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Abstract--L5176Y cells in culture have a requirement for L-methionine which cannot be satisfied by 
supplying the components necessary for lie noro biosynthesis [ 11. Methionine deprivation produced 
a rapid and progressive loss of cell viability (30”,, by 6 hr: 9u”,, by 24 hr). Cells xvhich remained viable 
after being deprived of methionine could be rescued by L-methionine supplementation. 

L517XY cells in culture were also highly sensiti\e to the folate antagonist. methotrexate. Exposure 
to a concentration of 10mh M for 6 hr resulted in a 95-97”,, loss of Liability. However. if cells were 
deprived of methionine for 6 hr before exposure to methotrexate. the methotrexate effect was reduced. 
The cell-killing effect of methotrexate was blocked bv longer intervals of methionine deprivation. If 
the deprived ceils were resupplied with the amino acid, the effect of methotrexate was still reduced 
for at least 12 hr following the tnctlljonine resupp)emeil~at~~)n. 

While studying the requirements of L5178Y cells in 
culture for 5methyltetrahydrofolate. wc made the 
observation that these cells had an absolute require- 
ment for preformed L-methionine which could not be 
circumvented by supplying S-me&hyitetrahydrofola~e, 
AL-homocystcine, vitamin B, 2, and traIlscobalamin il. 
components necessary for the tie ~ZOI*O biosynthesis of 
methionine [l]. Although this finding was in contrast 
to the earlier work of Mangum et trl. [2] which 
showed that the methionine requirement of HeLa and 
HEp-2 cells in culture could be satisfied by homocys- 
teine and vitamin Brz. recent work by Halpern ri 
cfi. [3] and Ashe t’l rrl. [4] demonstrated that J 111, 
L1210. and Walker 256 cells in culture also had an 
absolute requirement for preformed L-methionine. 

The present investigation was designed to study the 
effect of methionine deprivation on cell viability, as 
well as to determine the effect of such a deprivation 
on methotrex~~te cell kill. This paper presents the 
results of these investigations, a preliminary report 
of which has already been published [S]. 

MATERIALS AND .METHODS 

Fischer’s medium (10 x concentrate) [S]. Fischer’s 
medium lacking L-methionjne (10 x concentrate). and 
horse serum were purchased from the Grand Island 
Biological Company, Grand Island. New York. 
r.-methionine, methotrexate (amcthopterin : 2,4-dia- 
mino-lo-methyl-pteroylglutamic acid). and Noble 
agar were purchased from Schwarz-Mann, Orange- 

* Supported by USPHS Grant CA-08020. 
t Postdoctoral Fellow supported by USPHS Grant 

CA-OS 13X. Present address: Memorial Sloan-Kettering 
Cancer Center. Donald S. Walker Laboratories. I45 Ros- 
ton Post Road. Rye. New York 10580. 

4 To whom requests for reprints should be sent. 

burg, New York, Lederle Laboratories. Pearl River, 
New York. and Difco, Detroit, Michigan, respectively. 

Both types of Fischer’s medium were diluted, and 
the horse serum dialyzed as previously described [I]. 
Solutions of L-methionine and of met~lotrexate were 
prepared in rosily-distilled water and sterile filtered 
through 0.22 jrrn Swinnex (Millipore) filters before 
use. L5178Y stocks w’ere passaged in complete 
Fisher’s medium, lo”,, with respect to non-dialyzed 
horse serum. For experimental purposes, cells in the 
logarithmic stage of growth were harvested, washed 
twice with metilionine-free Fischer’s medium, IO”;, 
with respect to dialyzed horse serum, and resus- 
pended in the same medium. The final cell density 
varied according to the requirements of the exper- 
iment. After being dispensed into 15-m] sterile culture 
tubes. 5 ml per tube. the cells were placed in a 37 
warm room and L-methionine andior methotrexate 
added as the experiment required. At designated 
times, duplicate tubes were removed from the warm 
room, the cell clumps disrupted by pipetting, and the 
cell count taken with a Model B Coulter Counter 
(Coulter Electronics. Hialeah. Florida). The duplicate 
cell counts. which agreed within 1 o”,,. were averaged, 
and the means used to plot the cell growth patterns. 
III order to determine viability, cells were counted, 
washed twice with complete Fischer’s medium, lo”,, 
with respect to non-dialyzed horse serum, recounted, 
diluted to the proper density with complete Fischer’s 
medium, 15” L, with respect to nondialyzed horse 
serum. and implanted in soft agar according to the 
procedure of Chu and Fischer [7]. 

RESULTS 

Previous work from this laboratory demonstrated 
that L5178Y cells suspended in Fischer’s medium 
(lo”,, with respect to dialyzed horse serum) containing 
an optimal concentration of either folic acid, or a 
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reduced folate form, but no methionine, did not in- 
crease in number during the first 24 hr of the exper- 
iment, and underwent a progressive loss of cell 
number during the subsequent 48 hr period. Since the 
decrease in cell number in the absence of methionine 
indicated cell lysis, experiments were designed to 
determine when cell death began to occur. 

The problem was approached by resuspending 
L5178Y cells harvested while in the logarithmic stage 
of growth in methionine-free Fischer’s medium (lo”,, 
with respect to dialyzed horse serum), and supple- 
menting the medium with sterile L-methionine 
(lOOmg/l final concentration). The results are shown 
in Fig. 1. In the absence of methionine, there was 
a progressive decrease in cell number after 18 hr. Cells 
supplemented with L-methionine at zero time under- 
went 6 divisions, with an average division time of 
12 hr. Cells supplemented with L-methionine after 
12 hr of methionine deprivation immediately entered 
a 12-hr division cycle. Supplementation at 18 hr 
appeared to ‘rescue’ the cells, and permit a slow 
resumption of normal growth, i.e., the first cell doub- 
ling required 28 hr and the second 18 hr, before a 
12 hr division time was again evident. t_-Methionine 
at 24 hr only stabilized the cell number, inasmuch as 
no substantial increase or decrease was evident during 
the remainder of the experiment. Later additions of 
L-methionine (30 hr: not shown; 36 hr : shown) failed 
to prevent cell loss. 

Although these data indicated that methionine 
deprivation for 24 hr was lethal to L5178Y cells, they 
did not show whether there was cell death prior to 
24 hr. To answer this, cells were deprived of L-meth- 
ionine and cell viability determined every 6 hr by soft 
agar cloning. The results are shown in Fig. 2. Also 

TIME IHOURS) 

Fig. I. Growth of L5187Y cells in methionine-free and 
methionine-supplemented medium. L5 178Y cells were har- 
vested. washed. and resuspended in methionine-free 
Fischer’s medium containing lop” dialyzed horse serum. 
Cells received L-methionine (100 mg/l) at the times indi- 
cated by the arrows, Increase or decrease in cell number 
was measured for 96 hr: cells in methionine-free medium 
(t-0); cells supplemcntt,d with t_-methionine at 0 time 
(-0): cells supplemcrrrL,d with L-methionine at 12 hr 
(Oaf--0); cells supplemcnti~<l with L-methionine at 18 hr 
(O---O); cells supplemcnt~~~l \+ith L-methionine at 24 hr 
(A --A); cells supplemcnt~~l \v ith L-methionine at 36 hr 

TIME lHOURS1 

Fig. 2. Cell-growth and cell viability in methionine-free and 
methionine-supplemented medium. L5178Y cells were har- 
vested, washed, and resuspended in methionine-free 
Fischer’s medium, lo;,, with respect to dialyzed horse 
serum. Certain of the cells received L-methionine (100 mg/l) 
at 0 time or at 12 hr. The top shows a representative 
growth profile reproduced in a series of three experiments. 
The bottom shows cell viability relative to a control clon- 
ing efficiency of 7@80”, and corrected to lOO;& Vertical 
bars indicate standard errors of the geometric means, cal- 
culated from a series of three experiments. Cells in meth- 
ionine-free medium (-0). Cells supplemented with 
t,-mcthionine at 0 time (0 0). Cells supplemented with 
L-methionine after I2 hr in methionine-free medium 

shown in Fig. 2 is the cell viability observed when 
cells were supplemented with L-methionine after 12 hr 
deprivation. The cloning efficiency of control cells 
(L-methionine supplementation at zero time) varied 
between 70 and 8090. This was in agreement with the 
cloning efficiency of exponentially growing L5178Y 
cells reported by Hryniuk et al. [S]. Taking this con- 
trol efficiency as lOO:$, all experimental data were 
corrected and expressed as relative cloning efficiency. 
Methionine deprivation produced a significant loss of 
viability by 6 hr (70’:;, relative viability: P < 0.05). 
Loss of cell viability was progressive, with only 10% 
of the cells in the methionine-free medium remaining 
viable at 24 hr ( P < 0.001). Methionine supplemen- 
tation at 12 hr prevented a further loss of viability. 
The difference in viability between 12-hr-supple- 
mented ceils and cells remaining in methionine-free 
medium was significant ( P< 0.05 at 18 hr: P < 0.001 
at 24 hr). 

Exponentially growing L5178Y cells have been 
shown to be highly responsive to the lethal effect of 
methotrexate 1%lo], but this effect is antagonized by 
asparagine deprivation [1 11, In order to determine 
whether methionine deprivation would antagonize 
methotrexate cell kill, a series of experiments were 
performed. Fig. 3 shows that L5178Y cells in the 
logarithmic stage of growth (Fischer’s medium, 10% 
dialyzed horse serum, 100 mg/l L-methionine) were 
highly sensitive to methotrexate. A 6-hr exposure to 
10eh M resulted in a 95-97?,, cell kill (P < 0.001). 
However, if the cells were deprived of methionine and 
then exposed to methotrexate, the results shown in 
Fig. 4 were obtained. 

Exposure of cells at zero time to both methionine 
deprivation and 10m6 M methotrexate resulted in a 
cell kill (989;,) identical to that produced by a 6-hr 
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Fig. 3. Sensitivity of L5178Y cells to methotrexate. L5178Y 
cells were harvested, washed. and resuspended in meth- 
ionine-free Fischer’s medium, lo”,, with respect to dialyzed 
horse serum. At 0 time, the medium was supplemented 
with 100 mg;l L-methionine. At 0 time. or at 6-hr intervals. 
cells were exposed to 10mh M methotrexate for 6 hr. After 
methotrexate. cells were counted, washed, and cloned to 
determme remaining viability. Cells not cxposcd to metho- 
trcxate were also cloned at 6-hr intervals. The top shows 
a representative growth profile reproduced In a series of 
three cxpcrimcnts: cell growth without methotrexate 
(0 0); cell growth bith methotrexate (o- 0). Arrows 
indicate the addition of mcthotrexate. The bottom shows 
cell viability after IO ” M methotrexate for 6 hr (0) relative 
to an untreated cell cloning etkiency of 70 80”,, corrected 
to IOO”,, (0). For illustrative purposes. each point which 
represents viability after methotrexate is connected by a 
dashed line to the respective point representmg viability 
before drug. The dashed lines do not mean that the loss 
of viability was necessarily linear. The vertical bars indicate 
the standard errors of the geometric means. calculated 

from a series of 3 experiments. 

exposure to methotrexate in the presence of meth- 
ionine (97” o : see Fig. 3). However, if cells were 
deprived of methionine for 6 hr (G6 hr) before being 
exposed to methotrexate (from 612 hr in the continu- 
ing absence of methionine), the methotrexate cell kill 
at 12 hr was significantly reduced from 97”,, observed 
in control cells (see Fig. 3) to 75”,, (P < 0.05). If cells 
were deprived of methionine for 12 or 18 hr before 
being cxposcd to IO-” M methotrexatc for 6 hr 
(I 2-l 8 hr or IX-24 hr in the continuing absence of 
the amino acid). the cell kill from the combination 
of methotrexate and methionine deprivation observed 
at 18 hr (78”J or 24 hr (SS’l,,) was not significantly 
different (P > 0.1) from that produced at 18 hr or 
24 hr by methionine deprivation alone (751, and 90”“, 
respectively). Therefore, preexposure of L5178Y cells 
to methionine deprivation significantly reduced or 
blocked the cell-killing effect of methotrexate. 

Sensitivity of L5178Y cells to methotrexate after 
resupplementation with L-methionine is also shown 
in Fig. 4. When cells deprived of methionine for 12 hr 
were resupplied with the amino acid and simul- 
taneously exposed to methotrexate (from 12 to 18 hr), 
the cell kill produced by the drug at 18 hr (72:):) was 
not significantly different from that produced in cells 
still in the methionine-deficient state (78”J. However, 

Fig. 4. Sensitivity of L5178Y cells to methotrexate after 
growth in methionine-free and methionine-supplemented 
Fischer’s medium. L5178Y cells were harvested. washed, 
and resuspended in methionine-free Fischer‘s medium. lo:,, 
with respect to dialyzed horse serum. At 0 time, and at 
6-hr intervals. certain of the cells were exposed to 10m6 M 
methotrexate for 6 hr. At 12 hr, a portion of the cells not 
yet exposed to methotrexate was supplemented with sterile 
L-methionine (100 m&I). Certain of the supplemented cells 
were exposed to methotrexate at the time of methionine 
supplementation, or 6 hr later. After methotrexate, cells 
were counted. washed. and cloned to determine viability. 
Cells in methionine-free or 12-hr-supplemented medium 
not exposed to methotrexate were also cloned at 6-hr inter- 
vals. The top shows a representative growth profile repro- 
duced in a series of three experiments. Cell growth in the 
absence of L-methionine (-0): growth after L-mcth- 
ionine addition at 12 hr (indicated by the lowjer arrow) 
(00). Addition of methotrexate is indicated by the 
upper arrows. Cell growth in mcthioninc-free medium dur- 
ing a 6.hr exposure to IOY” M methotrexatc (0 0); cell 
growth in medium supplemented with L-methionine at 
I2 hr during a h-hr exposure to lV”M methotrexate 
(o--- 0). The bottom shows cell viability relative to a 
control (cells in methionine-replete medium) cloning effi- 
ciency of 7&X0”,,. corrected to IOO”,, (shown in Figs 2 and 
3, and discussed in Results). Loss of cell viability during 
methionine deprivation (OPPmO). Change in cell Liability 
after methionine supplementation (t-- 0). For illustra- 
tive purposes. cell vlablhty after exposure of cells in meth- 
ioninc-free (0) or I?-hr methioninc-supplemented (0) 
medium to IO-’ M methotrcxate for 6 hr is indicated by 
points connected through dashed lines to the respective 
points representing viability before drug. The dashed lines 
do not mean that the loss of viability was necessarily 
linear. The vertical bars indicate the standard errors of 
the geometric means. calculated from a series of 3 

experiments. 

the viability of the cells resupplemented with L-meth- 
ionine but not exposed to methotrexate was signifi- 
cantly increased (760,), as compared to non-supple- 
mented cells (25’],,: P < 0.05). If the resupplemented 
cells were allowed 6 hr in the presence of L-meth- 
ionine (from 12 to 18 hr) before being exposed to 
methotrexate (from 18 to 24 hr), the methotrexate cell 
kill at 24 hr still remained at 75%. Apparently, meth- 
ionine deprivation for Cl2 hr resulted in approxi- 
mately 20-25:; of the L5178Y cells becoming resist- 
ant to the toxic effects of methotrexate. This resist- 
ance remained evident for at least Cl2 hr after the 
cells were resupplied with the amino acid. 



x92 P. L. CHELLO and J. R. BEKTINCI 

Halpern rt trl. 131. working with Jll I human 
monocvtic leukemia cells, Ll210 murine lymphatic 
leukem>a cells and Walker 256 rat-breast carcinoma 
cells in culture demonstrated that in the absence of 
preformed L-methionine there was no cell growth, and 
that viability of L12lO cells was lost by 20 days. The 
L5178Y line of murine leukemia cells in culture also 
showed a lack of growth in the absence of the amino 
acid, but was much more sensitive to the deprivation. 
Cell death. as indicated by clonability. commenced 
within 6 hr after exponentially growing L5178Y cells 
were resuspended in methionine-free medium, was 
progressive, and could be reversed. The mechanism 
of cell death resulting from the methionine depriva- 
tion is as yet unknown, but the reason for the require- 
ment for r.-methionine may reside in the findings of 
Ashe ct trl. 141. These investigators showed that cer- 
tain ncoplastic cells in culture had a requirement for 
L-methionine which could not be satisfied by supply- 
ing the cells with DL-homocysteine, vitamin B12, and 
folic acid. This was in contrast to normal adult rat 
and human tibroblasts which thrived under these 
same conditions [3]. The neoplastic cells were found 
to have a lower percentage of the 5-methyltetra- 
hydrofolate homocysteine transmethylase enzyme as 
active holocnzyme than did the fibroblast cells. In ad- 
dition. certain of the tumor cells may also have had 
less total amount of enzyme than did the normal cells. 

These data encourage the use of methionine depri- 
vation as a possible chemotherapeutic approach. In 
relation to L5 178Y cells, methionine deprivation pro- 
duced a more rapid cell kill than when they were 
grown in the absence of L-asparagine. but a less rapid 
cell kill than when they were treated with L-aspara- 
ginasc [l I]. LIZ10 cells in culture. although insensi- 
tive to t_-asparaginase [ 121. show a dependence on 
the presence of preformed r_-methioninc [3]. P815 
cells in culture are sensitive to L-methionine-x- 
deamino-;3-mcrcaptomethanelyase (L-methioninase) 
from C. sporoycrrcs. and some regression of the 
Walker 256 tumor in rats was obtained through use 
of the same enzyme [ 13. 141. Another finding that 
may make methioninc deprivation therapy useful is 
the finding of Kamely et nl. 1151. These investi- 
gators found that methionine deprivation and homo- 
cysteine supplementation derepressed the synthesis of 
the 5-methyltetrahydrofolatehomocysteine trans- 
methylase in normal human fibroblasts in culture. If 
ncoplastic cells do in fact have a defect in either the 
synthesis of this enzyme and!‘or its conversion to 
holoenzyme. a form of rescue of normal cells may 
be readily available. These data on growth rcquire- 
ments. viability. and enzymatic parameters, however. 
are from cells in culture. and further study is required 
to determine whether malignant cells have a meth- 
ionine requirement in rice and whether a biochemical 
difference does exist between malignant and normal 
ttssue. especially since the predominant folate form in 
serumisconsideredtobe5-methyltetrahydrofolate [lS]. 

The L5178Y cell is extremely sensitive to the folate 
antagonist, methotrexate, suffering both a purineless 
and a thymineless death [9,10,16, 171. The reason for 
the interference of methotrexate cell kill by meth- 
ionine deprivation is not known. Concommitant 
exposure of the cells to both methionine deprivation 

and methotrexate produced a cell death comparable 
to that seen with methotrexate alone. However, if the 
cells were preincubated in the absence of L-meth- 
ionine, the cytotoxic effect of methotrexate WdS 

reduced until cell kill was no different from that pro- 
duced by the methionine deprivation alone. Also, sen- 
sitivity to methotrexate remained diminished for 
612 hr after the cells were resupplemented with 
L-methionine. A possible explanation for the reduced 
elfect is an altered uptake of methotrcxatc. C&w- 
thorne and Smith [ 193 showed that liver slices from 
sheep subjected to prolonged methionine deficiency 
had a lowered ability to transport methotrexate. In 
addition, recent work by Nahas and Capizzi [12] 
demonstrated that L-asparaginase treatment of 
L5178Y cells decreased the uptake of methotrexate. 
Another possibility is that methionine deprivation, 
like asparagine deprivation, decreases protein syn- 
thesis, thus decreasing the purineless and thymineless 
death produced by methotrexate in these cells 
[lo, 16, 171. 

Based on these data, a chemotherapeutic approach 
employing concommitant use of methotrexate and 
methionine deprivation probably would not be useful. 
However, methionine deprivation at an appropriate 
interval after methotrexate treatment similar to the 
methotrexateeasparaginase sequence cmploycd by 
Capizzi [20] may also result in an improved thera- 
peutic index. and deserves further investigation. 
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