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Effects of Tryptophan Deprivation on L1210 Cells in Culture
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SUMMARY

When murine L1210 leukemia cells growing in suspension
culture are deprived of tryptophan, there is a rapid fall in
DNA and histone synthesis and a less rapid fall in whole
cellular protein and non-histone nuclear protein synthesis.
Initially, the S phase of the cell cycle becomes prolonged,
but subsequently the cells become defective in their ability
to reinitiate S phase. By 24 hr complete growth arrest has
occurred, at which point about 60% of the cells have a GI
DNA content and 32% have a late-S-phase DNA content.
Growth arrest occurs at a cell density about 1.8 times the
starting density. Readdition of tryptophan at this time pro
duces resumed incorporation of thymidine-3H followed by

a restoration of asynchronous cell growth after about 14
hr. When tryptophan deprivation is extended beyond 24 hr,
the viability of the culture falls rapidly.

INTRODUCTION

The deletion of individual amino acids from the growth
medium of various lines of cultured cells has been shown to
affect DNA synthesis and cell cycle traverse. Thus, Tobey
and Ley (9) have shown that when Chinese hamster cells
(line CHO) are grown in isoleucine-free medium supple
mented with dialyzed serum, an arrest of cell growth occurs
with an accumulation of the cells in GÃ¬.This process is
characterized by rapid cessation of DNA synthesis, but
effects on RNA and protein synthesis are less pronounced
(3). Readdition of isoleucine produces reinitiation of DNA
synthesis and synchronous cell proliferation.

More recently, a similar effect of tryptophan has been
noted. Brunner (l) reported that limitation of tryptophan
in the growth medium of mouse LM cells produces a
growth arrest, presumably in d, which is reversible and
which is attended by partially synchronous growth upon
restoration of tryptophan.

The present studies investigate the effects of a trypto-
phan-free medium upon the proliferation of murine L1210
leukemia cells. The synthesis of nuclear proteins relative to
DNA and whole cellular protein synthesis has been ex
amined. A measure of the effect of tryptophan deprivation
and replacement on the distribution of the cell population
in the cell cycle was allowed by the use of flow microfluo-
rometry for the determination of cellular DNA content.

MATERIALS AND METHODS

Cell Culture. Murine L1210 leukemia lymphoblasts (5)
were maintained in stock culture in RPMI1 Medium 1630

supplemented with 20% FCS. The stock culture was es
tablished to be free of Mycoplasma. Working cultures were
supplemented with penicillin and streptomycin.

RPMI Medium 1630 lacking tryptophan was prepared
by the NIH Media Section. PCS was dialyzed 3 times
against a 100-fold excess of PBS prior to use. Experimental
cell cultures were grown in tryptophan-free medium plus
20% dialyzed PCS, usually at a starting cell density of
5.0 x IO5 cells/ml. Control cultures contained standard

Medium 1630 with dialyzed serum.
Cell Growth and Viability. Cell counts were done with a

Model B Coulter counter and cell viabilities were estimated
by trypan blue exclusion. Cell numbers are expressed in
terms of the divided fraction [(N/N0) - 1], where N is the
cell number at time / and /V0is the cell number at / = 0.

Radioisotope Incorporation. The incorporation of radio-
labeled precursors into acid-precipitable material was used
to estimate DNA and protein synthesis in the system. Thy-
midine-methyl-3H and valine-14C were products of New

England Nuclear (Boston, Mass.). Cells in culture were al
lowed to incorporate isotope at a concentration of 0.06
/iCi of thymidine-3H per ml and 0.2 /uCi of valine-MC per

ml. At indicated times, aliquots of cells were washed twice
with PBS, solubilized in 0.5 N NaOH, and precipitated in
1.5 N perchloric acid using albumin as a carrier. After over
night precipitation at 4Â°,the pelleted precipitates were re-

dissolved in 0.5 N NaOH, neutralized, and counted in 70%
toluene-30% Triton X-100 solvent containing Liquifluor
(New England Nuclear), using a Packard Tri-Carb scintil
lation counter.

Extraction of Nuclear Proteins. Whole nuclei were pre
pared from L1210 cells by shearing the cells in a Dounce
homogenizer (15 strokes with a loose-fitting pestle) in a
medium of PBS containing 1.5 mM spermidine and 0.2%
Triton X-100 (K. W. Kohn, unpublished observation). The
cell homogenate was centrifuged through 50% sucrose, and
the pelleted nuclei were washed with PBS containing 1.5
mM spermidine. Histones were extracted with 0.15 N
H2SO4, and the protein remaining after acid extraction
was regarded as non-histone protein. Control experiments
showed that extraction with 0.15 N H2SO4 minimized the
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carryover of tryptophan-containing protein into the histone
fraction to about 10%.

Cellular Content of DNA. The frequency distribution of
the DNA content of individual cells within a given cell
population was measured with flow microfluorometry (10).
Cells were washed, fixed with formaldehyde, and stained
in a fluorescent Feulgen procedure using benzoflavin as the
dye (8). The frequency distribution of fluorescence emis
sion per cell (proportional to DNA content) was measured
for samples of IO5 cells using a Cytofluorograph (Biophys

ics Systems, Inc., Baldwin Place, N. Y.) and analyzed with
a multichannel analyzer (Nuclear Data Inc., Madison,
Wis.). The results are expressed as a histogram repre
senting the relative number of cells with a given DNA con
tent.

RESULTS

Control Conditions. Standard RPMI Medium 1630 has a
tryptophan content of 5 x 10~5 M(10 mg /liter). Cultures of

L1210 cells in Medium 1630 supplemented with 20% PCS
proliferate with a doubling time of 10.5 to 11 hr. When 20%
dialyzed PCS is substituted in this system, the tryptophan
concentration is 4 x 10"5 M and the cell-doubling time is

prolonged to 13 to 15 hr. Nevertheless, exponential growth
is supported in the presence of dialyzed serum and, starting
at a cell density of 3.0 x IO5 cells/ml, can be maintained

for at least 48 hr without replenishment of the medium.
Initial experiments established that, for L1210 cells, pro
liferation and macromolecular synthesis were not altered
by elimination of tryptophan from the medium when 20%
undialyzed fetal calf serum was present. Thus dialysis of
the supplementing serum was necessary in order to see the
effects of elimination of tryptophan from the medium.
However, the use of dialyzed serum also eliminated the
possible role of dialyzable serum factors other than tryp
tophan in the observed responses. Control cultures then
consisted of log-phase cultures in standard Medium 1630 +
20% dialyzed PCS, and tryptophan-deprived cultures con
sisted of control cultures that had been resuspended in
tryptophan-free Medium 1630 + 20% dialyzed PCS. Res
toration of tryptophan was carried out by resuspension in
standard Medium 1630 + 20% dialyzed PCS. Appropri
ate controls (see below) established that restoration of
growth resulting from resuspension in tryptophan-contain
ing medium was indeed the result of tryptophan restora
tion and not merely due to the addition of fresh medium.

Growth Arrest following Deprivation of Tryptophan.
When L1210 cells growing in Medium 1630 + 20% dia
lyzed PCS are resuspended in tryptophan-free Medium
1630 + 20% dialyzed PCS (starting cell density, 5.0 x IO6

cells/ml), there is an immediate slowing of cellular prolif
eration (Chart 1). Over the next 24 hr, cell number in
creases to reach a plateau at about 1.8 times the starting
number (divided fraction = 0.8). At about 18 to 20 hr cell
viability starts to fall and after 24 hr it declines rapidly,
so that the culture is totally nonviable after 72 hr.

The distribution of cellular DNA content within a log-

phase population of cells is shown in Chart 2/4. The peak
representing a GÃ¬content of DNA is at channel 34 of the
multichannel analyzer, and the G2 peak is at Channel 68.
The GÃ¬peak represents about 48% of the total population.

The immediate effect of tryptophan depletion upon this
population is a prolongation of S phase with a relative in
crease in the proportion of cells with a DNA content inter
mediate to the GÃ¬and G2 values (Chart 2, B and C). How
ever, at 25 hr the growth-arrested population is distributed
into 3 peaks (Chart 2D). A small peak of nonviable cells
(8% of the total) contains less than the G! complement of
DNA. The largest peak (60% of the total population) has a
G, DNA content, while the last peak (32%) has a DNA
content that is somewhat less than that of G2 cells and could
represent cells arrested in late S phase. The notable feature
of this distribution is the enhancement of the G i peak rela
tive to the S and G2 peaks as compared to a log-phase pop
ulation. This suggests that tryptophan-depleted cells enter
ing GÃ¬are defective in their ability to reinitiate S phase.

The effect of tryptophan deprivation upon the incorpora
tion of radiolabeled precursors into DNA and protein is
shown in Chart 3. DNA synthesis falls more rapidly than
protein synthesis and after 3 hr tryptophan deprivation is
52% of control, whereas protein synthesis at this point is
87% of control. After 21 hr, DNA synthesis is virtually
zero, while whole cellular protein synthesis is still about
21% of control value.

Inhibition of histone and non-histone nuclear protein
synthesis is also shown in Chart 3. Concurrent with the fall
in DNA synthesis, histone synthesis declines to 68% of con
trol in the 1st 3 hr, while in the same time period non-his
tone protein synthesis falls to 86% of control. The latter
value correlates exactly with the decline in whole cellular
protein synthesis. In other experiments in which DNA syn
thesis was completely terminated with hydroxyurea, there
resulted a 50% reduction in histone synthesis and no de
cline in whole cellular protein synthesis over a similar 3-hr
period. Thus, the fair in histone synthesis to 68% of control
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Chart I. Effect of tryptophan deprivation on cell division and
L12IO cells as a function of time. â€¢¿�,divided fraction in contro
function of time; A, divided fraction in tryptophan-deprived
percentage of viable cells (trypan blue) in tryptophan-deprived

viability
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culture;
culture.

MAY 1974 101

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2392479/cr0340051010.pdf by guest on 19 M

ay 2023



D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2392479/cr0340051010.pdf by guest on 19 M

ay 2023



Tryptophan Deprivation in LI210 Cells

40

Chart 4. Restoration of proliferatile capacity to cells deprived of tryp-

tophan. â€¢¿�,divided fraction in control culture (standard Medium 1630 +
20% dialyzed FCS). O. A, divided fraction in culture deprived of trypto-
phan for 25 hr and resuspcnded in Medium 1630 f 20'? dialyzed FCS at

Time 0. The 2 symbols represent separate experiments.

DISCUSSION

Various studies have considered the effect of amino acid
deprivation upon the synthesis of macromolecules in mam
malian cells. A consistent result seems to be that RN A syn
thesis in the mammalian cell, by contrast to the bacterial
cell, is relatively insensitive to amino acid deprivation (3,
7). Various effects on protein and DNA synthesis have been
obtained. In general, effects of amino acid deprivation upon
protein synthesis can be related to the dissociation of poly-
ribosomes. Thus Vaughn et al. ( 11) have shown that protein
synthesis in HeLa cells is very sensitive to the elimination
of valine, histidine, or methionine from the medium, with
polysome dissociation and decreased protein synthesis oc
curring within 1 to 2 hr. Enger and Tobey (3), on the other
hand, found that after 30 hr of isoleucine deprivation in
Chinese hamster cells polysome mass was 90% of control
and translation rate was 60 to 70% of control, while DNA
synthesis was virtually nil. Munro (6) found that the poly
some pattern in whole liver was uniquely sensitive to varia
tions in tryptophan but insensitive to fluctuations in isoleu
cine. This latter observation may correlate to Tobey's

findings in cultured cells. Tryptophan-dependent dissoci
ation of polyribosomes has also been demonstrated in rab
bit reticulocytes engaged in hemoglobin synthesis (4).

Our data are intermediate in this spectrum and are con
sistent with those results that show that limitation of single
amino acids in the growth medium of cultured cells can
produce effects on DNA synthesis and cellular prolifera
tion that precede effects on protein synthesis (1,3, 9). Thus
the initial effect of tryptophan deprivation is a prolongation
of S phase as indicated by a rapid fall in incorporation of

thymidine-3H into DNA, a prolongation of the doubling

time, and an accumulation of cells with an S-phase content
of DNA during the 1st 13 hr of tryptophan deprivation. At
some point these cells lose the ability to reinitiate S phase,
since by 25 hr of tryptophan depletion the G] population
rather than the S-phase population is predominant. By
comparison with the case of isoleucine deficiency, protein
synthesis is not maintained for as long a period of time,
since after 21 hr of tryptophan deprivation L1210 cells in
corporate labeled amino acid into protein at only 20% of
control value. This may relate to the decline in cellular vi
ability that begins to occur at about this time.

Brunner ( 1) examined tryptophan depletion in mouse LM
cells under 2 sets of circumstances: (a) limitation, in which
tryptophan was present in amounts of 4.9 x 105 M; and

(b) starvation, in which tryptophan was eliminated from the
growth medium. After restoring tryptophan, he found bet
ter synchrony in the former case than in the latter and at
tributed this to a random scattering of cells about the cell
cycle when tryptophan is entirely eliminated from the me
dium. This is in partial accord with our observations. When
tryptophan is eliminated from the medium, the growth ar
rested population 25 hr later shows 2 peaks of cellular
DNA content, corresponding lo a GÃ¬and a late S phase.
Restoration of tryptophan soon replenishes the G2 region.
Thereafter an increase in S-phase cells occurs, but without
evidence of a coordinated progression of the d peak into
S phase. Thus, while distribution about the cell cycle at
growth arrest is not random, there is no synchrony of cellu
lar proliferation when growth is restored.

One qualification to this last statement is relevant. After
25 hr of tryptophan deprivation, about 25% of the culture
is nonviable. When tryptophan is restored, this nonviable
fraction remains constant during the lag and then progres
sively falls as cell division is resumed. Part of the nonviable
cells are represented by the 8 to 10% of the culture with
less than a GI content of DNA. It is assumed that the re
mainder are reasonably uniformly distributed throughout
the cell population. If this were not true and, for example,
the nonviable cells were selectively concentrated in the GI
peak, then this could tend to obscure a synchronous pro
gression of the GI peak into S and G2 during growth resto
ration. However, this should not be a serious source of
error since nonviable cells can account at most for only
about 25% of the GI peak and synchronous progression of
the remainder of that peak should be readily apparent if it
indeed occurred. Furthermore, the contribution of nonvia
ble cells to the total population diminishes as proliferation
is restored, and this further reduces this sort of error.

Histone synthesis is normally augmented during periods
of DNA synthesis (2), and in L1210 cells termination of
DNA synthesis by hydroxyurea is accompanied by a re
duction of histone synthesis to about 50% of its level in an
exponentially growing control. However, the nature of this
linkage between histone synthesis and DNA synthesis has
not been defined. In considering possible ways to manipu
late the relationship between these 2 processes, it seemed
pertinent that histones contain no tryptophan and thus
might be less sensitive than whole cellular protein to deple-
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tion of that amino acid. Furthermore, if the mechanism of
suppression of histone synthesis during periods of absence
of DNA synthesis were to involve a tryptophan-containing
represser protein, then some derepression of histone syn
thesis might be observable during tryptophan deprivation.
However, the data indicate that during tryptophan depri
vation the usual relationship between histone and DNA
synthesis is preserved. Thus, histone and DNA synthesis
fall concurrently while non-histone nuclear protein synthe
sis tends to reflect the synthesis of whole cellular protein.

The mechanism by which tryptophan exerts its effects
upon cellular proliferation and DNA synthesis in the ab
sence of diminished protein synthesis is not clear. In addi
tion to its role as a precursor of protein, tryptophan is a
metabolic precursor of NAD and it could be considered
that some of the effects observed are mediated via limita
tion of NAD. However, RPM1 Medium 1630 contains
nicotinamide, which should provide a direct source of pre
cursor for NAD synthesis, at least for some initial period of
time, whereas the effect on DNA synthesis is seen immedi
ately.
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