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Abstract

A peculiar phenomenon, differing from the response of mammalian cells, occurred when Chinook salmon
embryo (CHSE) cells were passaged in the medium lacking of both glucose and glutamine. To elucidate
metabolic mechanism of CHSE cells, the metabolism parameters, key metabolic enzymes, and ATP levels
were measured at different glucose and glutamine concentrations. In the glutamine-free culture, hexokinase
activity kept constant, and lactate dehydrogenase (LDH) activity decreased. This indicated that lack of
glutamine did not expedite glucose consumption but made it shift to lower lactate production and more
efficient energy metabolism. The results coincided with the experimental results of unaltered specific glucose
consumption rate and decreased yield coefficients of lactate to glucose. In the glucose-free culture, simul-
taneous increase of glutaminase activity and of specific ammonia production rate suggested an increased
flux into the glutaminolysis pathway, and increases of both glutamate dehydrogenase activity and yield
coefficient of ammonia to glutamine showed an increased flux into deamination pathway. However, when
glucose and glutamine were both lacking, the specific consumption rates of most of amino acids increased
markedly, together with decrease of LDH activity, indicating that pyruvate derived from amino acids, away
from lactate production, remedied energy deficiency. When both glucose and glutamine were absent,
intracellular ATP contents and the energy charge remained virtually unaltered.

Introduction

Although marine fish cell lines are increasingly
used in virology, toxicology, biotechnology and
basic fish researches, investigations on their
growth and metabolism have seldom been
reported. Bols ef al. (1994) found that glutamine
requirement for the in vitro proliferation of fish
cells was conditional and dependent on the basal
medium and serum supplementation. Ganassin &
Bols (1992) reported that purines could promote
growth of salmon cell line in the medium with
different mammalian sera. Unfortunately, from
then on, little has been reported about growth and
metabolism, especially metabolic pathways, of
marine fish cell lines.

Glucose and glutamine are main nutrients of
animal cells in culture. Glucose is utilized either
through the pentose phosphate pathway to pro-
vide nucleotides for biosynthesis or through the
glycolysis pathway to provide metabolic interme-
diates and energy. A large portion of glucose may
end up as lactate and, normally, only a small
portion of glucose enters the tricarboxylic acid
(TCA) cycle. Although glutamine can be either
directly used as protein and peptide constituent or
converted to precursors of purines and pyrimidines
of nucleic acids, a large portion of glutamine may
undergo deamination and transamination reac-
tions. Most of mammalian cell lines die immedi-
ately once glucose is depleted (Mercille & Massie
1994). However, if glutamine is depleted, some cell
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lines cannot survive but others can adapt to the
condition lacking of glutamine (McDermolt &
Butler 1993, Sun & Zhang 2004). In the work we
have found that Chinook salmon embryo (CHSE)
cells can be passaged into the medium lacking of
both glucose and glutamine, which is completely
different from mammalian cell culture. To eluci-
date the metabolic mechanism, the metabolism
parameters, key glycolytic and glutaminolysis en-
zymes, intracellular ATP and energy charge of
CHSE cell were investigated.

Materials and methods
Cell line and cell culture

Chinook salmon embryo cell line (CHSE-214),
established by Fryer et al. (1965), was kindly
provided by Institute of Aquatic Biology, Chinese
Academy of Science. Cells were grown at 20 °C
and pH 7 in tissue culture flasks with DMEM
without glucose and glutamine (Sigma) supple-
mented with 10% (v/v) newborn calf serum
(Sijiging Biotechnology Co., Hangzhou, China)
and, when necessary, 1 g glucose I"! and 0.1 g
glutamine 1™'. To elucidate the metabolic mecha-
nism of CHSE cell, after washing with phosphate
buffer solution, cells were inoculated into four
media with different glucose and glutamine con-
centrations to exhaust endogenous glucose and
glutamine and exclude their residual effects.

Analytical methods

Cell density was measured by microscopic count-
ing with hemacytometer. Cell viability was esti-
mated by the method of trypan blue dye exclusion.
Glucose and ammonia were analyzed enzymati-
cally by special analytical kits (Shanghai Institute
of Biologicals, China). Lactate was quantified by
lactate dehydrogenase method (Gutmann &
Wabhlefeld 1974). Amino acids were assayed by
reversed-phase HPLC after pre-column (Agilent
Hypersil AA-ODS) derivation with o-phthaldial-
dehyde (Fiorino et al. 1989).

Enzyme activities were determined in quadru-
plicate on different samples. Enzymes were
extracted according to the method of Yallop et al.
(2003) and kept on ice during the experiments. In
assays involving NAD " /NADH, measurements

were taken at 340 nm and the extinction coeffi-
cient Esq0 qm 0f 6.2 x 107> mol™ 1 cm™! was used.
Hexokinase (HK, E.C. 2.7.1.1) was assayed
according to the methods of Du & Chen (1987).
Glutaminase (GA, E.C. 3.5.1.2) and NAD-depen-
dent glutamate dehydrogenase (GDH, E.C. 1.4.1.2)
were assayed using the methods of Meister (1985)
and Bergmeyer (1983). Lactate dehydrogenase
(LDH, E.C. 1.1.1.27) was assayed using an ana-
lytical kit (Jiancheng Biotechnology Co., Nanjing,
China). Glutamate/pyruvate aminotransferase
(GPT, E.C. 2.6.1.2) and glutamate/oxaloacetic
aminotransferase (GOT, E.C. 2.6.1.1) were also
assayed using special analytical kits (Shanghai
Institute of Biologicals).

Protein concentration of cell-free extract was
determined in triplicate by Coomassie Brilliant
Blue method wusing a special analytical kit
(Jiancheng Biotechnology Co.).

Metabolism parameter calculations

Specific rates of substrate consumption and
metabolite production were calculated using the
following equations:

Ocie =2 x 107 (Cgic, — Catey)/[(Xe, + Xi) % 1],
O6in =2 % 107 (Camy, — Comy)/[(X, +Xy,) x 1,
OLac =2 x 1073 (CLac, — CLacty)/[(X, +X,) % 1],
Oamm =2 % 107 (Cammy, — Cammyy)/

(X, + X)) x 1],

Oan =2 x 1073(Cany, — Cany,) /(X + Xiy) X 1],

where Q is specific rate, mmol cell”' d™'; C is the
metabolite concentration, mmol I7'; 7, and 7, are
the seeding and harvest times, d; X; and X are the
viable cell densities at 7, and #;, cells ml~'. Sub-
scripts Glc, Gln, Lac, Amm, Ala and AA indicate
glucose, glutamine, lactate, ammonia, alanine and
amino acid, respectively.

The vyield coefficients of lactate to glucose,
ammonia and alanine to glutamine (mmol mmol™")
were calculated from the equations:

YLac/Glc = QLac/QGlca
YAmm/Gln = QAmm/QGlna
Yala/Gin = QAla/OGIn-



Results and discussion
Cell growth

The growth of CHSE cells is shown in Figure 1.
The maximum cell densities at 12 d in the gluta-
mine-free culture (with 1 g glucose 1"!) and glu-
cose-free culture (with 0.1 g glutamine 17") were
112 10° cells mI™"  and 9.3 x 10° cells ml ™",
respectively, lower than that in the regular culture
with 1 g glucose I”' and 0.1 g glutamine 1. In
the culture lacking of both glucose and glutamine,
cells grew much slowly to a maximum cell density
of 7.1 x10° cells mI™" but could be passaged
steadily. In hybridoma and myeloma cell cultures,
cells die immediately once glucose is depleted
(Mercille & Massie 1994). Hela cells could grow
normally in the glucose-free medium but needed
extra addition of nucleotides (Reitzer et al. 1979).
Up to now, no cell line has been reported that can
grow normally in the medium lacking of both
glucose and glutamine.
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Fig. 1. Growth of CHSE cells in batch cultures with different
concentrations of glucose and glutamine. CHSE cells were
inoculated at 3.2 x 10° cellsml™". & Gle (0 g 17D, GIn (0 g 1Y),
BGlcOgl™),GlnO.1 gI™);AGlc(1gl™),GIn(0 gI™"); ¢
Gle (1 g™, GIn (0.1 g I™h.
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Metabolism parameters

The metabolism parameters of glucose and gluta-
mine and specific consumption rates of amino
acids at 6 d in the batch culture with different
glucose and glutamine concentrations are shown
in Tables 1 and 2. In the glutamine-free culture,
Ocic kept constant, Qp,c and Yy a¢/Gic decreased by
17% and 20% respectively, showing that lack of
glutamine did not expedite glucose consumption
but make it shift to lower lactate production and
more efficient energy metabolism. This result dif-
fered from pulse culture of baby hamster kidney
(BHK) cells, whose Qg reduced with the decrease
of glutamine concentration (Martinelle et al.
1998).

In the glucose-free culture, the specific con-
sumption rates of glutamine and other amino acids
increased greatly, suggesting that lack of glucose
forced the cells to utilize amino acids as energy
sources. Combined increase of Qgin and Y amm/Gin
by 19% and 18%, respectively, did not offset the
high increase of Qamm by 41%, meaning the vig-
orous catabolism of cells to some amino acids
other than glutamine. Increased Ysmm/gm and
decreased Yaja/Gin gave an evidence of the shift of
glutamine consumption towards energy efficient
deamination metabolism. In murine hybridoma
and Ehrlich ascites tumor cell cultures, depletion
of glucose also propelled the cells to shift to more
efficient pathway of glutaminolysis (Barnabé &
Butler 2000, Skog & Tribukait 1985). In hybrid-
oma cell culture, glucose limitation increased glu-
tamine consumption and led to most of the
glutamine entering TCA cycle through the gluta-
mate dehydrogenase pathway (Ljunggren &
Héaggstrom 1994).

Amino acids take part in both anabolism and
catabolism when both glucose and glutamine were
lacking. The specific consumption rates of amino

Table 1. Metabolism parameters of glucose and glutamine in Chinook salmon embryo cell culture at different glucose and glutamine
concentrations. Qcic, OGm, Orac and QO amm are specific consumption or production rates of glucose, glutamine, lactate and ammonia,
respectively, mmol cell” dly Lac/Gles YAmm/GIn and Y a1a/Gin are the yield coefficients of lactate to glucose, ammonia and alanine to

glutamine, respectively, mmol mmol™".

Medium QGIC QLac YLaC,/G]C QG]n QAmm YAmm/Gln YA]a/’G]n
Gle(©gl™Gln@©gl™ - 231 - - 0.45 - -

Gle (0gI™ GIn (0.1 g17") - 0.63 - 0.37 0.69 1.86 0.24
Gle(1gI™GIn(0gl™ 3.10 3.45 1.11 - 0.31 - -
Gle(1gI™ GIn (0.1 g1™) 3 4.18 1.39 0.31 0.49 1.58 0.31
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Table 2. The specific consumption rates (107" mmol cell™ d™") of amino acids in CHSE cell culture with different concentrations of

glucose and glutamine. “—"" indicates production. Qa4 is specific consumption rates of amino acids, and AA includes 20 amino acids.
Oaa Gle (0 g™ Gle (0g 1™ Gle (1 g™ Gle (1 g™
Gln (0 gl™h Gln (0.1 g1 Gln (0 g™ Gln (0.1 g17h
OGmn - 3.70 - 3.10
Oser 3.86 3.42 2.68 1.29
Oasn 0.11 0.07 0.09 0.07
Oc 0.36 0.42 0.20 0.21
Oay 3.15 3.19 2.81 1.97
Othr 2.85 0.44 0.42 0.49
Ol 1.55 -0.87 1.90 -0.60
OAre 1.95 1.31 1.34 1.09
Oval 0.71 0.59 0.30 0.41
Omet 1.67 0.73 0.50 0.56
One 1.23 1.09 0.39 0.50
Olys 2.88 3.40 0.48 0.75
Oasp 0.28 0.13 -0.05 0.16
Onis 0.17 0.06 0.10 0.09
Oryr -0.35 0.06 0.23 0.38
Ocys2 -0.30 0.01 —-0.13 0.02
Otry 0.17 0.10 —-0.10 0
Ophe -0.09 0.15 —-0.15 0.17
Oteu -0.67 1.07 -1 0.07

Table 3. Specific activities [gmol min~" (mg protein)™'] of intracellular enzymes (see Methods) involved in glucose and glutamine
metabolism of CHSE cells at different glucose and glutamine concentrations. Each value represented an average of quadruplicate

determinations.
Medium HK LDH GA GDH GPT GOT
Gle(©gl™Gln(@©gl™ 0.015 + 0.002 2.23 = 0.01 0.036 £ 0.011 0.086 = 0.008 4.54 £ 0.26 4.12 £+ 0.65
Gle(©gl™)GIn (0.1 gI"") 0015 + 0.002 1.80 + 0.30 0.056 + 0.010 0.310 + 0.015 4.37 + 0.60 5.93 + 0.27
Gle(1glI™yGln(@©gl™ 0.021 £ 0.001 279 + 0.19  0.025 £ 0.008 0.096 + 0.012 4.17 £ 0.17 4.69 £+ 041
Gle(1glI'™GIn (0.1 gI™")  0.022 + 0.003 3.49 + 020 0.045 + 0.004 0250 + 0.004 4.31 + 040 579 + 0.24

acids, except for Tyr, Cys2, Phe and Leu, increased
greatly. Catabolism of amino acids produced
pyruvate, acetyl-CoA, succinyl-CoA and o-keto-
glutamate to enter TCA cycle and supply energy
for cell growth. Every amino acid molecule could
produce one ammonia molecule in catabolism, so
Oamm only decreased 8%. Because only a few
kinds of amino acids could produce pyruvate in
catabolism with very low proportion of pyruvate
ending up in lactate, Qp,. decreased greatly by
44%.

Enzyme activities

Table 3 gives the key enzyme activities of glycol-
ysis and glutaminolysis. In glycolysis, glucose was

first converted to glucose 6-phosphate by hexoki-
nase, and metabolized to pyruvate which, then,
either entered the TCA cycle or was converted to
lactate by LDH. When glutamine was absent,
hexokinase activity was constant, which approved
of unaltered Qgi.. Meanwhile, the decrease of
LDH activity by 20% indicated a shift away from
lactate production, offering an explanation for the
decrease of Yi.c/Gie-

When both glucose and glutamine were lack-
ing, hexokinase and LDH activities decreased by
29% and 36%, respectively. Under the condition,
the bulk of pyruvate from amino acid catabolism
may enter TCA cycle instead of lactate production
to increase energy metabolism efficiency and rem-
edy short of energy. In glutaminolysis, glutamine



was first converted to glutamate catalyzed by
glutaminase. Glutamate can be either served as a
substrate for anabolic pathway, such as amino
acid biosynthesis, or further metabolized to
o-ketoglutamate for entering into TCA cycle
through the deamination route and the transami-
nase (TA) route. Analyses of flux (Street et al. 1993,
Bonarius et al. 1998) and enzyme activities (Vriezen
& van Dijken 1998, Neerman & Wagner 1996)
suggested that the TA route appear to be the main
pathway in continuous and rapidly proliferating cell
lines. In the TA route, glutamate/oxaloacetic ami-
notransferase (GOT) seems to be the main enzyme,
with a low activity of glutamate/pyruvate amino-
transferase (GPT). In CHO and BHK cell cultures,
GOT activity was approx. eight times higher than
GDH and ten times higher than GPT (Yallop ef al.
2003). However, in CHSE cell culture, GOT activity
and GPT activity were almost equal and approx.
fifteen times higher than GDH activity.

When lacking of glucose, glutamine was chosen
as an alternative energy source. The increase of
GA activity by 24% prompted an increased flux
into the glutaminolysis pathway. The unchanged
activities of GOT and GPT and increased activity
of GDH by 24% meant an increased flux via the
GDH route, which matched to the increase of
Y Amm/Gin above mentioned. A similar result was
reported (Martinelle et al. 1998) that GDH flux
increased under glucose-limited conditions in
hybridoma cell culture.

When lacking of glutamine (regardless of
glucose), the activities of glutaminase, GDH and
GOT decreased greatly, but GPT remained
nearly unaltered because an amount of alanine
was converted to pyruvate in the catalysis of
GPT.

ATP levels and energy charge

Except for supplying energy for cell growth, ATP
plays a major role on regulation of cell metabolism
(Fitzpatrick et al. 1993), cell cycle, and nucleates
synthesis (Ryll & Wagner 1992). Research on the
contribution of glucose and glutamine to energy
was always a hot spot (Schneider et al. 1990).
However, the contribution of other amino acids to
energy generation was usually overlooked. The
most common indicator of energy state of a cell is
the adenylate energy charge (EC). EC is defined as
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and EC

ATP contents/(10~'2 mmol ceH‘l)

b ‘ c ‘ d
Culture conditions
Fig. 2. ATP contents ([J) and energy charge (EC, B) at 6 d in
CHSE cells culture with different glucose and glutamine con-
centrations. (a) Gle (0 g I™"), GIn (0 g 1I™"); (b) Glc (0 g I™1), GIn
0.1 g1™h; (©) Gle (1 g1™), GIn (0 g I7); (d) Gle (1 g 1Y), GIn
0.1 g1™h.
EC = {[ATP] + 0.5
x [ADP]} /{[ATP]

+[ADP]+ [AMP]}.

For CHSE cells, ATP contents and EC were
almost unchanged when lacking of glutamine or
glucose, and only decreased by 11% even when
lacking of both glucose and glutamine (Figure 2).
The ATP contents and EC were always maintained
at about 2 x 107'? mmol cell™' and 0.72, much
lower than that of mammalian cells (Ana et al.
2002). This may represent a special feature of
marine fish cell line itself.

Lack of glucose prompted cellular dependence
on glutamine for the maintenance of a steady ATP
level. This coincided with the result that cells
shifted to an energy-efficient, deamination metab-
olism. Similarly, lack of glutamine stimulated cel-
lular uptake of glucose to supply the essential
energy. This also supported the result of cell
shifting away from lactate production. When
lacking of both glucose and glutamine, cells were
forced to catabolize amino acids to supply energy
for cell growth, in agreement with the marked in-
crease of specific consumption rates of amino acids
and decrease of LDH activity. In hybridoma and
myeloma cell cultures, depletion of glucose also
increased the specific ATP levels of glutamine by
35-40% (Martinelle et al. 1998) and flux of
deamination metabolism greatly. In continuous
culture of BHK cells, when glutamine was as low
as 0.14 mmol I™', the bulk of glutamate was con-
verted to a-ketoglutamate by GDH for energy
supply (Cruz et al. 1999a, b).

Energy charge (EC) in most mammalian cells is
strongly maintained at 0.9 (Schneider et al. 1990),
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and ATP contents were weakly affected by selec-
tive inhibition of nutrient uptake, glucose con-
centration or its depletion, and the addition of
hormones or vitamins (Carvalhal ef al. 2002,
Chapman et al. 1971). The energy requirements of
anabolism and the energy generation of catabo-
lism should be in equilibrium with each other
(Vriezen & van Dijken 1998). Therefore, it was
possible to understand the relatively unchanged
ATP contents and EC in the cultures with different
glucose and glutamine concentrations.

Conclusions

In this work, the metabolism parameters, key
glycolytic and glutaminolysis enzymes, and intra-
cellular ATP and EC of CHSE cells were investi-
gated at different glucose and glutamine
concentrations, and a possible explanation for
CHSE cells to maintain energy balance was pro-
posed when one of the two main nutrients or both
was lacking. Once one of the two main nutrients
was deprived, energy metabolic efficiency of an-
other nutrient increased. In the culture lacking of
both glucose and glutamine, energy metabolic
efficiency of other amino acids increased markedly.
These results showed that the nutrient requirement
of CHSE cell was not rigorous. Combined with the
inhibition effect of metabolic byproduct produced
under high nutrient content (Chen et al. 2004), the
results are useful in the design of an optimal
medium and the establishment of a process control
strategy for mass cultivation of CHSE cells.

However, changes in key enzyme activities can
only be used as indirect proof of metabolic flux
change. Actual metabolic flux can be exactly
quantified by isotope tracer technique and NMR
technique. It would be of interest and importance
to understand metabolic pathways of amino acids
and determine how their pathways are affected
especially in the condition lacking of both glucose
and glutamine.
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