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Apparent Methionine Auxotrophy of Some
Tumour Cell Lines may be Linked to
Impaired Amino Acid Transport*
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Abstract—An investigation of the L-methionine requirement of five cell lines in vitro
shows an increased dependence on extracellular L-methionine in the order: human
embryonic bladder fibroblasts (HE), human bladder carcinoma (EJ), mouse lymphoma
(TLX5), mouse bladder carcinoma (MB) and Walker rat carcinoma (W.256). This
order correlates with the initial velocity of transport of this amino acid and the steady
state concentrations achieved. The order of L-methionine requirement is the same as the
order of the ability of these cell lines to survive and grow in a L-methionine-depleted
medium containing only L-homocysteine. The tumour cell lines all have a decreased
maximal initial rate of L-methionine transport (vy.,) and a lower K., value than two
normal cells investigated (hepatocytes and fibroblasts). Kinetic studies permit the
identification of two transport systems for methionine in W 256 and TLX5 and only
one for the other cell lines. The initial rate of transport of L-lysine in these cell lines
follows the same order as for L-methionine Studies using L-[methyl->H]-methionine
labelled cells show that, in addition to a defective transport system for methionine in
W.256 and MB, the rate of loss of label from nucleic acids and proteins is also higher
for these two cell lines. These resulls suggest that the apparent methionine auxotrophy of
some tumour cell lines may be due to an impaired capacily to concentrate methionine

and a higher turnover rate.

INTRODUCTION

THE GROWTH and survival of a number of
rodent and human tumour cell lines in-vitro is
severely reduced when L-methionine in the
culture medium is replaced by L-homocysteine
[1-3]. This growth dependence on 1i-
methionine is not due to a defect in the syn-
thesis of L-methionine from vL-homocysteine
by 5-methyltetrahydropteroyl-L-glutamate: L-
homocysteine S-methyltransferase (EC2.1.1.13)
[4] or in the transport of L-homocysteine into
the cell [5], but may be related to a higher
methionine requirement for some cell lines [6].
One possibility for a growth requirement on
pre-formed methionine is a defective transport
system for this amino acid. Methionine has
been observed to interact with two principal
transport systems for amino acids in mam-
malian cells, the A (alanine preferring) and L
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(leucine preferring) systems. System L has been
thought to be the exchange system and system
A has been commonly regarded as a uni-
directional active transport system [7]. It has
been suggested that alterations in transport
activities may be of central importance in the
mechanism of neoplastic transformation [8].

The present study investigates the transport
systems for L-methionine and L-lysine, as well as
the cellular turnover rate of methionine in five
cell lines; human embryonic fibroblasts, a
human bladder carcinoma, a mouse lym-
phoma, a mouse bladder carcinoma and the
Walker rat carcinoma (W.256). These cell lines
show a variable ability to proliferate in L-
methionine-depleted media containing 1-
homocysteine only [6], the order of the ability
to grow being: embryonic fibroblasts > human
bladder  carcinoma =~mouse lymphoma>
mouse bladder carcinoma~ Walker rat car-
cinoma.

MATERIALS AND METHODS

L-[Methyl-*H]-methionine(sp.act.78Ci/mmole)
and  L-[4,5H]-lysine  (sp.act.77Ci/mmole)
were purchased from the Radiochemical



1324 Michael J. Tisdale

Centre, Amersham. Dulbecco’s modified
Eagle’s medium lacking methionine and folic
acid was specially prepared by Gibco, Europe
Ltd., Paisley, Scotland. Methionine was remov-
ed from foetal calf serum (Gibco) by exten-
sive dialysis against 0.9% NaCl and was sterile
filtered prior to re-freezing.

Cell culture

Cells were routinely grown in Dulbecco’s
modified Eagle’s medium containing 10%
foetal calf serum and gassed with 10% CO; in
air. For methionine requirement experiments
test media consisted of methionine-free Eagle’s
medium containing the concentrations of
methionine indicated in Fig. 1, 7.5uM
hydroxocobalamin, 0.1 mM folic acid and sup-
plemented with 10% dialysed foetal calf serum.
The human embryonic fibroblasts (HE), mouse
bladder carcinoma (MB) and human bladder
carcinoma (EJ) were kindly supplied by Dr. L.
M. Franks, Imperial Cancer Research Fund,
London.

Preparation of hepatocytes

Parenchymal liver cells from rats were pre-
pared by a modification [9] of the method of
Berry and Friend [10]. During ether anaes-
thesia the liver was perfused through the portal
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Fig. 1. Relative growth of HE (A-A), EJ (@-@®), TLX5 (O-0),

MB (V-V) and W.256 ( X - X ) with increasing concentrations of

L-methionine. Cells were incubated in Dulbecco’s modified Eagle’s

medium with varying concentrations of 1-methionine and the growth

rate was compared with a control containing 10 ug/ml of 1L-
methionine.

vein with a Ca-free Hanks' bicarbonate
buffer. The liver was excized and placed in an
in vitro system. After 10 min of perfusion the
perfusate was changed to the same buffer con-
taining 0.05% (w/v) collagenase and 4 mM Ca®*.
After 10-25 min of collagenase perfusion the
liver cells were released into a Hanks’/Hepes
buffer and incubated for 20-30 min at 37°C.
Cells were washed and purified by low speed
centrifugation prior to methionine transport
studies which were performed immediately.

Transport studies

Cells were washed twice in 0.9% NaCl and
sedimented by low speed centrifugation prior
to assay. Cells (1-2X10%/ml) were allowed to
incubate at 37°C in a calcium-free Krebs-Ringer
phosphate solution for 5 min prior to the ad-
dition of L-[methyl*H]}-methionine or L-[4,5-
*H]-lysine at various concentrations in Kkinetic
experiments designed to determine the
Michaelis—Menten parameters. The cells were
shaken to avoid clumping, aliquots (2 ml) were
taken out at time intervals and transport was
terminated rapidly by adding to 3 ml ice-cold
Krebs-Ringer solution, followed immediately
by centrifugation (300g for 3 min). The
supernatant was removed and the cells were
re-suspended in a further 5ml of ice-cold
Krebs-Ringer solution. The suspension was
centrifuged again for 3 min at 3°C, the super-
natant removed and the interior of the tubes
dried with paper tissue. To the washed cells was
then added 2 ml 95% ethanol and a minimum
period of 30 min was allowed for completion of
extraction of alcohol-soluble materials. After
centrifugation the supernatant was counted in
a toluene/PPO scintillation fluid. The
identification of the accumulated labelled
compound was accomplished by radio-thin
layer chromatography [11].

Loss of [methyl->H]-methionine from the acid-soluble
pool, nucliec acids and proteins

The incorporation of radioactivity into
nucleic acids and proteins was determined by
suspending the cells (6x10° per ml) in the
presence of 1 xCi/ml[methyl-*H]-methionine for
24 hr. At the end of the incubation the cell
suspension was sedimented by centrifugation at
600 g for 3 min, followed by re-suspension in
fresh medium. At various time points 10 ml of
the cell suspension was withdrawn and sedi-
mented by centrifugation. The cell pellet was
treated with 1 ml of ice-cold 0.5 M perchloric
acid and the precipitate was washed four times
by re-suspension and centrifugation in 1 ml of
0.5M perchloric acid. An aliquot of the acid
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supernatant, after neutralization with
5M KOH, was counted in PCS scintillation
fluid (Hopkin and Williams) to determine the
acid-soluble radioactivity. A nucleic acid-soluble
fraction (DNA + RNA) was prepared by heat-
ing the acid precipitate at 70°C for 20 min in
I ml of 1.0 M perchloric acid, cooling rapidly
on ice and centrifuging at 600 g for 10 min at
4°C. The 70°C perchlorate hydrolysis was
repeated on the remaining residue and, after
neutralization of a portion (1.6 ml) of the com-
bined supernatant, the radioactivity was
determined as above. The residue remaining
after acid hydrolysis was dissolved in
1 M NaOH and the concentration of protein
was determined by the method of Lowry et al.
[12] using bovine serum albumin as a standard.
The remaining residue was neutralized with
1 M HCI and the radioactivity determined in
PCS scintillation fluid.

RESULTS

The effect of increasing concentrations of
L-methionine on the growth of human embry-
onic bladder fibroblasts (HE/BX), human
bladder carcinoma (EJ), mouse bladder car-
cinoma (MB), 2 mouse lymphoma (TLX5) and
Walker rat carcinoma (W.256) is shown in Fig.
1. The growth rate is calculated from the linear
part of the growth curves and is expressed as a
percentage of a control growing in medium
containing 10 ug/ml of vr-methionine. The
concentration of L-methionine required for
50% of the optimal growth rate decreases in the
order W.256 (3.6 ug/ml), MB (2.1 ug/ml),
TLX5 (1.4 ug/ml), EJ (1.1 ug/ml) and HE

(0.7 ug/ml). This order is the reverse of the
ability of these cell lines to proliferate in L-
methionine-deficient media containing 0.1 mM
L-homocysteine [6].

To determine whether any correlation exists
between the degree of requirement for
methionine and the ability of the cells to
transport methionine, methionine transport
was determined in the presence of 0.5 mM L-
[methyl-*H]-methionine. The time course of
methionine uptake is shown in Fig. 2. Velocity
of uptake is maximal during the first 2 min and
thereafter declines and eventually reaches a
plateau after about 30 min. In all of the cell
lines less than 1% of the methionine taken up
within 2 min was precipitable by trichloroacetic
acid. The initial velocity of uptake and steady
state concentration of methionine approximate
to the methionine requirements of the cell
lines. Thus, the steady state levels reached by
EJ] is 1.3mM, by MB 0.56 mM, by TLX5
0.39 mM and by W.256 0.20 mM. Although the
initial velocity of uptake by TLX5 exceeds that
of MB, the accumulation reaches a maximum
of 0.5 mM within 6 min and then falls off to a
lower, steady state. This may be related to the
incorporation of methionine into macromole-
cules.

Initial velocities of transport of methionine
by the cell lines as a function of the external
methionine concentration were determined
over a 2min period. At substrate concen-
trations up to 2 mM kinetic analysis revealed a
transport process for methionine which con-
forms to the Michaelis-Menten equation (Fig.
3). The kinetic constants determined from such
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Fig. 2. Time course of L-methionine uptake by E] (@-@),MB (V-V) TLX5 (O-O) and W.256 (X-X). Cells were

incubated with 0.5 mM L-[methyl-*H]-methionine (20 mCi/mmole) at 37°C in a shaking water bath. Samples were

removed in duplicate at various time intervals and washed as described in Methods. Cell volume was determined with a
Coulter counter model D.
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plots for each of the cell lines and in addition
freshly prepared hepatocytes are presented in
Table 1. The maximal velocities of uptake of
methionine (vy,,) for the two normal cell types
HE/BX and hepatocytes exceed that of any of
the neoplastic cell lines investigated, aithough
the K., values are higher. A similar situation
has been observed in a comparison between
normal bone marrow cells and those obtained
from leukaemic patients (M. J. Tisdale and S.
Eridani, unpublished results). In addition, the
Vmax Values for methionine uptake approximate
to the methionine requirements of the cell
lines, although TLX5 and MB have the same
values of K, and »,,,. The diffusion constants
for each cell line were estimated from these
data by the method of Akedo and Christensen
[18]). The rate of diffusion of methionine into
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HE, EJ and TLX5 are all similar and much
greater than for WS and MB.

The Lineweaver-Burk plots of all cell lines
except W.256 and TLX5 show linear curves,
suggesting that only the transport system for
methionine is operative in these cells. When the
kinetic constants for methionine uptake by
W.256 and TLX5 are evaluated without cor-
recting for diffusion, the Lineweaver-Burk plot
breaks downward (Fig. 3), a result which would
be expected if the cells had two transport sys-
tems for methionine. The kinetic constants
under these conditions are given in Table 1. At
methionine concentrations less than 5mM
diffusion can be ignored, since the contribution
would be negligible to the total uptake.

A comparison of lysine transport by the four
tumour cell lines shows the same order of »,,,

1 1 4 -}
) 1 2 3 R
1
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Fig.3. Double reciprocal plot of initial rate of L-methionine transport against substrate concentration by freshly isolated
hepatocytes (I-M), EJ (@-@) TLX 5 (O-O) MB (V-V) and W.256 (X -X). Cells were exposed to varying
concentrations of L-[methyl-*H]-methionine (0.25-10 mM) for 2 min at 37°C. L-[ Methyl-*H)-methionine was present
at 5-10 uCi/ml and at a specific activity of 0.1-20 mCi/mmole. All uptake determinations were made in duplicate.

Table 1. Kinetic par -lysi
Methionine Lysine
Cell line K, (mM) Kp(min™) v, (wM/min) K, (mM) v, («M/min)
W-256 1.25; 0.32 0.005 50; 72 2.5 66
MB 0.64 0.01 222 2.5 125
TLX5 4.1;0.64 0.03 222; 500 25 286
EJ 0.93 0.03 727 2.5 286
HE 2.8 0.03 888
Hepatocytes 7.2 —_ 2000
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values as for methionine uptake (Table 1 and
Fig. 4). The K, value for lysine uptake is
2.5 mM for all cell lines. These results suggest a
general impairment of amino acid transport in
some tumour cells.

In addition to transport of methionine, the
cellular turnover rate may be important in
determining  sensitivities to methionine-
depletion. Methionine is a constituent of some,
but not all, proteins and, after conversion to
S-adenosyl-L-methionine, is an important
source of cellular methyl groups particularly in
the post-transcriptional modification of nucleic
acids. The rate of loss of L-[methyl-*H]-
methionine from the acid-soluble pool, nucleic
acids and proteins for each cell line is shown in
Table 2 and Fig. 5. The rate of loss has been
calculated from the linear part of the decay
curve, which in the case of nucleic acids
extends for the whole 24 hr of measurement
(Fig. 5). The rate of loss of methionine from
the acid-soluble pool is approximately the same
for all cell lines except MB, which shows a
six-fold greater loss. The rate of loss of label
from both nucleic acids and proteins is higher
for the two cell lines with a higher methionine
requirement (MB and W.256).

DISCUSSION

The present experiments suggest a cor-
relation between the methionine requirements
of various cell lines and the ability to concen-
trate methionine. The methionine requirement
of the cell lines also correlate with their ability

Table 2. Rate of loss of radioactivity (cpm/mg pro-
tein/hr) from the acid-soluble pool, nucleic acid and

protein
Cell line Acid soluble Nucleic acid Protein
W.256 125 1083 10232
MB 1244 2118 64232
TLX5 254 647 4419
E] 286 786 5489
HE 277 859 31562

to survive in a L-methionine-depleted medium
containing only L-homocysteine. Many reports
[1, 3, 4, 6] have shown that normal fibroblasts
are able to utilize homocysteine in lieu of
methionine and this has been correlated with a
decreased minimal concentration of L-
methionine sufficient to support optimal
growth [6]. This study shows the v,,, for
methionine uptake to be greater for normal
fibroblasts than for the other cell lines.
Changes in v,,, reflect the number of sites
involved in the carrier-mediated process, while
differences in K,, reflect qualitative alterations
of these sites. The two cell lines with the most
stringent methionine requirement (W.256 and
MB) show a decrease in the number of mem-
brane sites involved in the wuptake of
methionine. Although the w»,,, values for
methionine uptake by these two cell lines are
reduced, the K, values are also lower than for
the other cell lines. A similar situation is shown
for leukaemic marrow cells when compared

— M
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Fig. 4. Lineweaver—Burk plots of initial velocity of L-[4,5-*H]-lysine uptake by EJ (@-@), TLX5 (O-O), MB (V-V)

and W.256 (X - X ). Varying concentrations of L-[4,5°H)-lysine (0.25-10 mM) was added to the cell suspension for 2

min at 37°C. L-[4,5°-H]-lysine was present at 5-10 wCi/ml and at a specific activity of 0.1-20 mCi/mmole. All uptake
determinations were made in duplicate.



1328

cpm x 1073 104 mg protein

Time (hours)

Fig. 5. Rate of loss of [*H)-methyl groups from L-[methyl-*H]-

methionine-labelled TLX5 (V-V), W.256 (@-@®), HE (x-x),

MB (V-V) and EJ (O-O). Cultures were incubated with

1 uCi/ml of L-[methyl-*H}-methionine and the nucleic acids were
isolated as described in Methods.

with normal marrow cells (Tisdale and Eridani,
unpublished results). Lineweaver-Burk plots of
the kinetic data indicate that W.256 and TLX5
have two transport systems for methionine.
These probably correspond to the L (leucine
preferring) and the A (alanine preferring) sys-
tems [7]. A similar analysis of HE, E] and MB

Michael J. Tisdale

yielded a single straight line suggestive of one
transport system.

It has been suggested by some workers that
there is an increased amino acid transport in
tumour cells when compared with normal celis
[14-16]. However, a decreased uptake of
aspartate and glutamate has recently been
reported in rapidly growing hepatomas [17].
This study shows a wide variability in the ability
to transport both a neutral and a basic amino
acid in epithelial tumours.

Thus, differences in the transport of
methionine and the size of the cytosolic pool
could greatly influence the ability of cells to
grow in minimal concentrations of this amino
acid. Tumour cells may also have an increased
requirement for methionine which is utilized
via S-adenosylmethionine both in the methyl-
ation of macromolecules and in the biosyn-
thesis of the polyamines spermidine and
spermine. The latter are growth factors
produced in substantial amounts by rapidly
growing cells and increased levels have been
detected in the serum of cancer patients [18].
The extent of methylation of tRNA is also
higher in tumour cells, as is also the specific
activity of tRNA-methylating enzymes [19].
This suggests an approach to anti-tumour
chemotherapy based on interference with the
methionine concentration in the cell. Reduction
of the plasma level of this amino acid by L-
methioninase (L-methionine-a-deamino-y-
mercaptomethane-lyase EC 4.4.1.11) coupled
with the reduced transport of some tumour
cells could result in the selective inhibition of
tumour growth, Selective inhibition of the
growth of malignant, but not normal cells
results after L-methionine depletion by L-
methioninase followed by L-homocysteine
thiolactone ‘rescue’ therapy [20].
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