use of 

gly-gln also became feasible at the lower concentration which would reduce costs 

CO nsidera bl y. 

The final process in the development of the glutamate-based medium was to 

establish aie optimal glutamate concentrations for BHK cells in batch culture and its 

efficacy in controlling ammonium formation. This was essential to prevent a growth 



limitation resulüng from its depletion and validate continued studies with this type of 

medium. In the presence of 3 mM asparagine and 0.5 mM glutamine, 3 mM glutamate 

was suffiCient to maintain a growth rate and cell yield that was comparable to or 

exœeded the control culture with 3 mM glutamine (Figure 6-1 la). A low glutamate 

concentratîon (1 mM) resulted in a prernature entry into the dedine phase. Although the 

glutamate was depleted after 3 days at an initial concentration of 3 mM, this did not 

appear to be the growth limiting factor. This was indicated by the experiments with 

cultures whose higher initial glutamate supplemenl were not completely consumed, 

but entered the stationary phase at the same point (Figure 6-1 1 b). Ammonium was next 

measured in the cultures with different glutamate additions and found to be markedly 

reduced campared to those with an equivalent glutamine supplement (Figure 64 ic). 

With glutamate and glutamine each iniüally at 3 mM, for example, ammonium was 63 % 

lower in the former at 0.76 mM after 3 days of culture. In addition, increasing the initial 

glutamate supplement did not result in an elevation of ammonium as obsewed with 

glutamine. Furthemiore, regardless of the concentration of the initial glutamate 

supplement, ammonium was low and almost a constant -0.2 mM in the dl-free 

medium. Clearly, glutamate was more stable and losses due to decomposition were 

insignificant compared ta glutamine-ôased medium. Thus, higher levels of glutamate 

may be included in the culture medium without the drawback of increased ammonium 

yields. 

Together, the studies presented above demonstrate glutamate and asparagine 

effecüvely replace the majority of glutamine requirements of BHK cells. Only a minimal 

additional supplement wiai glutamine or dipeptides was essential to support nomial 

growth rates and cell yields in the glutamate-based medium. Hawever, growth was not 

enhanced compared to cultures with the standard complement of glutamine despite the 

much lower ammonium production when glutamate wes utilized by the cells. An 

explanation for mis was provided in the following chapter. 



Chrpter 7 

Gmwth, Metabolism and Adaptation of BHK Cells in 

7.1 Introduction 

Glutamate and, to a lesser extent, asparagine significantiy d u c e  the glutamine 

requirernents of BHK cells. However, the effect of the subsütuüon on cellular 

metabolism warrantecl further consideration. Considerable reductions in ammonium 

production in glutamate medium have been show by other invesügators (Hassel1 and 

Butler, 1990) and this was wnfirrned in the current study- The impact on glucose, 

lactate, amino acid metabolism and intracellular nucleotides was less obvious and has 

not been covered extensively in the literature. Growth and metabolic analyses of BHK 

cells in glutamate medium were wnducted batch stationary cultures (multiwell 

plates or T-flasks). The potential for improved cell yields with glutamate-based medium 

was then evaluated in batch and fed-batch microcamer systems. The microcarriers 

would eliminate the potential of growth limitations arising from a restricted availability of 

surface area. 

Further investigations focused on the factors which influence growth, 

metabolism and adaptation in glutamate medium. Eariy studies suggested the activity 

of glutamine synthetase, and hence the conversion of glutamate to glutamine, limited 

growtti in glutamate-substituted medium (Griffiths and Pirt, 1967). McDemott and 

Butler (1993) working with other cell lines concluded the rate of glutamate uptake and 

not glutamine synthetase activity dictated adaptability to glutamine-free medium. Each 

of these possibilities was investigated as a growth limiting parameter for BHK cells 

cultured in glutamate medium. Other enzymes involved in the initial stages of glutamine 

and glutamate metabolism induding phosphate-activated glutaminase, alanine 

aminotransferase and glutamate dehydmgenase were also considered to explain some 

of the metabolic changes assoçiated with growth in glutamate medium. 



7.2 Materials and mahods 

7.2.1 Media and cuhm conditions 

7.2.1.1 Batch stwaonary cultures (multiwsll plates and T-flasks) 

The glutamate-based media selected for metabolic analyses were based on 

formulations developed in the previous chapter which supported normal growth 

characteristics of BHK œlls in batch cuiture. Unless otherwise indicated, the 

composition of the media and the controls with shorthand designations are listed below. 

Glutamate-based media 
DMEMIlO % calf senim/1.2 mM senne with: 
i) 3 mM glutamate + 3 mM asparagine + 0.5 mM glutamine (DMEM/glu+gln) 
ii) 3 mM glutamate + 3 mM asparagine + 1 mM ala-gln (DMEM/glu+ala-gln) 
iiï) 3 mM glutamate + 3 mM asparagine + 3 mM gly-gln (DMEM/glu+gly-gln) 

Contmls 
DMEWlO % calf serurnl1.2 mM senne with: 
iv) 3 mM glutamate (DMEWglu) 
v) 3 mM glutamine (DMEMfgln) 

Media containing glutamate, induding the optimized glutamate-based 

formulations and the DMEWglu control, were collecîively refened to as "glutamate- 

substitutedn or simply "glutamate median. Cells were adapted to each of the different 

media for at least 6 passages befom beginning the experiments unless otherwise 

indicated. Expenments perfomed in 24-well plates or T-flasks were designated as 

"stationary" cultures to distinguish them from growth in the stirred microcamer cultures. 

Cels wem inoculated at -1 X 105 ceIlsiml in a volume of 1 mllwell for the multiwell 

plates. The T-flasks were used only for analysis of intraœllular nudeotides and enzyme 

activities according to procedures described later (sections 7.2.4 and 7.2.5, 

respedively). Standard wîture conâiions, induding incubation temperature and 

atrnosphere, were stated in secüon 2.4. 



7.2-1 -2 Batch microcrirrkr cuttur8s (spinner fiasies) 

Growth media used for the experiments in 100 ml spinner flasks were 

DMEM/glu+gln, DMEMIglu and DMEWgln as described above with a few modifications- 

Al1 media contained a 3 mM asparagine supplement. In addition, the glutamate 

concentration was increased to 4 mM in the glutamate-substituted media 

(DMEM/glu+gln and DMEWgIu) and 4 mM glutamine was included in DMEWgln. 

Cytodex 1 was added to each flask at a concentration of 5 giL and the final culture 

volume was 100 ml. Flasks were pre-incubated for -2 hours to allow pH equilibration 

and then inoaibted at -1.5 X 105 viabîe cells/ml for each type of medium. The vessels 

were then placed on a stimng platforni in the CO2 inwbator with a constant 40 r.p.m. 

rate. Standard incubation conditions were employed for the duration of the culture 

(section 2.4). The sample volume removed from the spinners for cell counts and 

medium analysis was 2 müday. 

7.2.1.3 Fed-batch microcarrier cultums (bioreactor) 

Fed-batch experiments were perfomed in a New Brunswick CelliGen 1-5 L 

bioreactor. The growth media used were DMEM/glu+gln and DMEWgln essentially as 

described for stationary batch cultures, with 3 mM initial glutamate and glutamine 

concentrations, respectively. DMEWgln also contained the same 3 mM asparagine 

supplement that was added to DMEM/glu+gln. Cytodex 1 was included in the medium 

at S g/l and the final culture volume for each medium was 1.25 L. Cells were 

inowlated at -1.5 X 'Io5 viable cellslml in each medium. The daily sample volume 

removed from the bioreactor for cell counts and medium analysis was -5 ml- The 

temperature, pH and dissolved oxygen (D.O.) concentraüons were regulated 

automatically by the bioreactor controller system. The temperature was maintained at 

37 OC by a heating mat sumunding the bioreactor vessel. The pH of the medium was 

contrdled at 7.2 by the addition of 0.2 M Na2CO3 from a peristaltic pump and CO2 



from a mixed gas sparging system. Oxygen was regulated at 50 % air saturation by 

infusion of a balance of oxygen and nitmgen. Pie+wrked C02, 0 2  and N2 were 

added through an aeration cage in the &mng assembly. The stimng rate was 40 r.p.m. 

for the first 24 hours and 60 r-p-m, for the remainder of the culture period. The cultures 

were fed daily fram concentrateci nufrient solutions. Nutrients consurneci at the highest 

rates were provided in Feed Solution 1: glucose, glutamate, glutamine and serine for 

DMEM/glu+gln and glucose, glutamine and serine for DMEWgln. Feed Solution 2 

consisted of SOX MEM amino acids (Gibco, 320-1130). The composition of each of 

these solutions and the increase in nutrient concentration resulting from the feed are 

listed in Table 7-1. The volumes added were 11 -5 ml Feed Solution 1 and 12.7 ml Feed 

Solution 2 at 22 and 118 hours. This was increased to 20.7 ml and 25.3 ml for Feed 

Solutions 1 and 2, respedively, at 46, 70 and 96 hours. Pumps were used to add the 

feed solutions and the correct volume was dispensed according to the measured flow 

rate. The sample volume removed daily from the bioreactor was -5 ml. 



Table 7-1 - Feed solutions and concentrations for fed-batch microcamer cultures. 

Feed stock Conc. incfease after feed (mM) 
DMEW Nutrient canc. (mM) 22 and 118 h 46-96 h 
glu+gln Feed Solution 1 

ser 100 0.9 1 -7 
gin Feed Solution 1 

glc 500 4.6 8.3 
gin 200 1.8 3.3 
s8r 100 0.9 1.7 

glu+gln and Feed Solution 2 
arg.HCI 30 0.30 0.60 
cys S 0.05 0.10 

hisHCIeH,O 10 0.1 0 0.20 
île 20 0.20 0.40 
leu 20 0.20 0.40 

lpHCI 20 0.20 0.40 
met 5 0-05 0-1 O 
phe 10 0.10 0.20 
thr 20 0.20 0-40 
trp 2.5 0.025 0.05 
ty r 10 0.1 0 0.20 
val 20 0.20 0.40 



7.2.2 CeII enumeraüon 

Total cell densities were evaluated using a Coulter counter. Viable cell 

concentrations wre determined with trypan blue staining and a haemocytometer as 

described previously (section 2.8). 

7.2.3 Analysk of meâia componenb 

Amino acid concentrations were detennined by OPA derivatkation of samples 

with separation and quantification by reverse phase HPLC (section 2.11.4.2). 

Ammonium was analyzed with a gas-sensing elecaode (section 2.1 1.2). Glucose and 

lactate were quantified with the glucose oxidase (section 2.1 1.1 -2) and lactate 

dehydrogenase (section 2.1 1.1 -3) assays , respectively. 

7.2.4 Intfacellular nucleotide analysis 

Intracellular levels of UDP-GNAc (UDP-GlcNAc + UDP-GalNAc) and AT? were 

detemined for BHK celis wltumd in glutamate- and glutamine-based media 

(DMEM/glu+gln and DMEWgln, respecüvely). The procedure was adapted from a 

method descn'bed by Ryll and Wagner (1991). Cells were seeded at an initial 

concentration of 4 .5  X 105 cellolml in triplicate 25 c d  T-fiasks for eadr medium. After 

4 days of growth, cells were trypsinized according to standard procedures (section 2.5) 

and resuspended in PBS. Each of the replicate cultures were treated independently 

and contained 4 to 5 X 106 viable cells. Cells wem centrifuged at 330 g for 8 minutes. 

Th8 pellet was resuspended in 120 pl of cold 6 % TCA (v/v) and sonicated for 15 

seconds on ice. After 20 minutes of cooling in an ice bath, cell debris was removed by 

a 5 minute centrifugation in a miaohige at 14 000 r.p.m. and 4 OC. A 100 pl volume of 

supernatant was collected and neutralued with 27 pl 0.5 M Tris (pH 9.0) and 8-10 pl 

2 M NaOH. Nucleotides were detennined by separation and quantification with reverse 

phase chromatography as outlined in section 2.12. 



7.25 Pmpamtion of cellular @satas for enzyme rssays 

The adivib'es of glutamine synthetase, phosphate-acbivated glutaminase, 

alanine aminotransferase and glutamate dehydmgenase were determined in BHK cells 

grown in glutamate-based medium (DMEM/glu+gln) and controls (DMEWglu and 

DMEWgln). The media were essentially as dedbed  in section 7.2.1.1 except the 

glutamate supplement was increased to 4 mM in DMEM/glu+gln and DMEM/glu and 

4 mM glutamine was included in DMEWgln. DMEWglu also contained 3 mM 

asparagine for this experiment Cultures wem grown for 3 days to mid-exponential 

phase in 7 X 150 T-Rasks for each of the media. Cells were trypsinized and 

cultures of the same medium composition were pooled. For each medium, 5 to 8 X 107 

viable cells were hanrested. The cells were washed with PBS, œntn'hrged (330 g for 5 

minutes) and resuspended in 1.5 ml extraction buffer (0.25 M sucrose, 5 mM HEPES 

and 1 mM EGTA, pH 7.4). Each of the samples was sonicated 4 X 15 seconds on ice 

and then centrifuged at 31 000 g for 5 minutes at 4OC. The supernatant was the 

cytosolic fraction, The pellet corresponded to the membrane fraction and was washed 

with PBS, centrifuged again at 31 000 g and resuspended in the extraction buffer. 80th 

the cytosolic and membrane fractions were stored in aliquots at -70 OC. Protein was 

determined in each of the samples by the bicinchoninic acid procedure (section 2.10) 

and the enzyme assays performed as described in section 2.13. 



7.3 Results 

7.3.1 Gmwth and metabolkm of BHK ceils in batch stationary cultures with 

glutamabs-based media 

7.3.1 -1 Gmwth peffonnrnce 

Batch cuitures are useful for initial compansons of growth performance and 

metabolism under different culture conditions. Growth in each of the glutamate-based 

media and the glutamine w n t d  could be diredly compared in multiwell plates as 

shown in Figure 7-1. Cells adapted to each of the glutamatebased media were also 

subcultured into the same medium but without glutamate (O mM). This would indicate 

whether the cells were utilking glutamate as a replacement for glutamine or instead 

metabolized lower levels of glutamine more efficiently. Growth in medium with 1 mM 

ala-gln was similar with and without the glutamate supplement This indicates that cells 

previously cultured in glutamate may use glutamine more effectively or metabolize 

alanine in place of glutamine to some extent. However, the importance of glutamate 

was apparent in medium with 0-5 mM glutamine and 3 mM gly-gln from which the 

glutamate had been omitted. In the former, cells prematurely entered the stationary 

phase resulthg in a low cell yield and was undoubtedly due to glutamine depletion. The 

latter was characterized by a markedly reduoed growth rate and could be explained by 

a glutamine limitation thmughout the exponential phase. 

For a more quantitative evaluation of growth in glutamate-based media 

(DMEWglu+gln, DMEM/glu+ala-gln and DMEWglu+gly-gln) and controls (DMEM/glu 

and DMEWgln), cell yields (after 3 days), doubling times and specific growth rates were 

determined and provided in Table 7-2- The cell yields showed only minor differences 

among the glutamate-based media which reached -2 X 106 I l l  Cell 

concentrations were 4 0  % higher in the control culture wiai 3 mM glutamine. Cells 

were confluent after 3 days and the wetls were completely covered in al1 media except 

DMEWglu which attained peak density 24 hours later. This indicated surface area was 



a limiting factor in batch -onary cultures. The doubling n'mes were not significantly 

diierent in DMEMlglu+gln, glu+ala-gln and glu+gly-gln at -20 hours and only slightly 

higher than the 18.5 hours in DMEWgln- The specific growth rates were also 

comparable among these media at 0.0359-038 h Growth in DMEWglu 

demonstrated an obvious limitation, e x e m p l i i  by the lower cell yield, longer doubling 

time and reduced growttr rate as previously obsewed (Figure 64)- The glutamate- 

based media with minimal glutamine or dipeptide additions al1 produced acceptable 

growth and were selected for a detailed metabolic analysis. The ability of BHK cells to 

grow with a considerably reduced availability of glutamine immediately suggested 

alterations in metabolism had occurred. To more precisely define and charactenze 

those changes, an array of metabolites and nutn'ents were analyzed in the cultures 

grown in multiwell plates, 



Medium supplements: 
0.5 mM gln, 3 mM am and A O mM glu A 3 mM glu @MEM/glu+gln) 
1 mM ala-gln, 3 mM am and 6 O mM glu 0 3 mM glu @MEM/glu+ala-gln) 
3 mM giy-gln, 3 mM asn and 63 O mM glu O 3 mM glu @MEM/glu+gly-gln) 

H 3 mM glu @MEM/glu) 0 3 mM gln @MEM/gln) 

Figure 7-1. Growai of BHK cells in batch stationary cultures with glutamate-based 
media and contmls. Supplements included glutamate, asparagine and glutamine or 
dipeptides as specified in the legend. Controls containeci 3 mM glutamate or 3 mM 
glutamine without further additions. For each medium, cultures were grown in tnplicate 
(n=3) in 2dwell plates and munted with a Coultet countet. Replicate wunts were 
averaged and plotted I SE. 



Table 7-2. Growth parameters for BHK cells cultureci in glutamate-based media and 
contds. The c e A  yield in al1 cases indicates the cell conœntratîon after 3 days (72 
hours) of growth. ûoubling times and specific growüi rates were determineci from 47-95 
hou= for DMEiWgIu and 23-72 hous for the remaining cultures. Values are derived 
frorn the average of three replicate cultures (n=3) f SE. 

DMEW Cell Yield Doubling Time Specific Growth Rate 
(108 celbmil) @ou=) coud)  



7.3.1.2 Ammonium pralucüon 

Ammonium concentrations were measured in the glutamate-based media and 

control cultures, This would demonstrate if the low levels of glutamine or dipeptide 

supplements msulted in increased ammonium production. Figure 7-2 shows mat in al1 

the glutamate-based media, ammonium levels were similar to DMEM/glu and 

cansiderably reduced with respect to the DMEWgln culture. DMEWglu+gln produced 

slightly more ammonium towards the later stages of the culture period than the other 

glutamate cultures. Nevertheless, after 3 days of growth, ammonium was reduced by 

more than 60 % in al1 of the glutamate-based media with concentrations ranging h m  

0.49-0.73 mM compared to 1.97 mM in DMEWgln- 
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Figure 7-2. Ammonium concentrations in batch stationary cuîtures of BHK cells grown 
in glutamate-based media and controls. Ammonium was determined in three replicate 
cultures (n=3) from each of the media indicated in the legend. The average of the 
replicates was plotted I SE. 



7.3.1.3 Amino acid and dipeptide metabolism 

The lcwammoniagenic nature of glutamate-based media was obviously due to 

the decreased availability of glutamine. This was demonstrateci wïth amino acid 

analysis of the cuitures. The ~onœnt r~ons  of glutamine, glutamate, other selected 

amino acids and dipeptides are presented in Figure 7-3a-e. The reduœd requifement 

for glutamine could be directly observed in DMEM/glu+gln (Figure 7-3a). The glutamine 

concentration, originally at 0.5 mM, decreased by only about 0.15 mM after 3 days of 

culture. Glutamine consumption was minimal for the remainder of the culture period 

and was not depleted. In DMEM/glu+ala-gln, a decrease in the concentration of 

dipeptide conesponded to an increase in glutamine in the medium (Figure 7-3b). 

Glutamine was therefore supplied by the hydrolysis of the dipeptide but only a fraction 

of the released glutamine was consumed. The highest rate of ala-gln hydrolysis 

occuned during the lag phase. This was also obsewed with the growth of the CC9ClO 

hybndoma in medium containing this dipeptide and was probably due to the release of 

peptidase from non-viable cells during the lag period. By the end of the culture period, 

there was complete hydrolysis of the 1 mM ala-gln and the final glutamine 

concentration reached about 0.9 mM. Thus, a maximum of only 0.1 mM glutamine was 

utilized which was consistent with the low consumption in DMEWglu+gln. In 

DMEM/glu+gly-gln, only a fraction of the dipeptide was hydrolyzed (Figure 7-3c). 

Glutamine increased in the medium at a relatively slow and constant rate throughout 

the culture period which was not unexpected considering a low peptidase affinity for 

gly-gln described previously with the hybridoma line. The amount of glutamine 

consumed was very low as in the ala-gln medium but could not be measured precisely 

due to the relatively low level of gly-gln hydrolysis and the error associated with the 

quantification of the dipeptide. In contrast to the glutamate-based media, glutamine was 

consumed at a higher rate than any other amino acid in DMEMlgln, ciecreasing by 

>2 mM in the first 3 days (Figure 7-30) and was 13.6 X that utilized in DMEMlglu+gln. 



Glutamine was reduced to 0.5 mM in DMEMfgln by the end of the culture period but 

was not depleted. In the glutamate-based cultures, glutamate was dearly utifiied at a 

high rate in place of glutamine and was essentially depleted after 3 days (Figure 

7-3a-c). It *vuas also completely consumed in the DMEWglu control but not for another 

24 hours due to the slower growth rate (Figure 7-3d). The extent of asparagine 

uülization in the glutamate-based media was also considered and found to be minimal. 

Asparagine clearly plays a less important role in replacing glutamine than glutamate. 

Another important observation was alanine levels were much higher in the cultures 

containing glutamate. Alanine reached 1.27 mM and 1.34 mM after 3 days in 

DMEWglu+gln and DMEM/glu+gly-gln, respectively, The alanine concentration was 

even higher in DMEWglu+ala-gln at 2.20 mM after 3 days but was similar to the other 

WO cultures if the alanine arising from dipeptide hydrolysis was subtracted. Even in 

DMEM/gIu, alanine reached 0.94 mM after 3 days despite the lower cell yield in this 

medium. This compares with 0.54 mM on day 3 wiü~ DMEM/gln, The implications of 

differences in alanine production and their relationship to glutamine and glutamate 

metabolism are considered below in fumer detail. 



Figure 7-3a-e. Selected amino aad and dipeptide concentrations in batch stationary 
cultures of BHK cells grown in glutamate-based media and controls. The metabolites 
examined in (a) DMEMlglu+gln, @) DMEMlglwaIa-gIn, (c) DMEM/glu+gly-gfn. 
(d) DMEWglu and (e) DMEMlgln induded glutamine, glutamate, asparagine. alanine, 
ala-gin and gly-gln as specified in the legend. Concentrations were detemined in each 
of the triplicate cultures (n=3) for each medium. Replicate values were averaged and 
plotted I SE. 
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A more camplete profile of metabolism is provided in Table 7-3 which lists the 

specific consumption and produdion rates of al1 analyzed wbstr&s and by-products 

dunng the exponential phase in each medium. To simpli  analysis, the metabolites can 

k mnsidered in mtegones of low (4 nmol 106 œll hd) .  modemte (15 nmol 

1O8 œll hr1 ) and high (> 5 nmoll* cell hr1) msumption or production. 

A few amino acids were consumed at very high rates; in dmas ing  order of 

magnitude, aiese were glutamate (in the airee glutamate-based media and DMEM/glu), 

glutamine (in DMEMIgln) and senne (in al1 media). Only glutamate was consumed at a 

rate which resulteâ in depletion by the end of the exponential phase (3-4 days). 

Specific glutamate utilization (qglu) mis rot significantly different among the glutamate- 

based media and only slightly higher in DMEWgIu. A key observation was that 

glutamate was consumed at an even higher specific rate (up to 68.5 nmol 10-6 cell 

h r l )  than glutamine (37.8 nmol 1@ ceIl hrl) which indicates the glutamate uptake 

rate was unlikely a growth limib'ng factor in DMEM/glu. It further suggests that glutamate 

is utïlized less efficiently than glutamine since the former was consumed at a greater 

rate but produced sirnilar cell yields to the DMEMigln culture. In other words, the gr- 

yield (Y) (cells produced/pmole of substrate consumed) was lower for glutamate than 

glutamine. Another important point illusttated by the table was the low specific 

glutamine u t i l i o n  (qgln) value in DMEWglu+gln. There was a net low consumption of 

glutamine in DMEM/glu+ala-gln and DMEM/gilu+gly-gln as well although the table 

indicates glutamine was produced due ta the hydrolysis of the dipeptide. The minimal 

glutamine utilization is refleded by a specific ammonium production more than 3-fold 

lower in the glutamatebased media (3.07-5.19 nmol 108 cell h r l )  compared to 

DMEWgln (17.8 nmol 106 cell hrl). The specific rates for ammonium were rot 

significantly different among the glutamate-based media. The high serine consumption 

was very similar in a l  types of media at about 13 nmol 108 cell h r l .  Thus, the 1.2 mM 

serine supplement was required in glutamate and glutamine media to prevent depletion 



of this amino acid, Most of the rernaining amino acids were utiliied at low to moderate 

rates in glutamate-based media and, with some exceptions, were similar to the 

DMEWglu control. In DMEWgln, however, certain amino acids were consumed .at 

higher rates induding ile, leu and val. These nutrients may aius be utilued more 

efficiently in the glutamate-substikited media. 

The rates for the dipeptides are also presented in Table 7-3. In mis case, the 

numbers refer to a specific rate of change in the dipeptide concentrations and do not 

infer that the dipeptide has been consumed by the cell (only hydrolysis may have 

occurred). A moderate rate was observed for ale-gln at -7.03 nmol 108 ceIl hrl. A low 

rate in the decrease of gly-gln certainly occurred although the table indicates an 

increase due to difficulties in quantifying ais dipeptide. 

Only two amino acids accumulated in the medium as major metabolic by- 

products during the growth of BHK cells. Alanine and glycine were produced in al1 

media but were higher in the glutamate-subsütuted formulations. Alanine was not 

significantly different among the cultures containing glutamate and was generated at a 

very high rate of 26.0-30.6 nmol 108 ceIl h r l .  Note that the rate in DMEWglu+ala-gln 

was not the highest as might have been expected. This can be explained by the most 

rapid rate of ala-gln hydrolysis (which generates alanine) occumng during the lag and 

not the exponential phase for which the spec-fic rate was determined. Alanine 

production contrasted sharply in DMEMlgh at only 6.42 nmol 108 cell h r l .  This was at 

least 4-fold lower than observed in the other cultures. Specific glycine production was 

not significantly different in DMEWglu+gln, DMEWglu+ala-gln and DMEWglu at 

5.2û-6.06 nmoi 106 cell hd .  The rate was more than do* in DMEM/glu+gly-gin 

since glycine was produced not only via normal cell metabolism but also from the 

hydrolysis of gly-gln throughout the exponential phase. Glycine had only a moderate 

production rate (2.79 nmol 106 cell hr f )  in DMEMlgln. lncreased glutamate utilkation 

in glutamate-based media appears to result in ovemow metabolism and higher 



produdion of incompletely oxidiked end-produds such as alanine and perhaps, to a 

lesser extent, glycine- 

The rnost pertinent changes in ammonium and amino acid metabolism in the 

stationary cultures were related with product yield ratios detennined after 3 days of 

growth (Table 74). The Nki4+/g1n value of 0.91 indicates almost 1 mole of ammonium 

was produced per mole of glutamine metabol i i  in DMEiWgln. Glutamate was 

wnsiderably less ammoniagenic with only 0.24 mole NH4+/mole glu in DMEWglu+gln. 

This ratio was even lower in the other glutamate-based media and DMEMIglu. The 

higher ammonium in DMEWgln can be largely atûibuted to deamidation of glutamine 

via glutaminase activity. However, an increased proportion of the glutamine amino 

nitmgen may have been released as ammonium (via glutamate dehydrogenase) rather 

than being sequestered in the fonn of alanine via alanine aminotransferase- This is 

suggested by the lowest aldgln value of 0.27 in DMEWgln- This compares 0.49 in 

DMEWglu+gln and DMEM/glu+gly-gln which was nearly two-fold higher. The reduced 

alanine production and increased ammonium formation in DMEWgfn translates into an 

a l a / ~ ~ ~ +  radio up to an orûer of magnitude higher in glutamate-based media. 

Cumulatively, the metabolic analysis of amino acids indicates glutamate and, to 

a lesser extent, asparagine can replace up to 90 % of cellular glutamine requirements. 

This allows glutamine to be maintained at a lower level in the growth medium and 

substantially reduces ammonium formation. Glutamate appears to be a less 

ammoniagenic substrate not only because of the fewer nitmgen moeities but also 

because it may be deaminated by a less ammoniagenic route. This possibility was later 

investigated with an examination of enzyme acüvities involved in glutamine and 

glutamate metabolism (section 7.3.4.2). 



Table 7-3. Specific metabolie consumption (-) and production (+) rates (q) by BHK cells 
g m  in batch -onary cultures in glutamate-based media and controls. Specific 
rates were determineci fmm a plot of the change in substrate concentration versus the 
cell i n d e ~  The values are derived fmm the best straight line f SE during the 
exponential phase (33-58 hours for glutamate-based media and DMEWgln and 47-72 
hours for DMEWglu unless otherwise indicated), 

Glutamate-fmsd media: DmM/ ConWols: DMEW 
glu+gln glu+ala-gln glu+gly-gln O ~ U  gin 

rates; these alternate pariods wre usetd because they repmsented the linear segment in a plot of 
the change in metabolite versus the cell index 



Table 74, Produd yield ratios for BHK œlls grorni in batch stationary cultures with 
glutamate-based and control media, The quotient was determined from the net 
produdion or consumption of metabolites after 72 houn of culture. For glutamate- 
based media,  glu and ala/gkr values wwe b a s d  on glutamate utilkation alone 
and the minimal level of glutamine mnsumption was not considered in the calculations. 
In DMEMlgln. NH4+/gln and aWgln raüos are pmvided. Values are expressed as an 
average of the th& replicab cultures (n-3) for each type of medium i SE 

-- - - -- 

Produd Weîds (moUmol) 
DMEW 

N ~ + / ~ I U  or g~n aia/QIu or Q I ~  a i a f ~ ~ * +  iac/gic 

glu+gln 0.24 f 0.02 0.49 * 0-04 2.07 f 0.09 3.47 * 0.46 
glu + ala- 0.1 6 f 0.00 0.82 * 0.04 5.00 * 0.1 1 3.12 * 0.19 

gin 
glu +giv- 0.1 5 î 0.01 0.49 * 0.03 3.25 * 0.1 9 3.90 * 0.27 

gin 
0.1 8 I0.01 0.37 * 0.03 2.02 f 0.1 1 4.91 î 1.75 

'lu 0.91 I 0.06 0.27 i 0.01 0ln 0.29 * 0.02 3.61 * 0.38 



7.3.1 -4 Glucose consumption and laciab production 

Glucose was consumed at a higher rate than any other nutrient but was not 

depleted and lactate was the predominant metabolic by-product in each of the medium 

formations (Figure 7-4 and Table 7-3). After 3 days of culture, glucose levels were not 

significantly different among the glutamate-based media and DMEMIgln and had 

decreased to concentrations of 10.3-11.0 mM. This is consistent with the specific 

glucose consumption rates which were not significantly different in these media at 

171-201 nmol 106 cell h r l .  Glucose was reduced to only 18.5 mM after the same 

period in DMEiWglu due to the lower cell concentrations. However, the specific 

consumption rate at 184 nmol 106 cell hr1 was comparable to the other media. 

Lactate levels on day 3 were similar in each of the glutamate-based media 

(37.2-40.6 mM). Lactate was highest in DMEWgln (44.5 mM) and lowest in DMEMIglu 

(23.9 mM). Specific lactate production was not significantly different among glutamate- 

based media and DMEMlglu (444-604 nmol 108 cell hrl) and similar in DMEM/gln 

(621 nmol 1@ oell hrl). This reflects the similar rates of glucose consumption in the 

d'ierent media. These results mntrast with the CC9ClO cultures g m  in 

DMEM/gly-gln in which specific glucose consumption and lactate production were 

reduced. 

In al1 media, the lac/glc product yield exceeded the theoretical maximum of 

double the glucose consumed in which each molecule of glucose is converted to two 

molecules of lactate via glycolysis (Table 74). The ratio was >3 and minor or 

insignifiant differences in the values were obsenred among the media. Lactate is also 

a possible end-product of amino acid rnetabolism (parb'cularly of glutamine and 

glutamate) which could contribute to the increased lactate production. 



Figure 74. Glucose and lactate concentrations Ïn batch stationary cultures of BHK mlls 
g m  in glutamatabaseci media and contmls. Glucose (open symbols) and ladata 
(dosed symbols) were determined in triplicate samples (n=3) for the cultures indicated 
in the legend. The average of the replicetes were plotted * SE. 



7.3.1 .5 Intracellu far UDP-GNAc and ATP pools 

Ammonium accumulation has been correlated with the elevation of intracellular 

levels of UDP-GIcNAC and UDP-GalNAc (wllectively refend to as UDP-GNAc) and 

implicated as the underlying mechanism of ammonium inhibition in culhrred cells (Ryll 

et al,, 1994). Consequently, the concentration of the UDP-aminohexoses were 

compared in BHK cells grown in glutamate and glutamine-based media. ln addition, 

ATP was examined to characterize the effeds of a reduced availabilii of glutamine on 

cellular energy levels. The nucleotides were determined after -4 days (95 hourç) 

growth in DMEM/glu+gln and DMEMigln. After this period, ammonium was nearly 3-fold 

lower in the former medium (Table 7-5). UDP-GNAc was 0.273 n m o ~ d  cells in 

DMEM/glu+gln which was significantly lower than the 0.389 nmo~106 cells in DMEWgln 

(Pe0.05). The cellular ATP, however, was identical in DMEM/glu+gln and DMEWgln at 

1.04 nmo~106 cells. Thus. the use of glutamate as an altemate substrate effecüvely 

prevented high cellular UDP-GNAc levels without compromising energy provisions. 

Growth, however. was limited by the availabilii of surface area, negating possible 

improvements in growth with the glutamate-substituted media. This problem was 

addressed with the use of microcarriers in batch and fed-batch cultures. 



Table 7-5. Intraœllular UDP-GNAc and ATP conœntmtions of BHK cells cultured in 
DMEMlglu+gln and DMEMlgln. Cefls wm initially seeâed 91 4 . 5  X 105 wlldml in 
triplicate (n=3) 25 T-flash for each type of medium and grown for 95 houn. 
Ammonium levels were measured and the nudeotide extraction performed separately 
on each of the replicate cuihres. UDP-GNAc represents the sum of UDP-GlcNAc and 
UDP-GalNAc concentrations. The average of the replicate samples are shown * SE. 

Ammonium 
Concentration UDP-GNAc ATP 

(mW (nmo~i Os tells) 

I I 
a m e  cellular nucleotide concentration was significantly differwnt from that of DMEM/gln (Pe0.05) 



7.3.2 Gmwth and mehbolism in batch microc.nier cuîtums (spinner flasks) with 
glutamate-based mdium 

7.3.2.1 Gmwth performance 

BHK œlls wre g m  in 100 ml spinner cultures in both glutamate-based 

medium (DMEWglu+gln) and control media (DMEWgIu and DMWgln). DMEMlglu+gln 

was used rather than the glutamate-based fomulations containing dipeptides to allow 

more accurate monitoring of glutamine levels. A high microcamer concentration (5 glL 

Cytodex 1) was induded to prevent surface area limitations. Glutamate and glutamine 

supplements were increased to 4 mM in glutamate media and DMEMlgln, respectively, 

in an attempt to prevent depletion of these essential nutrients. Growth in each of the 

cultures is show in Figure 7-5. The specific growth rate in DMEM/glu+gln was 0.049 + 
0.007 hrl and not significanüy diffennt hom DMEMlgln (0.058 I 0.007 h d )  during the 

exponential phase (19-68 hours). As expected, a much lower value of 0.029 + 
0.001 hrl (detennined from 44-92 hours) was observed in DMEMlglu. Viable cell 

densities peaked at 2.09 X 108. 1.81 X 106 and 3.70 X 108/ml in DMEMlglu+gln. 

DMEWglu and DMEWgln, respedively. The œll density in glutamine-based medium 

was considerably higher than the other cultures but rapidly dedined following the 

exponential phase. The DMEM/glu+gln culture entered a stationary phase after 3 days, 

about 24 hours earlier than the glutamine-based control. As a result, the maximum cell 

density was much lower in the former. However, an extended stationary phase was 

obsewed in DMEWglu+gln with little reducüon in the viable cell concentration for the 

remainder of the culture. An explanation for the earfy onset of the stationary phase in 

the glutamate-based medium was apparent following a metabolic analysis of the growth 

medium. 



Figure 7-5. BHK ceIl growth in batch microcarrier cultures with glutamate-based 
medium and controls. Cultures were g m  in tn'plicate 100 ml spinner flasks (n=3) for 
each of the media examined: DMEM/glu+gln (A), DMEMîglu (0) and DMEWgln (O) 
containing 5 giL Cytodex 1. Viable cell densities in each spinner were detennined by 
counting with a haemocytometer. Replicate munts for each medium were averaged 
and plotted I SE. 



7.3.2.2 Ammonium and amino acid metabolism 

Ammonium produdion for the microcarrier cultures is illustrated in Figure 7-6. 

After 3 days of growth, accumulation of ammonium was similar in the two glutamate- 

substituted cultures (0-82-1.00 mM) and reduced markedly ( ~ 7 0  %) compared to 

DMEWgln (2.90 mM). Ammonium concentrations were increased in the spinner 

cultures compared to the equivalent medium in multnivell plates. This would be 

expected if higher viable cell densities were attained due to the availability of more 

surface area wiai micmcaniers. In addition, the higher (4 mM) glutamine supplement in 

DMEWgln with the spinner cultures (compared to 3 mM in the batch stationary cultures) 

would result in increased ammonium levels. However, the higher glutamate 

concentration would not be a similar contributing factor in the spinner cultures with 

DMEWglu+gln and DMEWglu. A previous experiment established an increasing 

glutamate supplement did not elicit a comsponding increase in ammonium 

accumulation (Figure 6-1 1 c). 
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Figure 7-6. Ammonium concentrations in batch micfocamer cultures of BHK cells grown 
in glutamate-based medium and contmls. Ammonium was measured in samples from 
each of the triplkate cultures (n=3) of DMEMlglu+gln (A), DMEWglu (O) and 
DMEWgln (O). Replicates were averaged and plotted f SE. 



The concentrations of seleded amino acids in the microcamer cultures are 

presented for DMEMîglu+gln, DMEWglu and DMEWgln (Figures 7-7a.b and c, 

respectively). In addition, specific consum(3tion/production rates during the exponential 

phase for these amino acids and other metabolites are provided in Table 7-6. 

Glutamine was depleted in DMEM/glu+gln after les+ than 3 days of granrth which 

contrasteci with the minimal u t i î i i on  in mutüwell plates. Some glutamine was also 

initially present in DMEWglu, perhaps due to low quantities present in the serum 

supplement and high levels of cellular glutamine synthetase activity. Glutamine was 

rapidly consumed for the first 3 days of growth in DMEWgln but was not depleted. The 

concentration decreased at a lower rate after this point The specific glutamine 

consumption during the exponential phase was about Zfold higher in DMEWgln 

(-37.8 nmol 106 cell h r l )  compared to glutamatebased medium (-15.8 nmol 10-6 cell 

hrl). However, qgln was increased in DMEM/glu+gln spinner cultures which could 

contribute to the higher rate of ammonium production (9.58 nmol 10* ceIl hrl) 

compared to the equivalent medium in mulüwell plates (5.19 nmol 106 cell hrl). The 

reason for increased specific ammonium production in DMEMIglu with spinner cultures 

(24.5 nmol 108 ceIl hrl) compared to multiwell plates (4.98 nmol 106 cell hrg) was 

unclear. 

Although the 4 rnM glutamate supplement was higher than provided for the 

cultures grown in multiwell plates, it was depleted after 3 days in DMEM/glu+gln and 24 

hours later in DMEWgIu. This comsponded with the beginning of the stationary phase 

and explained the lower cell yields obtained in glutamate-based medium compared to 

DMEWgln in the spinner cultures. The initial glutamate concentrations (O hours) in the 

glutamate-subsütuted media were just under 3 mM according to amino acid analysis, 

considerably less than the 4 mM supplement added to the medium. A fraction of the 

glutamate may have escaped detection by complexing with serum proteins. In addition, 

there may have been high rates of cellular utilkation after inoculation of the flasks and 



before aie first sample was wllecteô. On the other hand, s p d c  consumption during 

the exponential phase in DMEMlglwgln (-46.6 nmol @ œll h d )  was not significantly 

different fiom that observed in mulüwell plates. Glutamate consumption actually 

appeared to be lower in DMEMlglu (-32.0 nmol 106 cell h d )  with the spnner cultures. 

The pattern of alanine produdion in spinner flasks during the exponential phase 

was generally consistent with previous observations in multiwell plates. Again, this 

amino acid accumulated to the highest levels and had greater specif~c production rates 

in the glutamate-substituted cultures. However, the alanine accumulations were 

somewhat lower in the spinner vessels (35-50 %). Alanine also decreased substantially 

in each of the media dunng the latter stages of the exponential phase and the 

stationary phase- This may be the result of the reduœd glutamine and glutamate 

concentrations available for transamination of pynivate to form alanine. Thus, alanine 

previously excreted into the medium would be consumed to meet the cellular 

requirement for this amino acid. 



Figure 7-7a-c. Selected amino acid conœntrations in batch microcarrier cultures of 
BHK cells grown in glutamate-based medium and controls- Amino acids were 
determined in (a) DMEWglu+gln, (b) DMEWglu and (c) DMEWgln. The concentrations 
of glutamine, glutamate and alanine are shown according to the symbols indicated in 
the legend, Points represent the average concentration of tripkate cultures (n=3) I SE- 
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Table 7-6. Specific metabolite consumption (0) and production (+) rates by BHK cells 
grown in I>atch microcarrier cultures with glutamate-based medium and controb. 
Specific rates were detemiined from a plot of change in metabolite concentration 
versus the viable cell index Values represent the best straight line fit during the 
exponential phase (19-68 hours unless othetwise indicated) f SE of the fine, 

Specitïc consumption or production (nmol146 cell hrl) 

OMEM/glu+gln DMEWglu DMEMfgln 

ala +25.4 f 0.4~ +21.3 f 3.7 +9.58f 1.27b 
glu -48.6 I 7.0 -32.6 I 9.ld O 
gin -15.8 I 6.0~ N.D.~ -37.8 I 9.4 

NH*+ +9.58 I 1 -41 +24.5 k 3.4d +31,6 f 4.2 
Q ~ C  -261 f 16 -196 I 33d -198 i 17 
lac +642 I 19s  +474 I 21e +570 i 10Oc 

I I 
a Not detennined: consumption or produdion was small and variable 

1955 hou=, C 44-88 hourp, * 44-92 houn. and 56-92 hou= were used to detemine specific 
rates; tt~ese periods were useâ because they representeci the îinear segment in a plot of the 
change in metabolite versus the viaMe cell index- 



Pmdud yields were detennined for the microcarrier cultures uable 7-7) after 3 

days of gmwth. For DMWgIu+gh, the N ~ ~ + f g l u  or gln value in spinners was 

calculated using the sum of glutamate and glutamine consumed since glutamine was 

also uüliued at a signifiant rate. The ratio of 0.20 in this medium was similar to that 

obtained in multiwell plates and more than 4-fold lmer than the NH4+/gln value in 

DMEWgln (0.88). In DMEWglu, NH~*/~IU was 0.37 and almost 2-fold higher than 

observed in the multiwell plates. An explanation for this was not apparent but was 

consistent with increased specific ammonium production in the spinnefs with DMEM/glu 

medium. The ala/glu or gln value in spinner cultures was again much higher in the 

glutamate-based medium (0.24) and reflects the higher alanine production comparecf to 

DMEWgln (ala/gln=0.09). However, the value was about 2-fold lower in DMEM/glu+gln 

with spinners compared to the equivalent medium in multncvell plates, This was 

indicative of higher overall glutamate consumption and lower alanine production in the 

former culture system. The ala/NH4+ value was an order of magnitude higher in 

DMEiWglu+gln relative to the DMEWgln control. This product yield in spinners, though, 

was much lower than in multiwell plates in al1 media because of the higher alanine and 

lower ammonium yields in the latter culture system. 



Table 7-7. Ploduct yield ratios for BHK cells grown in batch microcarrier cultures with 
glutamate-based medium and controts. The quotients were determined from the net 
consumption or production of metabolies following -3 days (68 hours) of growth. For 
the DMEM/glu+gln medium, the sum of glutamate and glutamine consurned were used 
in the calcuhtions of NH4+/gfu or glu and alalglu or gln. The raüos determined for 
DMEMIgn were N H ~ * / Q ~  and alalgln. Values are an average of the three independent 
cuitures (n=3) for each medium I S E  

Product Yieids (moVmol) 

OMEW NH~+/~IU or gln alaîglu or gln alaMH4+ lacîglc 



7.3.2.3 Glucose and Iretate metabolism 

Glucose concentrations decreased rapidly during exponential growth in 

DMEWglu+gln and DMEWgln (Figure 7-8). After 3 days, glucose had decreased to 

7 mM and 6 mM in DMEM/glu+gln and DMEWgln, respectively. This nutrient was 

almost depleted in these two media after 5 days and 24 hours later in DMEM/glu. The 

specific consumption rate was slightly but significantly higher during the exponential 

phase in DMEM/glu+gln (-264 nmol 108 œll hrl) compared to the other media 

(1 961 98 nmol 106 cell h d )  Fable 76) .  Lactate concentrations reached similar levels 

in glutamate- and glutamine-based media after 3 days (30.8 and 34.1 mM, 

respectively). Specific lactate production was not significantly diierent in 

DMEM/glu+gln (842 nmol 106 ceIl hrl) h m  the other media. Overall, however, lower 

maximum cell densities were attained in DMEWglu+gln compared ta OMEMIgln 

although lactate was similar in the two media. Thus, the growth yield for lactate was 

obviously lower in DMEWglu+gln. Nevertheless, the lactate produced was reduced in 

the spinners compared to multiwell plates. This resulted in a ladglc product yield c2 in 

al1 media for the spinners (Table 7-7) campared to a ratio in exœss of 3 in the multiwell 

plates. Glucose metabolism thus appeared to be more efficient in the spinner flasks 

although the reason for this was unclear. 

ln glutamine-based medium, the use of microcamers allowed a much higher 

maximum cell density to be achieved (3.70 X 108 viable œlls/ml) compared to mulüwell 

plates (2.23 X 106 total cellsiml). Further inmeases in cell density in DMEWgln with 

microcarrier cultures was probably limited by a combination of factors- This would 

include high ammonium accumulations as well as low glucose and glutamine 

concentrations by the end of the exponential phase. The lower cell densities in 

glutamate-based medium, meanwhile, could be attributed to glutamate and glutamine 

depletion. Thus, a fed-batch feeding stmtegy was attempted to improve cell densities in 

the low-arnmoniagenic glutamate-based medium. 
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Figure 7-8. Glucose and lactate concentrations in batch microcamer cultures of BHK 
cells grown in glutamate-baM medium and controls. Glucose (open symbots) and 
lactate (dosed symbds) wem detemined in DMEMlghi+gln. DMEM/glu and DMEWgln 
as specified by the symbots in the legend. Points represent an average of the biplicate 
samples (n=3) from each medium f SE. 



7.3.3 Growth and metrbolism in fèd-brtch microcmier cultures (bioreactor) with 

glutamate-based mdium 

BHK cultures were grown in both glutamate- and glutamine-based medium with 

a feeding m ime to prevent depletion of essential nutrients. This would demonstrate if 

improved yiefds could be generated in glutamate-based medium due to lower 

ammonium produdon after other limiting factors (surface area and nutrient depletion) 

had been ameliorated. The feeding strategy was designed to replenish the medium 

with at least 100 % of the initial levels of the most heavily consumed amino acids during 

exponential growth at 46, 70 and 96 hours. This included glutamate and glutamine in 

DMEM/glu+gln and DMEWgln, respecüvely, and senne in both media. The rapid 

consumption of these nutnents was established in Table 7-3. Glutamine was also 

supplied at the same rate in DMEM/glu+gln in an attempt to presewe the original 

proportion of glu:gln. The conœntrated MEM amino acids solution was used to 

replenish most remaining arnino acids at 50 % of the initial content in the medium 

during exponential growth. Glucose was added at 33 % of the initial concentration in 

the medium during the exponential period. A higher rate of glucose feeding was 

avoided to prevent substantial increases in medium osmolarity. At 22 and 118 hours, 

each of the nutn'ents was fed at half of the rate specified duting the exponential period- 

At 22 hours, cell concentrations were still relatively low and therefore the quant@ of 

nufn'ents required was lower. At 118 hours, cells entered the decline phase and the 

feed was reduced to minimize further possible increases in osmolarity. The pH of the 

cuttures were maintained at 7.2 and oxygen at 50 % of air saturation by the bioreactor 

controller system to prevent growth limitations from a low pH or oxygen tension. 

Growth and ammonium production in the DMEWglu+gln and DMEWgln cultures 

is illustrated in Figure 7-9. Growth performance was similar in the two media and p 

values detemineci during exponential g& (22-71 hours) were not significantly 

different at 0.055 * 0.013 and 0.056 k 0.003 in DMEM/glu+gln and DMEM/gln, 



respecüvely- Maximum viable cell densiti- attained wem -3 X @/ml for both cultures. 

This was a signifiant incresse (40 %) for the glutamate-based medium compared to 

the batch microcamer cultures. The maximum cell density in DMEWgln, on the other 

hand, was 19 % lower than obsewed in the batch microcarrier cultures. Table 7-8 

pmvides a summary of the growth rates and maximum cell densities with each of the 

diïerent modes of culture (batch stationary, batch microcamer and fed-batch 

micracamer). Although growth was similar in the fed-batch cultures with each medium, 

ammonium production in DMEM/glu+gln was substantially lower with 1 -58 mM 

compared to 5.48 mM in DMEM/gln at the end of the exponential phase (4 days), 

Figure 7-10a-b shows the concentrations of selected amino acids in each 

medium during the course of the culture. Although glutamate was fed at a high rate, it 

was almost depleted from DMEM/glu+gln after 4 days (Figure 7-10a). The glutamine 

supplement, however, remained at a relatively constant level during exponential growth 

and increased in the stationary phase. In DMEWgln, the glutamine concentration 

increased throughout most of the culture period up to a maximum of almost 6 rnM 

(Figure 7-lob) due to its lower consumption rate than glutamate in DMEWgIu+gln. 

Alanine levels also contrasted markedly in the different media. Concentrations were 

over 2-fold higher in DMEM/glu+gln at 5.74 mM after 4 days wmpared to 2-40 mM in 

DMEWgln. The elevated alanine production coincided with the high rates of glutamate 

utilization as noted previously in batch cultures. 

Glucose consumption and lactate production for the fed-batch cultures are 

provided in Figure 7-1 1. Glucose was nearly exhausted in DMEM/glu+gln after 4 days 

but remained in excess in DMEMigln ( M O  mM). Higher glucose utilization resulted in 

much higher lactate concentrations in glutamate-based medium. In addition, lactate 

may have also been an end product of superfîuous glutamate consumption. Lactate 

reached 105 mM after 4 days in DMEM/glu+gln compared to 55.5 mM in DMEWgln. 

The excessive lactate production was sufficient to cause growth inhibition in glutamate- 



based medium- Cell yields wre  previously shown to be reduced by 50 % in the 

presence of a 54 mM lactate addiion (Figure 3-2b). The maximum viable cell density in 

the fed-batch system with DMEWgln was reduced mmpared to the batch microcarrier 

culture, likely due to the higher ammonium levels and perhaps increased osmolarity 

resuiüng from the feeding. 

Table 7-9 sumrnarizes the growth yields (Y) of ammonium and lactate in 

mulüwell plates and in batch and fed-batch microcamer cultures after 3 days of growth. 

The cells produced per pmole of ammonium generated were consistently higher (more 

than 2.5-fold) in DMEM/glu+gln compared to DMEWgln in al1 culture systems. Lower 

YNH~+ values with microcamers compared to staüonary wltums mflects the higher 

ammonium produdion in the former. In DMEM/glu+gln, lactate growth yields were 

significantly reduœd compamd to DMEWgln in the microcamer cultures. This was 

parüwlarly evident in fed-batch mode in uiihich YI, was 2-fold lower in DMEM/glu+gln 

due to the excessive lactate production. This further illustrates that attempts to impmve 

growth in glutamate-based medium would be limited by the accumulation of lactate with 

conventional fed-batch approaches. 



Figure 7-9. Growth and ammonium praduction in fed-batch microcamer cultures of BHK 
cdIs with glutamate- and glutamine-based medium. Cultures were grown in a 1.5 L 
bioreactor with an initial volume of 1.25 L medium and 5 giL Cytodex 1. Growth media 
were DMEMlglu+gln and DMEM/gln as indicated by the symbds in the legend. Cultures 
were fed on a daily basis with glucose and essential amino acids. Viable cell 
concentrations (open syrnbols) mrre detemineci by counting samples from each time 
point 6 times by haemocytometer. Replicate counts were avemged and plotted + SE. 
Ammonium (ciosed symbols) was detennined in each of the daily sarnples with a single 
measurement. 



Table 7-8. Specific glowth rates (p) and maximum cell densities for BHK cells grown in 
multiwell plates, batdi microcarrier and fe6batch microcamer wltures with glutamate- 
and glutamine-based media. Speafic growth rates were evaluated during a pefiod of 
exponential growth (23-72 hours, 19-68 hours and 22-71 hours in multiwell plates, 
batch microcamer and fed-batch microcamer cultures, res-vely). The maximum cell 
densities wre achieved after 4 days for each of the culture systems. Note that total 
cells/ml are Iisted for rnuftiwell plates while viable cells/ml w r e  detennined for the 
microcamer cultures, In each case values are expressed * SE. 

multiwell plates microcarrier microcarrier 
@atW (fed-batch) 

Max. De- (106 celwml) 
DMEMlglwgln 2.16 i 0.03 2.09 I 0.09 2.92 I 0.06 

DMEMfgln 2.23 f 0.01 3.70 I 0.15 3.01 10.07 



Figure 7-1 0a-b. Selected amino acid concentrations of BH K fed-batch microcarrier 
cultures g m  in glutamate- and glutamine-based media. Amino acids were 
detennined in (a) DMEM/glu+gln and @) DMEWgln. The conœntrations of glutamine, 
glutamate and alanine are shown and designated by the symbols indicated in the 
legend. Daily samples were analyzed in duplicate and the average concentration 
plotted i SE. 
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Figure 7-11. Glucose and lactate concentrations in fed-batch microcamer cultures of 
BHK cells grown in glutamate- and glutamine-based media. Glucose (open symbols) 
and lactate (ciosed symbols) were detemined in DMEM/glu+gln and DMEWgln as 
indicated by the syrnbols in the legend. Daily samples ftom each medium were assayed 
in tn'plicate and quadruplicate for glucose and lactate, respectively. Points represent an 
average of the replicate determinations i SE. 



Table 7-9. Growth yield values for ammonium (YNHJ) and ladate Vlad of BHK celb 
grown in multiwell plates and batch and fed-batch microcarrier cultures, The values 
were detennined fmm the quotient of the net increase in viable cells per picornole of 
metabolite produced after 3 days of culture SE 

Ammonium 
OMEM/alu+aln DMUIValn DMEM/alu+aln DMEM/aln 1 

multiwell plates 3.1 W.10 1 -1 1 M.06 O.O511K).ûû2 0.046iû.001 
microcarrier (batch) 2.79I0.18 1 .04HI105 0.06M.003 0.084I0.005 
microcarrier (fed-batch) 1.85I0.09 0.59I0.02 0.023I0.002 0.057iû.006 



7.3.4 Adaptrfion and enzyme rctMües of œlls glown in glutamate medium 

7.3.4.1 The a d a m  growth rmponse and glutamate uptake 

The changes in BHK growth associatecl with the utilization of glutamate as an 

altemate substrate were invesügated in DMWglu+gln, DMEWglu and DMEWgln. 

Cells cuitured in each of these media for an extended duration (>6 passages) were 

subcultured into each of the other media and the impact on the specific growth rate and 

cell yield characterized (Table 7-10a-b). DMEWglu+gln was advantageous in pmmoting 

high gmwth rates and cell yields with a minimal requirement for adaptation, The specific 

growth rate in DMEMlglu+gln was not signifïcantly different at 0.0380.Wl hrl 

irrespective of the medium in which the inoculum cells had originally been cultured. The 

cell yield when subcultured fmm DMEWgIn into DMEMlglu+gln was 1.37 X 106 cellsiml 

after 3 days, only 12-15 % lower than cultures which had b e n  adapted to glutamate- 

substituted media for numerous passages. On the other hand, marked differences were 

apparent when cells were subcultured into DMEMfglu- Cells inoculated from DMEWgln 

had a considerably lower gmwth rate (0.021 hrl) and cell yield (0.14 X 108 cellzlml). 

This compares with cells previously cultured in DMEM/glu+gln and DMEMIglu witti p 

values of 0.028 hrl and 0.030 h r l ,  r e ~ p ~ v e l y .  Cell yields for these two cultures 

were 0.32 X 108 cellslml and 0.70 X 108 celWml, respectively. Gmwth performance 

was essentially identical when cells were subcultumd into DMEWgln regardless of the 

medium in which they had been previously grown. The results above suggest that 

inducible changes occurred in cells culhrred in medium substituted with glutamate 

which supported growth in the absence of glutamine. Altematively, the capacity to 

utilize glutamine was maintained despite prolongeci culture in its absence. 



Table 7-10a-b. (a) Specific growth rates and (b) ceIl yields of BHK cells dunng the first 
passage in OMEMlglu+gln, DMEWglu and DMWgln. The inoculum œlls had originally 
been gr- in each of these media for at least 6 passages and then subcultured into 
the othet medium formulations- Media wete as desdbed for batch stationary cultures 
except DMEWgIu contained a supplement of 3 mM asparagine. Cells were inoculated 
in ail cases at -1 X 1@ cells/ml in 24weIl plates. The spea& growth rate was 
detemined during the exponential phase (24-71 hours for DMEM/glu+gln and 
DMEWgln and 48-97 hours for DMEWglu). The œll yield refers to the total cell 
numberlml after -3 days (71 hours) growth in each medium. Each of the cultures were 
grown in triplicate (n=3) and cell concentrations were evaluated wiai a Couiter munter. 
Values represent an average of the replicate samples i= SE- 

Specific Growlh Rate (p) (hd) when subaiitunrd in: 
Original Growth 

l 
- 
Medium DMEM/glu+gln DMEWglu DME Wgln 

CeII Yield (1 06lml) in: 
Original Gr- 

Medium DMEMlglu+gln DMEM/g lu DMEM/gln 
1 

DMEMiglu+gln 1.62 * 0.06 0.32 i 0.01 1.55 f 0.02 
DMEMiglu 1.55 * 0.03 0.70 f 0.01 1.55 i 0.01 
DMEWgln 1.37 f 0.02 0.14 I 0.00 1.55 î 0.00 



The possibility that glutamate uptake influenced adaptation to glutamate 

medium was investigated in BHK cells duting the initial passages in DMEWglu after 

subwlture from OMEMIgln. Figure 7-12 illustrates the growth rate and cell yield 

gradually increased from passage 2-5 in DMEWglu, By the sixth passage, no further 

improvements in growth were observeci. Cells cuitured ~ 3 0  passages had a high initial 

growth rate but prematurely entered the stationary phase indicating growai without 

glutamine may be deleterious after a prolonged period. The specific glutamate 

çonsumption during the exponential phase in each of the cultures was detennined and 

expressed as a percentage relative to the rate for passage 6 cells (Table 7-11). 

Enhanœd glutamate uptake was not obsewed with an increasing number of passages 

in DMEWgIu. Rates were not significantly different among the cultures up to passage 6 

and were slightîy lower after ~ 3 0  passages. Thus, adaptation to glutamate medium 

does not appear to involve an increase of glutamate transport across the plasma 

membrane. The adaptive proœss and the reduced growth in the absence of glutamine 

could therefore be related to the activity of enzyme(s) participating in the metabolism of 

glutamine and glutamate. 
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Figure 7-12. Gmvth of BHK cells at different numben of passages in DMEM/gIu 
followïng sukultwe h m  DMEMigln medium. The DMEWgJu contahed a 3 mM 
asparagine supplement for the experiment Cell gmwth was examined at passages 2 8  
and +30 passages as indiCateci in the legend. Each of these culauas were inoculated in 
triplkate (n=3) in 24-well plates and ml concentrations were detennined with a Coulter 
counter. The average of replicate counts were plotted I SE. 



Table 7-1 1. Relative specific glutamate uptake by BHK cells during the initial passages 
in DMEWglu. Glutamate concentmüons were determined by HPLC analysis (seaian 
2.11.4.2) for tripliCate cuituias (n=3) of œlls gmwn in medium for 2-6 and ~ 3 0  
passages. The specific ~onsurn~on rates during the exponential phase (1967 hours) 
uuere determined using Equatïon 4 (sedion 2.1 1.5). These rates were nonnaiued using 
passage 6 as a referma! (1 00 %) rorulting in the relative uptake. The averages of the 
replicate samples are show f SE. 

Passage Relative Glutamate Uptake 
Number (%) 



7.3.4.2 Enzyme acüvitb of glutamine and glutamate metabolism 

Four enzymatic activities were analyzed in extracts of cells grown in 

DMEM/glu+gln, DMWglu and DMEWgln. These included glutamine synthetase (GS), 

phosphate-activated glutaminase (PAG), alanine aminotransferase (ALT) and 

glutamate dehydrogenase (GDH). Glutamine synthetase was assayed becaucs it was 

expected to be a key enzyme meôiing adaptation and growth with a limited availability 

of glutamine in aie culture medium. The remaining enzymes were detemined because 

they catalyze the initial reactions of glutamine/glutamate catabolisrn. Ditferences in 

ammonium and alanine metabolism between glutamate and glutamine media could be 

explained by changes in activities of PAG, ALT and GDH. The reactions catalyzed by 

the four enzymes are shown in Figure 1-3. 

Glutamate in DMEWglu+gln and DMEWglu and glutamine in DMEWgln were 

supplemented at a slightly higher concentration (4 mM) than in earlier experiments to 

prevent their depletion which could influence cellular enzyme activity. DMEWgIu also 

wntained 3 mM asparagine for this experiment so the only difference beiween this 

medium and DMEM/glu+gln was the presence of a low glutamine level in the latter. 

Membrane and cytasolic fractions were prepared from BHK cells cultured in each of 

these media. This would indicate if the enzymes were pnmarily cytoplasmic in origin or 

associated with the membrane. The assays for GS, PAG, ALT and GDH were 

perforrned for fractions isofated fmm cells grown in each medium and the results are 

presented in Figure 7-1 3a-d. 

Glutamine synthetase was measured indirectly via glutamine transferase activity 

which was localited exdusively in the cytoplasmic fracüon (Figure 7-13a). Adivity was 

detecteâ in extracts from both DMEWglu+gln and DMEWgIu but was 2.8 X higher in 

the latter at 0.0125 pnol min-1 mg-1. Predictably, GS was required at the highest level 

in DMEWgIu in which cells must synthesize al1 glutamine necessary for growth. In 

DMEM/glu+gln, at least some of aie glutamine required was provided in the culture 



medium. Cells may also adapt and grow in DMEMlgiu+gln more readily than DMEWglu 

because lower increases in glutamine synthetase are required in the fomer medium. 

There was no rneasumbfe acüvity in the cytoplasmic fraction isolated from cells grown 

in DMEiWgln. Clearly, there was l i e  need for glutamine synthetase Men  glutamine 

was available in the medium at high concentrations- These results suggest the 

induction of this enzyme was an important adaptation in medium substituted with 

glutamate. 

PAG, ALT and GDH are involved in the deamidation and deamination of 

glutamine and glutamate. These enzymes were al1 primarily membrane associated and 

the advities in only this fraction were considered. The PAG assay (Figure 7-13b) 

indicated enzyme activity was not significantly different in DMEM/glu+gln and 

DMEMlglu at 0.027-0.029 -01 minœ1 mg-1. This compared with levels 1.7-1 -8 X higher 

in DMEM/gln at 0.049 v o l  minol mg-'. Nevertheless, PAG was relatively high in the 

extracts from DMEM/glu+gln and DMEMlglu considering glutamine, the substrate of the 

enzyme, was lirnited or absent in the medium. ALT was most active in membrane 

fractions isolated from DMEM/glu+gln (0.034 m o l  rnin-1 mg-1). and less so in 

DMEWglu (0.024 pmol mino1 mgo1) and DMEWgln (0.013 m o l  min-' mg-l) (Figure 

7-13c). The reason for the difference between the extracts from DMEM/glu+gln and 

DMEM/glu was unclear. Nevertheless, ALT activity ftom cells grown in both of the 

glutamate-substituted media were significantly higher than in DMEM/gln. This would 

explain the lower specific alanine production and ala/gln ratio in glutamine-based 

medium. The assay for glutamate dehydmgenase revealed a somewhat higher activity 

in ceils hom DMEWglu+gln of 0.037 m o l  mino' mg-1 compared to DMEWglu and 

DMEWgln which were not significantiy d i r e n t  at 0.023-0.026 pmol min-1 mgo1 

(Figure 7-13d). Aithough GDH was elevated in cells grown in DMEWglu+gln, a major 

increase in ammonium production was not obsewed and was probably muntered by 

the elevated ALT activity. 



Figure 7-1 3a-d. (a) Glutamine synthetase/transferase, (b) phosphate-adivated 
glutaminase, (c) alanine aminotransferase and (d) glutamate dehydmgenase activities 
in cytoplasmic and membrane ftactions isolated ftom BHK cells grown in 
DMEM/glu+gln, DMEWglu and DMEWgln. Note that glutamine @ansferase activity was 
measured but was below the limits of detedon for the DMEWgln cytoplasmic fraction 
and for the membrane fractions from all of the media. Values show are the average of 
at least duplicate deteminations (n=2) I SE. 
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7.4 Discussion 

Previous investigations have considered the effects of glutamate substitution on 

the growth of cultured œlls. Most recentiy, Hassel1 and Butler (1990) reported 

signifiant reductions in ammonium yields for BHK cultures in glutamate-substituted 

medium. The cell yield in batch cultures (%fiasks), though, was not enhanced 

regardless of a 58 % decrease in the accumulation of ammonium. These results are 

consistent with the current study in which similar reductions in ammonium were 

achieved after the same period of growth (3 days) (Figure 7-2). Growth measured by 

cell yields, doubling times or specific growth rates were not improved in any of the 

glutamate-based media (DMEM/glu+gln, DMEM/glu+ala-gln and DMEM/glu+gly-gln) 

compared to medium with a normal complement of glutamine in multiwell plates (Figure 

7-1 and Table 7-2). The relatively low accumulations of ammonium in batch stationary 

cultures proved not to be inhibitory in either glutamate- or glutamine-based media. 

Although improved growth was not observed in batch cultures, the metabolic 

changes associated with grovuth in glutamate medium could be more thoroughly 

characterized than reported previously in the Merature. Griffiths and Pirt (1967) had 

documented a high glutamate cansumption for mouse LS cells cultured in medium with 

8 mM glutamate and 0.7 mM glutamine. However, the glutamine was depleted dunng 

the first day of growth H i l e  about half of the glutamate was utilized over 5 days, This 

compared with glutamine-based medium in which an 8 mM glutamine supplement was 

almost completely consumed to produce a similar cell yield. Glutamate also proved a 

very effective replacement for glutamine with BHK cuîtures in the current investigation. 

This was evident from the high glutamate consumption and reduced glutamine 

utilization in glutamate-based medium. In fact, glutamate uptake was even higher than 

glutamine in DMEiWgln (Fiiure 7-3a-e and Table 7-3). Despite the high rate of 

glutamate utilization by BHK cells in glutamate-baseci medium, specific ammonium 

production was more than Sfold lower than in DMEWgln cable 7-3). Glutamate was 



obviously a less ammoniagenic substrat8 than glutamine. Furthemore, the low 

concentration of glutamine or dipeptides in glutamate-based media had a minimal 

impact on ammonium production when compared to the mntrol culture supplemented 

with only glutamate (DMEMîglu). This was consistent with aie low glutamine u t i i i i on  

in glutamate-based media. Glutamine rnay be required in only vety small quanüües as 

an essential anabolic precursor Mile glutamate replaces its role as a major oxidative 

substrate. This is analogous to reports suggesting that glucose is required at only low 

levels as a ribose precursor for nucleotide biosynthesis (Zielke et al., 1984) and can 

even be replaced by the addition of nudeosides directly to the culture medium (Zielke 

et al., 1976). Compared to glutamate, asparagine played a lesser metabolic role in 

minimizing glutamine requimments. The inclusion of asparagine probably reduced the 

need for its cellular biosynthesis from glutamine but it was not an important oxidative 

substrate. This was suggested by the nominal consumption of asparagine even though 

it was supplemented in the medium at the same concentration as glutamate. 

Most other amino acids were consumed at similar rates in glutamate medium 

compared to the glutamine-based control. Obvious exœptions included decreased 

specific consumption for leucine, isoleucine and valine in glutamate-substituted media. 

These amino acids were also among those utiliked at lower rates in CCSCIO cultures 

with the 20 mM gly-gln supplement. The reason for the reduced uptake of these amino 

acids with a limited availability of glutamine in the medium is presently undear. 

The substitution of glutamine with glutamate had a minimal effect on the 

glucose metabolism of BHK cells in the batch stationary cultures (Figure 7 4  and Table 

7-3). Glucose was consumed at high rates which is typical of batch cultures. The rapid 

metabolism of both glucose and glutamine results in excessive produdon of waste 

metabolites such as lactate, alanine and ammonium (Ljunggren and Haggstfirn, 1992 

and 1994). The laciglc product yield ratio was >3 in al1 media examined for BHK 

cultures grown in multiwell plates (Table 74). This suggests lactate was a significant 



product of glutamine and glutamate metabolism in BHK cells- Unusually high alanine 

produdion in glutamate-substituted medium was also observed and can be attributed, 

in paft, to the higher rates of glutamate uptake in this medium compared to glutamine in 

DMEWgln. Unfortunately, glutamate was not an effective means of controlling overflow 

metabolism with BHK cells as has been achieved in glutamine-limited fed-batch 

cultures (Ljunggren and Hi!iggstr6m, 1994) or in batch cultures of CCSClO grown in 

gly-gln medium. As indicated previously (sedion 1.3). overflow metabolism refers to the 

generation of large quantities of waste metabotites in the presence of high substrate 

levels. Although ammonium was reduced in glutamate-based medium, wntinued 

production of other ovemow metabolites such as lactate could eventually result in a 

growth limitation. In batch stationary cultures, however, confluency was reached after 

3-4 days and wmesponded to the end of the exponential phase. Thus, a surface area 

limitation caused the œssation of growth in the multiwell plates in both glutamate- and 

glutamine-based media before other limitations became evident. 

Although irnproved growth was not observed in the batch cultures of BHK cells, 

glutamate-based medium could be benefiual in producing a product of higher quality 

with more consistent glycosylation. The lower ammonium production in this medium 

introduced the possibilii of maintaining teduceci intracellular UDP-GNAc pools. Ryll et 

a' (1994) describeci ammonium (and glutamine) as substrates in the biosynthesis of 

UDP-GlcNAc and UDP-GalNAc. Ammonium accumulation could therefore promote 

increased UDP-aminohexose levels resulting in modied glycosylation of native and 

recombinant proteins. The possible consequences of this inciude growth inhibition and 

altered quality of protein products from the culture. Among the cell lines examined, the 

authors found the most pronounced increases in UDP-GNAc in BHK cells, consistent 

with their higher degree of ammonium sensitivity. The current study demonstrateci lower 

UDP-GNAc levels in BHK cells grown in glutamate-based medium compared to 

DMEMIgln (Table 7-5). However, the extent of the reduction (30 %) was limited by the 



relatively low ammonium wncenfrations, even in Che glutamine-based medium. Greater 

differences could be expected in fdbatch cultures in which cell densities and 

ammonium accumulations are substantially higher. 

The substitution of glutamine, a major oxidative substrate, with glutamate also 

muld introduœ an alteration in me cellular energy balance. The high alanine 

production in g l u t a m a t  medium implicated that a large fraction of 

metaboliied glutamate was inampletely oxidhed. Less effiaent enegy metabolhm 

could cause an energy limitation in mis medium. This could be exacerbated by the 

additional ATP requimd by the glutemine synthetase madon b produce glutamine 

ffom glutamate. Continued deamination of glutamate via alanine aminotransferase 

assumes stoichiometnc conversion of a-ketoglutarate, the product of the reaction, to 

pyruvate. This is necessary to prevent depletion of the py~va te  as a substrate for 

subsequent transamination reactjons. However, partial oxidation to pyruvate and 

tnnsamination to alanine yields only 9 moles ATPlmole glutamine (or glutamate) 

(Glacken, 1988). Altematively, deamination by glutamate dehydrogenase and complete 

oxidation produces up to 27 moles ~TP/moîe glutamine (or glutamate) (Ljunggren and 

Haggstrom, 1994). Thus, cellular ATP levels were measured in BHK cells wltured in 

glutamate- and glutamine-based media (DMEM/glu+gln and DMEWgln, respectively). 

The analysis revealed identical ATP levels in both media (Table 7-5). lncreased 

glutamate utilkation appears ta compensate, at least in part, for the potentially reduced 

energy available fmm inu#nplete o>0dation of glutamate or from AlP consumption 

during glutamine synthesis. The lower ammonium levels may also place less demands 

on cellular energy reserves for maintenance energy (Martinelle and Haggstam, 1993) in 

glutamate-based medium. 

Microcamer cultures were used in both batch and fed-batch systems to examine 

the potential of glutamate-based medium to enhanw BHK ceil densities. At 5 g l l  the 

Cytodex 1 microcarriers are expected to offer up to 22 m*/ml of medium according to 



specifications pmvided by the manufadurer. This area is an order of magnitude greater 

than that available in multiwell plates or T-fiasks. Thus, surface area could be nrled out 

as a growth limitation under these conditions. 

Maximum viable cell densities wem 44 % lower in batch microcarrier cultures 

with glutamate-based medium compared to the glutamine control (Figure 7-5 and Table 

7-8)- Ammonium was 72 % lower in DMEM/glu+gln after 3 days of culture (Figure 74) 

but other limitations resuited from the replacement of glutamine with glutamate. 

Glutamate was consumed at a high rate resulting in glutamate depletion (Figure 7-7) 

and entry into the stationary phase while cell densities were comparatively low. The 

rapid glutamate and glucose utilization also led to the accumulation of overflow 

metabolites already described in multiwell plates. Reduced growth yields for lactate 

(Table 7-9) and higher alanine production (Table 7-6) were observed in DMEM/glu+gln 

compared to DMEWgln. Glutamine medium, on the other hand, was subject to higher 

ammonium production which probably caused a growth limitation in conjunction with 

low glucose and glutamine levels. 

A fed-batch feeding strategy was instrumental in improving cell yields in 

glutamate-based medium. Cells remained in exponential phase up to 24 hours longer 

than the batch micrucarrier cultures resulting in a 40 % increase in viable cell 

concentrations fmm 2.09 X 106 to 2.92 X 1081ml. Ammonium was 71 % lower at the 

end of the exponential phase (4 days) in glutamate-based medium compared to 

DMEMigln. At this point, however, glutamate and glucose were depleted or reduced to 

very low concentrations in DMEM/glu+gln despite the daily additions of these nutrients. 

Unfortunately, attempts ta further improve growth with a higher feed rate to prevent 

these limitations would be impracücal. This is because inhibitory lactate accumulations 

(>100 mM) resulted from the additions of glucose and glutamate to the fed-batch 

culture (Figure 7-1 1). lncrease additions of these substrates would likely exacerbate the 

problem. Previous studies have shown interactive mgulation of glucose and glutamine 



metabolism and could explain this effect Ardawi and Newsholme (1983) reported 

lactate produdion by lymphocytes was 2-fold higher in the presence of glucose and 

glutamine compared to œlls supplied with only glucose. Glutamate may also stîmulate 

glycolysis in BHK cultures and perhaps to a greater extent than glutamine because of 

the higher consumption raîe of the fornier. This effed was not apparent in multiwell 

plates but could be related to the lower glucose and glutamate concentrations and 

viable cell concentrations under those conditions. The advantages of glutamate-based 

medium would be more obvious for œll lines in which the use of the alternate substrate 

is not associated with coordinate increases in glycolysis. Hassell and Butier (1990) 

describeci enhanœd cell densities with McCoy cells in batch and fed-batch microcamer 

cultures with glutamate-substituted medium mmpared to glutamine medium. However, 

the McCoy cells consumed less glucose and mnsequently generated lwer  lactate 

levels in the glutamate medium. In this case, the combination of reduœd ammonium 

and lactate promoted higher viable cell densities. 

Defining the factors contrdling adaptation to glutamate is vital to facilitate an 

evaluation of the potential of a cell line to g m  in glutamate-based medium. In some 

cases, the rate of glutamate uptake is a key deteminant mediating the ability of cells to 

utilize glutamate as an altemate substrate. At least three systems for glutamate 

transport have been identified in human fibrublasts (Dall'Asta et al., 1983) and high 

rates of uptake are possible in cultured œlls. In addition, increases in glutamate 

transport have been reported in response to cystine (Bannai and Kitamura, 1982) or 

glutamine (Low et al., 1994) starvation. In sorne cells, however, the capacity for 

glutamate uptake may be limited. Mcûennott and Butler (1993) investigated glutamate 

uptake and glutamine synthetase activity in tHn, ceIl lines with different adaptabilities to 

glutamate-substituted medium (GMEM+giu). The McCoy ceîi line adapted quickiy to 

glutamine-free medium while MDCK wre  unable to grow. Glutamine synthetase 

incteased in both cell lines following depletion of glutamine or incubation in glutamate- 



subsd'ituted medium. However, McCoy mlls which had been adapted to GMEM+glu also 

responded with a 2fold inmase in the rate of glutamate uptake- On the oaier hand, 

glutamate transport was an order of magnitude lower in the MDCK cells. This was 

apparently insufficïent to satisfy the cellular demand for growth in glutamine-free 

medium. Adaptation to glutamate was thus atbibuted to the rate of glutamate transport 

rather than glutamine synthetase acüvity in this particular cell line. The current studies 

have shown BHK cells grown in glutamate medium lacking a law supplementation 

glutamine (or dipeptides) demonstrate a considerable dedine in growth performance. 

low specific growth rates and cell yields were particularly evident during the initial 

passages in DMEWglu after subculture from DMEWgln (Table 7-10 and Figure 7-12). 

However, growth was obsewed to improve over the course of 5 passages in DMEWgIu 

(Figure 7-12). This indicated adaptive changes had occurred but signifiant increases in 

glutamate uptake were not obsewed dunng the initial 5 passages in the DMEWglu 

Fable 7-1 1). Thus, glutamate utilkation was wnstitutively high in BHK cells and would 

have little influence on growth or adaptation in the substituted medium. 

lncreases in glutamine synthetase were also investigated as an adaptation 

required for growth in glutamate-substituted medium. Earlier studies with wltured 

skeletal muscle mlls have shown this enzyme is highly regulated and responds with 

3-4-fold increases in activity folIwng glutamine depletion (Feng et al., 1990). A similar 

response was reported when these cells were incubated in medium with glutamate or 

dexamethasone (Smith et ai., 1984). Kitoh et al. (1 990) examined the ability of B and T 

lymphoblastoid cell lines to grow in glutamine-deficient medium. The B cells 

demonstrated limited growth whereas T cells proliferated in the presence of low 

glutamine concentrations. The âiirence was attributed to a significantly lower 

glutamine synthetase activity in the B cells. The authors described an inverse 

relationship between glutamine synthetase activity and dependency on glutamine. The 

current study was consistent with previous investigations as glutamine transferase 



adivity was related to the availability of glutamine and perhaps the high glutamate 

concentrations in BHK cuitures. Actmty was highest in DMEWgIu, reâuced 

considerably in DMEM/gIu+gln and undetedable in DMEWgln (Figure 7-13a). The 

prolonged lag phases and reduced growth rates observed in DMEWglu could be a 

consequence of insuffiCient glutamine biosynthesis despite the relatively high activity of 

the enzyme in BHK cells cultured in this medium. This was supported by the observed 

combination of lower glutamine transferase actMty and significantly improved growth in 

DMEM/glu+gln compared to DMWglu despite the minimal levels of glutamine in the 

former. The process of adaptation to glutamate-substihrted medium could also be 

attributed, at least in part, to the penod required for induction of glutamine synthetase. 

Other enzymes involved in giutamine and glutamate metabolism include 

phosphate-activated glutaminase, alanine aminotransferase and glutamate 

dehydrogenase. Together, these glutaminolytic enzymes are expected to regulate the 

balance of ammonium production by cultured cells. They may also influence growth 

and adaptation in medium substituted with glutamate. 

High glutaminase activity is associated with rapidly proliferating cells and high 

rates of glutamine oxïdation (Knox et al.. 1969, Linder-Ho-tz et al., 1969, Sevdalian 

et aL, 1980 and McKeehan, 1986). Phosphateactivated glutaminase was high in BHK 

cells even when cultured with a limited availabilii of substrat0 (glutamine) in glutamate- 

substihrted medium (Figure 7-1 3b). Activity, however, was reduced in glutamate 

medium and may be mgulated to some extent by product (glutamate) concentration. 

Smith et al. (1984) reporteci glutamine depleüon had no effect on the enzyme but 

glutamate induced a 40 % decrease in  luta ami nase activity. Nevertheless, PAG 

appeamd to be constitufively expmssed in BHK cells whidr would ensure an ability to 

aiways utilize glutamine when available in the medium. Indeed, no apparent adaptation 

was involved when celk gmwn in DMEM/glu+gln or DMEWglu wem subcuttumd into 

DMEWgln (Table 7-10). High levels of glutaminase further implicated the presence of a 



glutamine synthetaselglutaminase Mile cyde in BHK cells which could cause or 

exacerbate a glutamine limitation in DMEWgIu. 

The relative contributions of aminotransferases and glutamate dehydrogenase 

in the deamination of glutamate varies among reports in the literature (McKeehan, 

19û8). BHK cells had significant alanine aminotransferase and glutamate 

dehydmgenase aavities in glutamate- and glutamine-baseâ media (Figure 7-13c and 

d). The former enzyme, however, was apparently more adive in the deamination 

proœss in glutamate-substituted media wtiere œlls had increased ALT levels. This was 

indicated by the higher alalglu product yield in the glutamate media compared to alalgln 

in DMEWgln (Table 74). In other w d s ,  a grnater proportion of an extemal suppiy of 

glutamate (available fmm the medium) was deaminated by alanine aminotransferase 

rather than glutamate dehydrogenase compared to glutamate denved from the 

deamidation of glutamine. The high rates of glucose and glutamate metabolism in 

glutamate- based media could promote increased cellular p ynivate levels (the substrate 

of ALT) due to overfiow metabolism and thus stimulate deamination by alanine 

aminotransferase- The net effect is that glutamate is a less ammoniagenic substrate 

than glutamine because it contains fewer nitmgen moeities and is deaminated via a 

less ammoniagenic metabolic pathway. 

These studies define the differences between glutamate and glutamine 

metabolism when these substrates are provided in the culture medium. Furthemore, it 

is clear that the low-ammoniagenic nature of glutamate in substituted medium is not 

sufficient to achieve an increase in growth and productivity of BHK cultures. The worlc 

has established for the first time that impmved growth and producüvity for some cell 

lines must incorporate strategies to additiotrally control glucose metabolism in 

glutamate-su bstituted medium. 



Chaptar 8 

General Discussion and Conclusions 

The use of substitutes for glutamine consistently results in decreased 

ammonium production in animal cell cultures. Glutamate or dipeptides can be used 

alone or in combination as a replacement for glutamine in the medium. 

Glutamine-containing dipeptides can be used as aie main substitute for 

glutamine for cell lines which are unable to use glutamate. The ability of a cell line to 

grow in dipeptide medium depends on suffident hydrolysis of ala-gln or gly-gln to 

satisfy the cellular glutamine requirements. This, in tum, depends on the expression of 

the cellular peptidase and the availability of adequate concentrations of dipeptide 

supplements in the medium. Dipeptides were able to promote growth of both the 

CCSClO murine hybridoma and BHK cells and are Iikely effective for a range of cell 

lines. Higher cell densities and product yields may be achieved in some cases. 

The use of glutamate as a substitute for glutamine is advantageous because of 

its stability, low ammoniagenic nature and limited cost In addition, lower alanine or 

glycine accumulations are expected wiai glutamate wmpared to dipeptides Glutamate 

can be used to replace a majority of cellular glutamine requirements but additional 

supplements may be necessary to maintain high growth rates and cell yields. 

Asparagine and low levels of glutamine or dipeptides may be used in conjunction with 

glutamate to support the growth of a wider range of cell lines than previously thought 

possible. The combination of glutamate and dipeptides also stabilizes the medium. This 

could be beneficial in large-scale production, allowing sterilization of the medium by 

heat treabnent. Some cell lines, however, rnay be unable to grow in glutamate- 

substituted media. The current investigation with BHK cells along with other studies 

have established the main critena required for adaptation and growth of cells in 

glutamate medium: 
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i )  The cell line must possess a signifiant capacity for glutamate uptake without 

inhibiting the consumption of other essential nWients such as cysüne. 

ii) Glutamine synthetase must also be active or induable in order to synthesize 

suffiCient glutamine from glutamate. 

iii) lmprovements in cell density depend on the absence of coorâinate increases in 

other inhibitory metabolites such as lactate resulting h m  replacement of glutamine 

with glutamate. 

These guidelines could be applied to evaluate the potential for increased 

pmductivity with other cell lines in batch or fed-batch cultures utilizing glutamate as a 

substitute. The use of glutamate was not feasible for the CCSClO murine hybridcma 

because of the inhibitory effects on growth. Alternatively, BHK cells grew readily in 

optimized media but were subject to high rates of glutamate uptake and overflow 

metabolism. However, the use of glutamate has considerable potential to impmve both 

growth and productivity of BHK cells in combined glucose- and glutamate-limited fed- 

batch cultures. This strategy woufd involve maintaining low levels of glucose and 

glutamate in the medium with regular low-level feeding to prevent ovemow metabolism 

from bath of these nutrients. The anticipateci result would be reduced lactate, 

ammonium and alanine production. Thus, both lactate and ammonium could be 

maintained at non-inhibitory levels in glutamate-based medium. These studies have not 

been previously performed although Ljunggren and Haggstrom (1994) described the 

gmwth of a mutine hybridoma in glucose- and glutamine-limited fed-batch cultures. 

They reported significant decreases in lactate, ammonium and alanine formation due to 

the reduced availability of glucose and glutamine. Slight increases in the total number 

of cells produced and monodonal antiboây yield were achieved. Kurokawa et al. (1994) 

similarly conbolled both glucose and glutamine at low levels in another murine 

hybridoma culture. They achieved a 1.5-2.0-fold increase in cell density and a 2.7-fold 

increase in monoclonal antibody yield compared to cultures in which only one of the 



carbon sources was maintaineci at a limited concentration- Xie and Wang (1994) used 

a stoichiometric feeding model to control by-product formation in fed-batch culture 

using a murine hybridoma. This strategy involved feeding nutrients including glucose, 

glutamine and other essential and non-essential amino acids according to cellular 

composition. In other wrds, the feed medium was fonnulated to match cellular 

composition or requirements to accurately supply the nutrients at a constant but low 

level. The result was a marked reduction in the accumulation of lactate and ammonium 

cornpared to batch cultures. Consequentiy, maximum viable cell densities and 

monoclonal antibody yields were increased 2.8-fold and 17-fold, respectively, in the 

fed-batch system. Ammonium, however, accumulated to relatively high levels (5.3 mM) 

in the fed-batch cultures. The authors attributed mis, in part, to decomposition of 

glutamine and asparagine in the feed medium. Thus, further reductions in ammonium 

and improvements in growth and pmducüvity may be possible using glutamate- 

substituted medium in conjuncb'on wïth a stoichiometric feeding regime. Dipeptides may 

also be employed wiai this strategy for cell lines unable to utilize glutamate. 

The use of substitutes for glutamine in nutn'ent-limited fed-batch cultures 

combined with the development of senim-free medium holds considerable potential for 

industrial production. The markedly reduced accumulation of by-products would 

pmmote high cell densiües and product yields as well as consistent product quality. The 

serum-free medium is essential to maintain reproducible growth performance, eliminate 

undefined mmponents from the medium and facilitate downstream processing and 

purification. The net result may be a more economical production process in animal cell 

culture. 



Appendk A 

Composition of DMEM and BME 

Component Concentration 
BME DMEM 

Inorganic salts (mM) 
NaCl 
NaHC03 
KCI 
CaC12 
MgCi2 
MsS04 
NaH2POpH20 
Na2HP04mH20 
Fe(NO3)3aQH20 

Carbohydrate (mM) 
glucose 

Amino Acids (mM) 
alanine 
arginine 
asparagine 
as partate 
cystine 
cystineaHCI 
glutamate 
glutamine 
glycine 
histidine 
isoleucine 
leucine 
lysine 
methionine 
phenylalanine 
proline 
serine 
threonine 
tryptophan 
tyrosine 
valine 



Composition of DMEM and BME (continued) 

Component 
BME 

Concentration 
DMEM 

Vimins(pM) 
biotin 
choline 
folk acid 
inositol 
nicotinamide 
pantothenate 
pyridoxal 
riboflavin 
thiamine 

pH lndicators (pM) 
phenol red 



Appendix B 
Standard curves 

I Bicinchoninic acid protein assay 

8SA concentration (mg/ml) 

II Glucose oxidase assay for glucose 

I 
1 1 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Glucose concentration (mM) 



Ill Ladate dehydgmgenase assay for ladote 

L 
1 I I 

0.0 0.5 1-0 1.5 2 0  

Lactate concentration (mM) 

IV Ammonia electrode 

Anmaniurn concentration (mM) 



V Glutaminase assay for glutamine 

0.0 0.2 0.4 0.6 0.8 1.0 

Glutamine concentration (mM) 

VI Monoclonal antibodies (ProAnaMabs column) 



VI1 Glutamine synthetase/glutamine transferase assay 

0 

VI II Phosphate-activated glutaminase assay 

I i 1 1 1 4 

0.00 0.05 0.10 0.15 0.20 0.25 
umdes of ammonium 



IX Alanine aminotransferase/glutamic pmc transaminase assay 

I 
I 1 I I 1 I I 

O 20 40 60 80 100 120 

Sigma-Frankel (SF) Units/ml 

X Glutamate dehydrogenase assay 

0.00 0.10 0.20 0.30 0.40 OS0 0.60 

GDH actMty (unitdrnl) 



Appendix C 
Detannination of amino acid concentrations m m  HPLC analysis 

I Sample chromabgram of a standard amino acid fun. 

Time (minutes) 

II Peaks were identified and areas determined by cornputer integration of the standard 

Amino acid Ret time Conc- Area RF 
(min) 
5-70 500 1056051 1.30 

lys 37.727 500 764277 1-80 



III Response factors were calwlated from the fluorescent response of the intemal 

standard (aba) relative to each amino acid in the standard nin according to the 

following equation: 

RF = (Ama i.s-)/(Areaa.a.) x (Conc- a.a-)f(Conc- i-S.) 

where RF = response factor 

Amai-, = area of the intemal standard 

A--, = area of amino acid 

Con+*a. = concentration of amino acid in the standard solution (500 FM) 

Conc.~~. = concentration of intemal standard (500 pM) 

IV Samples containing a known addition of the intemal standard were 

chromotographed. The concentration of each arnino acid in samples was calculated 

fmm the appropriate response factor and the peak area relative ta that of the intemal 

standard by the equation belaw: 

where Ca.a. = 
- 

Aa.a. - 
- 

4.s. - 
- 

Ci.s. - 
RF = 

Ca.a. = (Aa-a.4.r.) X Ci.s. X RF X df 

concentration of the amino acid of interest 

area of amino acid of interest 

area of intemal standard 

known concentration of intemal standard (500 pM) 

the response factor determined from the calibration run as described 

above 

dilution factor of intemal standard in sample (250 pU245 pl) 



Appendix D 
ûetenninatbn of speciClc consumpüon and production rates (integml method) 

The specific glutamate wnsumption during exponential growth of BHK cells in 
DMEM/glu+gln in batch -onary cultures (see Table 7-3) is dernonstrated as an 
example. 

I lntegration was perfomed on a plot of cell number versus time using the trapezoidal 
rule available as an algorithm in SigmaPlot 

lot xdt 
Tirne (hr) Cell number 

(1@ W s )  (los celf hr) 1 
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II The change in glutamate from the initial quantity in the medium at each time point of 
the culture was then determined, 

Time (hm) Glutamate in medium Asglu (nrnoles) 
(nmoles) 

\ 

O 2632 
23 2284 -368 
33 1932 -700 
47 1090 -1 542 
58 393 -2239 
72 28 -2604 
95 21 -261 1 
120 18 -2614 

III The change in substrate (Asglu) was plotted against the cell index (lot xdt). The best 
straight line was fit to a linear region of the plot which corresponded to the exponential 
phase. The slope was detennined (from 33-58 hours in this case) to produce the 
specific rate of glutamate consumption (qglu). 

d a + Sb- (qW) = -53.8 m o l  lad cell hr" 
5 SE of ths line = 6 2  



Appendix E 
Determination of nuckatide concuntrritions by HPLC analysis 

I Sample chromatogram of a standard nucleotide run. 

0 ] . I T I I 1 I 
O 10 20 30 40 50 

Time (min) 

II Peaks were identified and cornputer integraüon used to detemine the areas for 
known quantities of standards. 

Nucleotide Ret time Conc. Ama RF 
(min) (X 10-3 (Ml ( X  IO-~O) 

NAD 7.79 2 166058 1 -20 
UDP-GJc 9.39 2 671 97 2.98 

UDP-GalNAc 10-1 1 2 47992 4.1 7 
UDP-GIGNAC 10.43 2 1 17398 1 -70 

AMP 12.41 2 126369 1.58 
GDP 13.16 2 107972 1.85 
CTP 17.85 2 51 342 3.90 
UTP 22.23 2 9421 7 2.12 
ADP 22.48 2 1 14705 1.74 
GfP 23.1 8 2 130344 1.53 
ATP 26.70 2 140621 1 -42 



III Response factors were calculated from an amount/ama ratio for each nudeotide in 

the standard run. 

RF = CstdAstd 

where RF = response factor 

Cstd = concentration of nudeotîde in the standard solution = 2 X 105 M 

Astd = area of nucleotide standard 

IV The concentration of nucleotides in the sample were calculated based on the peak 

area of each nudeotide and the response factor determined above: 

C=RFXAXdf 

where C = concentration of the nudeotide of interest 

RF = response factor detennined from the standard run 

A = area of nucieotide of interest 

df = dilution factor of sample with Mobile Phase A = 2 



Standard deviation : 

where s = standard deviation, 

n = the number of samples, 

xi = the value of the nh sample and 
- 
x = the mean of samples 

Standard enor, 

SE = s/dn 

Student's t-test: 

- 
t = DISED 

O O 

where E = X - Y ,  

SED = [GDF (Z~~)Z/n)l(n(n-l)) 1% , 
- 
X and 7 = the means of the X and Y data sets, respectively, 

Di = X i - Y j  and 

Xi and Yi = the value of rth sample from the X and Y data sets, respecüvely. 



Appendix G 
Amino rcid concentrations in semm 

Rie amino aad content of Calf S e m  (Gibco). Oonor Calf Senim (Gibco) and 
FetalClone (HyCkne) was determined by HPLC analysis following OPA de~ititation. 
Values are expresseci as an average of ûiplicate samples (n=3) I SE. 

Concentration (N 

Calf Serum Donor Calf Senim FetalClone 
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