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Abstract—The direct effects of six antineoplastic agents on DNA, RNA, protein and
glycoprotein synthesis were measured in synchronized populations of mouse leukemic
cells L5178Y. L5178Y cells were synchronized by excess thymidine treatment (S block)
followed by colcemid treatment (M block). After release from the M block, aliquots of
synchronized cells were exposed to the antineoplastic agents at two concentrations,
and the drug effects on macromolecular synthesis were measured. Camptothecin was
mitotic cycle specific, the most sensitive portion of the mitotic cycle being the S phase;
DNA and RNA synthesis was inhibited maximally in the S period of the L5178Y mitotic
cycle. Ethidium bromide inhibited macromolecular synthesis throughout the mitotic
cycle with primary inhibition occurring at early time periods after mitosis. Hydroxyurea
was cell cycle specific with primary effects in the G, period and the early and mid S
periods of the mitotic cycle. Azaleucine inhibited DNA synthesis primarily in the early to
mid S time period, RNA synthesis throughout the mitotic cycle, and protein synthesis
in time periods exclusive of the G, period. p-Glucosamine inhibition of macro-
molecular synthesis occurred primarily in the G; and early S time periods.
L-Asparaginase inhibited protein and glycoprotein synthesis throughout the mitotic
cycle; primary inhibition occurred in the S time period of the L.5178Y mitotic cycle.

MANY DRUGS are mitotic cycle specific, that is, they exert their action primarily at a
distinct period in the cell mitotic cycle. This is particularly true with drugs affecting
DNA synthesis, since, by definition, in mammalian cells DNA synthesis occurs at a
discrete time in the cell cycle—the S phase. Recently, this laboratory has completed
studies on the molecular toxicity of six antineoplastic agents : camptothecin,!'? L-aspara-
ginase,® hydroxyurea,* D-glucosamine,’ azaleucine® and ethidium bromide.” Because
eachofthese drugsis a potentinhibitor of the synthesis of macromolecules in mammalian
cells,’=7 it seemed of interest to determine whether inhibition of macromolecular
synthesis occurred throughout the cell cycle or whether inhibition was limited to certain
specific periods in the cell cycle. The importance of such work is illustrated by reference
to recent work in which indirect methods were utilized to show that camptothecin not
only inhibited DNA synthesis but also caused a G, “lesion”® and hydroxyurea
primarily caused cell death in the S phase of mouse spleen cell cultures immunized
with sheep red cells.® The work should also be important for chemotherapeutic reasons;
1.e., knowledge of the mitotic cycle specificity of antineoplastic drugs should be of value
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in administration of these drugs in the treatment of neoplasia. It should be noted,
however, that periods of maximum inhibition of a given macromolecule by a given
drug may or may not correspond to the period of maximum lethality of that drug.
Indeed the period of maximum lethality of the drug may be the result of inhibitions of
macromolecular synthesis occurring many hours previous to the actual time of ‘“‘cell
death”. Furthermore, the failure of a cell to proceed through mitosis due to lack of
a critical macromolecule can be important in chemotherapy even though cell death
does not occur. However, since in treatment many non-neoplastic populations would
be in the G, or resting state whereas the neoplastic population would be rapidly
dividing, the selective toxicity of these agents might be able to be exploited, if their
activity in the mitotic cycle were known so that correct dosing regimens could be
worked out.

The present study utilizes direct methods to determine when in the mitotic cycle
each of the six antineoplastic drugs inhibits mammalian macromolecular synthesis.
The procedure utilized was to synchronize mouse leukemic cell L5178Y and at
various times in the mitotic cycle to expose an aliquot of the synchronous population
to a pulse of the given drug and measure macromolecular synthesis in this interval.
For each drug two concentrations were utilized. The first concentration was a low
drug concentration which inhibited 10-20 per cent of macromolecular synthesis; at
this concentration any inhibition of macromolecular synthesis that occurred would be
expected to occur at the most sensitive portion of the cell cycle. The other concentra-
tion of drug utilized was a very high concentration which inhibited macromolecular
synthesis (when applicable) by 80-90 per cent. At this drug concentration any synthesis
that occurred would be expected to occur at the least sensitive portion of the cell cycle.
Because it was deemed important to monitor small differences between the control
and drug-treated cells, the experiments were repeated 611 times to ensure low standard
errors of the means.

MATERIALS AND METHODS

Cell culture. L5178Y cells (mouse lymphoma cell line) were grown in suspension
culture in sealed containers in Fischer’s medium*® plus 109 horse serum and were
used in the exponential growth phase. Fischer’s medium in dry form and horse serum
were supplied by Grand Island Biological Co., Buffalo, N.Y.; to the supplied medium,
penicillin (500 units/ml) and streptomycin (0-05 mg/ml) were added. Cell numbers were
determined by counting in a Coulter counter, research model B.

Synchronization of cells. Cells were synchronized by the method of Doida and
Okada,!! by applying one treatment with excess thymidine followed by one treatment
with colcemid and deoxycytidine as previously described.!?71% Details of generation
time, protein content, and synchrony of L5178Y cells are described in previous
publications.!2=15 Per cent of synchrony determined by per cent labeled cells,’! cell
number, or cell volume as measured with the Coulter volume plotter for 12 experiments
was 99, 99, 95, 93, 89, 89, 89, 89, 89, 88, 39 and 27 per cent. Data from the latter two
experiments were discarded. These data are indicative of this laboratory’s experience
with the synchrony method, i.e., for reasons unknown, in between 10 and 20 per
cent of the synchrony attempts synchrony is not obtained. This observation is also
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made in the original paper.!?! For all experiments reported herein, the per cent of
synchrony was 85 or higher.

Experimental design. 1.5178Y cells were synchronized and, after the colcemid and
deoxycytidine were removed, the cultures were brought up to a final volume of 400 ml.
At 1-hr intervals after release from the colcemid block, 30 ml (10° cells) of the
synchronous cell suspension was removed and the amount of drug necessary to give
the desired final concentration was added (controls were always performed simul-
taneously with no added drug). The suspension was then incubated for 30 min at
37° with 50 pc/ml of Fischer's medium with [PHJleucine, [*H]glucosamine (or
[*H]fucose), [*H]uridine or [*H]thymidine. After the incubation, macromolecular-
bound radioactivity was determined as given below.

Determination of macromolecular-bound radioactivity. After the incubation, the
labeled cells were centrifuged and washed twice in 0-9 9, NaCl and the celiular pellet
was precipitated with 10% trichloroacetic acid. Two more washes with 109 tri-
chloroacetic acid were followed by an ethanol-diethyl ether wash (2:1, v/v) and the
precipitate was resuspended in 0-4 ml of 1 N NaOH; 0-2 ml was used for protein
determinations and 0-2 ml was plated on a glass fiber filter disc for counting in a
2,5-diphenyloxazole (PPO)-1.4-bis[2-(5-phenyloxazolyl)]benzene (POPOP)-toluene
counting fluid in a Nuclear Chicago liquid scintillation counter. The data are
expressed as counts per min per milligram of protein.

Radioactively labeled compounds. L-[*H}leucine (specific activity, 25 ¢/m-mole),
[*H]glucosamine (10 ¢/mole), [*H]fucose (10 c/mole), [methyl-*H]thymidine (15 ¢/
m-mole), and uridine-5-*H (10 c¢/m-mole) were all purchased from New England
Nuclear. Each compound was utilized at this specific activity in all experiments
herein. Experiments indicated that utilizing the radioactively labeled compounds at these
specific activities and in the amounts given above, linear incorporation into trichloro-
acetic acid-insoluble material occurred for up to 1 hr. Experiments utilizing DNase
and RNase indicated, under the experimental conditions given above, that 96 per cent
of the uridine-5-3H product was RNA.

Drugs. Camptothecin and L-asparaginase (360 U/mg) were kindly supplied by Drug
Development Branch, National Cancer Institute. Azaserine, D-glucosamine, hydroxy-
urea, and ethidium bromide were purchased from Sigma Chemical Co, St. Louis, Mo.

Protein. Protein determinations were made by the procedure of Lowry ef al.'®
Samples were prepared by precipitation with 19, phosphotungstic acid in 0-5 N HCI,
washing three times with 59 trichloroacetic acid, and washing once with diethyl
ether-ethanol (1:2, v/v). The resulting residue was dissolved in 1 ml of 0-2 N NaOH
and analyzed. Crystalline bovine serum albumin was used as standard.

RESULTS

Camptothecin. Camptothecin is a plant alkaloid originally isolated from the oriental
plant Camptotheca acuminata®” which has a potent antineoplastic action.?+2:18-20 The
antibiotic is thought to act principally by inhibiting synthesis of ribosomal precursor
RNAZ?! and DNA,*?° and this inhibition is in some respects reversible.2-20-21
Gallo et al® have observed that camptothecin acts as a G, blocking agent and Kessel
et al.* have demonstrated that camptothecin primarily inhibits cell division by acting
in the S phase. Recently Horowitz and Horowitz?? have shown that camptothecin
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affects DNA degradation. The present work records the direct effects of camptothecin
on macromolecular synthesis in synchronized L5178Y cells. At 1 mg/ml of campto-
thecin, DNA synthesis in asynchronous L5178Y cells was inhibited 50 per cent, RNA
synthesis was inhibited 75 per cent, protein synthesis 25 per cent and glycoprotein
synthesis 0 per cent.! At 1 pug/ml, camptothecin inhibited asynchronous L5178Y cell
DNA synthesis 20 per cent, RNA synthesis 10 per cent, protein synthesis 0 per cent
and glycoprotein synthesis 0 per cent.! These were the two dose levels of camptothecin
chosen for the present work on mitotic cycle etfects of camptothecin.

DNA synthesis. At Img camptothecin/ml, DNA synthesis was inhibited principally
in the S period, with maximum inhibition occurring 5 hr post-mitosis (Fig. 1). At
1 pg/ml, camptothecin inhibited DNA synthesis at 3—6 hr post-mitosis; there was no
inhibition at other time periods.
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FiG. 1. Effect of camptothecin on macromolecular synthesis in a synchronous population of L5178Y
cells. Experiments were performed as given in Materials and Methods. At zero hour, cells were
released from the “M block”. A representation of the cell cycle is given above the panels. Means
41 S. D. from 6-11 separate determinations. @ —@®, Control; @ -~--@, 1 mg/ml Jof campto-
thecin; and O——Q, 1 pg/ml of camptothecin. The drug was present for 30 min at each interval.

RNA synthesis. RNA synthesis was inhibited throughout the mitotic cycle at 1 mg
camptothecin/ml, periods 0, 9 and 10 hr post-mitosis being the least affected. At 1 mg
camptothecin/ml, RNA synthesis was inhibited maximally at 3 and 6 hr post-mitosis.
At the low dose of camptothecin of I ug/ml, RNA synthesis was inhibited only at the
G;-S interface, at 2 hr post-mitosis. RNA synthesis was thus most sensitive to
camptothecin in the S period, particularly in the carly and late S phases.

Protein synthesis. Camptothecin does not inhibit protein synthesis except at high
concentrations.! At 1 mg/ml of camptothecin, protein synthesis was inhibited at
1-7 hr post-mitosis; maximum inhibition occurred at 2 and 5 hr post-mitosis.

Glycoprotein synthesis. Camptothecin at either dose level had no effect on glyco-
protein synthesis, as shown in Fig. 1.
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Implications. Camptothecin in the present work is mitotic cycle specific with its
principal action in the S period of the synchronized L5178Y cells. This is consistent
with the postulated modes of action of the alkaloid on nucleic acid polymerases,?
DNA degradation?? or ribosomal precursor RNA synthesis.?? It should be noted that
the preponderance of nucleic acid synthesis occurring with the high level of campto-
thecin present may be mitochondrial nucleic acid synthesis,*> since the antibiotic does
not seem to inhibit mitochondrial or bacterial macromolecular synthesis.! The fact
that nucleic acid synthesis is inhibited primarily in the S phase is in agreement with the
fact that camptothecin causes an S or G, block;?'8 i.e., cells in exponential growth
would not be expected to pass through G.,, since considerable inhibition of RNA and
DNA occurs in S.

L-Asparaginase. L-Asparaginase (L-asparagine aminohydrolase; EC 3.5.1.1), which
hydrolyzes the amide group of asparagine, is valuable clinically in the treatment of
certain acute leukemias, principally by adversely affecting leukemic cell nutrition.??
Recently it has been demonstrated!:24-25 that asparaginase inhibited glycoprotein
synthesis in L5178Y mouse leukemic cells and in isolated mitochondria. At 1 U/ml of
L-asparaginase in asynchronous L5178Y cells, DNA and RNA synthesis was
unaffected by the drug, while protein synthesis was inhibited 55 per cent and glyco-
protein synthesis 60 per cent.?* At 0-01 U/ml of r-asparaginase in asynchronous
L5178Y cells, DNA and RNA synthesis was unaffected by the drug, whereas protein
synthesis was inhibited 30 per cent and glycoprotein synthesis was inhibited 30 per cent.
These were the two doses of L-asparaginase utilized in the cell-synchrony experiments
described here (Fig. 2).

DNA synthesis. Under the conditions employed in these experiments there was no
effect of L-asparaginase on DNA synthesis in the synchronous L5178Y cell.
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FiG. 2. Effect of L-asparaginase on macromolecular synthesis in a synchronous population of L5178Y
cells. Experiments were performed as given in Materials and Methods. At zero hour, cells were
released from the “M block”. A representation of the cell cycle is given above the panels. Means
#£18. D. from 6-11 separate determinations. @——@, Control; @-- —@®, 1 U/ml of L-asparaginase;
and O O, 001 U/ml of L-asparaginase. The drug was present for 30 min at each interval.
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RNA synthesis. Under the conditions employed in these experiments there was no
effect of L-asparaginase on RNA synthests in the synchronous L5178Y cell.

Protein synthesis. At 1 U of L-asparaginase/ml, protein synthesis was inhibited
primarily in the G, and S periods; maximal inhibition occurred in mid S at 5 hr
post-mitosis. Little inhibition of protein synthesis by L-asparaginase at 1 U/ml
occurred in late G, or M. At 0-01 U/ml, L-asparaginase inhibited protein synthesis
primarily in the S period; maximal inhibition occurred 5 hr post-mitosis. From the
data, it can be concluded that the major inhibitory effect of L-asparaginase on protein
synthesis occurs in the S period of the cell cycle.

Glycoprotein synthesis. The 1 U/ml dose of L-asparaginase inhibited glycoprotein
synthesis throughout the cell cycle with primary inhibition in the S phase. Similarly
the 0-01 U/ml dose of L-asparaginase inhibited glycoprotein synthesis throughout
the cell cycle, except that essentially no inhibition occurred in M or early G, (1 hr
post-mitosis).

Implications. The data indicate that the cell is sensitive to L-asparaginase throughout
the cell cycle with primary senstivity in the S period when protein and glycoprotein
synthesis is maximal.!® L-Asparaginase inhibits protein synthesis by deprivation of
L-asparagine for synthesis of proteins containing asparagine and inhibits glyco-
protein synthesis by elimination of the amide nitrogen of asparagine necessary for the
asparagine : N-acetylglucosamine linkage which initiates many carbohydrate sequences
of glycoproteins.® The present woik suggests that such synthesis occurs throughout the
cell cycle, and thus the L-asparagine is required for the cell during the entire cell cycle,
and that the requirement is greatest in the S period of the cell cycle.

Ethidium bromide. The trypanocidal drug ethidium bromide (3,8-diamino-6-
phenyl-5-ethylphenanthridinium bromide) has been shown to inhibit growth and
nucleic acid synthesis in HeLa cells?® and Ehrlich ascites carcinoma cells.?” In asyn-
chronous mouse leukemic cell L5178Y,7 500 M ethidium bromide inhibits RNA,
DNA and protein synthesis 95 per cent; glycoprotein synthesis is inhibited 50 per
cent. Similarly,” at 100 uM ethidium bromide, RNA synthesis is inhibited 30 per cent,
protein synthesis 5 per cent, DNA synthesis 5 per cent and glycoprotein synthesis
5 per cent. These were the levels of drug utilized to determine the ethidium bromide
sensitivity of macromolecular synthesis in synchronous L5178Y cells, as shown in
Fig. 3.

DNA synthesis. DNA synthesis was severely inhibited by 500 M ethidium bromide;
the only periods in which total inhibition of DNA synthesis did not occur were 6, 7, 8
and 10 hr post-mitosis. At 100 uM ethidium bromide, the only significantly sensitive
period of ethidium inhibition of DNA synthesis was 3 hr post-mitosis. It can be
concluded that DNA synthesis is very sensitive to inhibition by ethidium bromide and
that the early periods after mitosis, i.e. G, early and mid S, are the most sensitive.

RNA synthesis. At 500 uM ethidium bromide, RNA synthesis was also severely
inhibited ; except at 6 and 7 hr post-mitosis, total inhibition of RNA synthesis occurred.
At 100 xM ethidium bromide, statistically significant inhibition occurs only at 0, 1, 2
and 3 hr post-mitosis; hr 1 was most affected. It can be concluded that RNA synthesis,
like DNA synthesis (see above), is inhibited by ethidium bromide, primarily in the
early periods after mitosis in G, and early S.

Protein synthesis. The synthesis of protein was inhibited completely by 500 uM
ethidium bromide, except at 6 and 7 hr post-mitosis. The only time period in which
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Fi1G. 3. Effect of ethidium bromide on macromolecular synthesis in a synchronous population of

L5178Y cells. Experiments were performed as given in Materials and Methods. At zero hour, cells

were released from the “M block”. A representation of the cell cycle is given above the panels. Means

+1 S. D. from 6-11 separate determinations. @ @, Control; ®——@, 500 xM ethidium; and
O——0, 100 uM ethidium. The drug was present for 30 min at each interval.

inhibition of protein synthesis occurred at 100 uM ethidium bromide was 1 hr post-
mitosis. The inhibition of protein synthesis follows closely the inhibition of RNA
synthesis and the former inhibition may be the result of the latter.

Glycoprotein synthesis. At 500 uM ethidium bromide, glycoprotein synthesis was
inhibited on a percentage basis essentially the same amount throughout the cell
cycle; the largest amount of synthesis occurred 6 hr post-mitosis in the presence of
500 uM ethidium bromide. At 100 xM ethidium bromide, essentially no significant
inhibition of glycoprotein synthesis occurred.

Implications. The potent inhibitory effects of ethidium bromide at high concentra-
tions seem to manifest themselves throughout the cell cycle, with the early time periods
being most sensitive to the drug. Ethidium bromide intercalates between DNA bases?8
and this is thought to inhibit DNA-dependent RNA synthesis and RNA-dependent
protein synthesis through this primary mechanism. The present data are consistent
with this mode of action; that is, DNA, RNA and protein synthesis are inhibited in
essentially the same time periods with essentially similar degrees of severity. The data
show that inhibition of glycoprotein synthesis probably occurs by an unrelated
mechanism.

Hydrecxyurea. Hydroxyurea, which has antileukemic activity in mice?® and
humans,*° but is not as active against solid tumors,3! is a potent inhibitor of DNA
synthesis.??33® At 2 mg hydroxyurea/ml, DNA synthesis in asynchronous L.5178Y
cells is inhibited 95 per cent, RNA synthesis 30 per cent, protein synthesis 60 per
cent and glycoprotein synthesis 50 per cent.* At 20 ug hydroxyurea/ml, DNA synthesis
in asynchronous L5178Y cells was inhibited 55 per cent, RNA synthesis 5 per cent,
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FI1G. 4. Effect of hydroxyurea on macromolecular synthesis in a synchronous population of L5178Y

cells. Experiments were performed as given in Materials and Methods. At zero hour, cells were

released from the “M block™. A representation of the cell cycle is given above the panels. Means

+1 8. D. from 6-11 separate determinations. @ —@, Control; @ ——@, 2 mg hydroxyurea/ml;
and O——O, 20 ug hydroxyurea/ml. The drug was present for 30 min at each interval.

protein synthesis 5 per cent and glycoprotein synthesis 5 per cent.* These were the
hydroxyurea concentrations utilized in the present experiments (Fig. 4).

DNA synthesis. DNA synthesis was inhibited essentially 100 per cent at all periods
except 7, 8 and 9 hr post-mitosis in the presence of 2 mg/ml of hydroxyurea. At 20 ug
hydroxyurea/ml, DNA synthesis was severely inhibited at 2, 3 and 4 hr post-mitosis;
little inhibition occurred at 6-10 hr post-mitosis. It can therefore be concluded that
hydroxyurea has its maximal inhibitory effect in the late G, and early to mid S periods.
The species of DNA being synthesized in the mid to late S periods (6-8 hr post-
mitosis) must not be hydroxyurea sensitive. Such insensitivity to hydroxyurea could
occur by changes in the plasma or nuclear membrane permeability to the drug.

RNA synthesis. RNA synthesis was inhibited primarily in the late G, and early and
mid S in the presence of 2 mg/ml of hydroxyurea. At 20 ug hydroxyurea/mi, RNA
synthesis was inhibited only in S at 3, 4 and 5 hr post-mitosis. It is evident that RNA
synthesis is inhibited primarily in the late G, and early and mid S, perhaps as a
consequence of the inhibition of DNA synthesis.

Protein synthesis. In the presence of 2 mg hydroxyurea/ml, protein synthesis was
inhibited maximally at 0-6 hr post-mitosis; relatively little inhibition occurred in late
S or G,. Little inhibition of protein synthesis occurred with 2 ug hydroxyurea/ml;
only slight inhibition occurred at 0-3 hr post-mitosis. Therefore protein synthesis is
inhibited by hydroxyurea primarily in G; and early and mid S in the L5178Y cells.

Glycoprotein synthesis. Glycoprotein synthesis was inhibited at 0-6 hr post-mitosis
in the presence of 2 mg/ml of hydroxyurea. In the presence of 20 ug/ml of hydroxyurea,
essentially no inhibition of glycoprotein synthesis occurred.
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Implications. The present results demonstrate conclusively: (1) that hydroxyurea is
cell cycle specific with its primary effects in G, and early and mid S, and (2) that
hydroxyurea may inhibit macromolecular synthesis in the sequence DNA — RNA —
protein — glycoprotein with the primary effect on DNA synthesis.

Azaleucine. Azaleucine and azaserine have been utilized as antineoplastic agents.5
Azaleucine at 100 mM concentration inhibited asynchronous L5178Y DNA synthesis
95 per cent, RNA synthesis 95 per cent, protein synthesis 80 per cent and had no effect
on glycoprotein synthesis.® At 0-1 mM, azaleucine inhibited DNA synthesis 30 per
cent, RNA synthesis 10 per cent, protein synthesis 5 per cent and had no effect on
glycoprotein synthesis.® These were the concentrations of azaleucine utilized in the
cell-synchrony experiments given in Fig. 5.
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Fi1G. 5. Effect of azaleucine on macromolecular synthesis in a synchronous population of L5178Y

cells. Experiments were performed as given in Materials and Methods. At zero hour, cells were

released from the “M block™. A representation of the cell cycle is given above the panels. Means

+1 S. D. from 6-11 separate determinations, @ —— @, Control; @ ——@, 100 mM azaleucine;
and O——OQ, 0-1 mM azaleucine. The drug was present for 30 min at each interval.

DNA synthesis. At 100 mM azaleucine, DNA synthesis was inhibited essentially
100 per cent at all time periods except 7 and 8 hr post-mitosis. At 0-1 mM azaleucine,
DNA synthesis was inhibited primarily at 2-6 hr post-mitosis, maximal inhibition
occurring at 3 and 4 hr post-mitosis. It can be concluded that the early and mid S
phase are the primary periods of azaleucine inhibition of L5178Y DNA synthesis.

RNA synthesis. Azaleucine at 100 mM inhibited RNA synthesis throughout the cell
cycle with maximal inhibition occurring 6 hr post-mitosis. At 0-1 mM, azaleucine
inhibited RNA synthesis to a slight degree at each of the time periods studied. Thus
RNA synthesis in synchronous L5178Y cells is inhibited throughout the cell cycle by
azaleucine.

Protein synthesis. At 100 mM azaleucine, protein synthesis was inhibited at 3—10 hr
post-mitosis; there was no synthesis of protein occurring in the presence of azaleucine

B.P. 14/12—G
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at 8, 9 and 10 hr post-mitosis. At 0-1 mM azaleucine, there was essentially no inhibi-
tion of protein synthesis. Protein synthesis in synchronous L5178Y cells, therefore, is
inhibited at periods exclusive of G, by azaleucine.

Glycoprotein synthesis. There was no inhibition of glycoprotein synthesis at either
dose of azaleucine employed in the synchronous L5178Y cells.

Implications. The present results indicate that the effects of azaleucine on DNA
synthesis are cell cycle specific, occurring in early to mid S; the effects on RNA
synthesis are not cell cycle specific, occurring throughout the cycle; and the effects of
protein synthesis are specific, occurring in periods exclusive of G,. These results,
therefore, indicate that the inhibition of macromolecular synthesis by azaleucine is not
related to cellular membrane permeability changes.
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FIG. 6. Effect of p-glucosamine on macromolecular synthesis in a synchronous population of L5178Y

cells. Experiments were performed as given in Materials and Methods. At zero hour, cells were

released from the “M block”. A representation of the cell cycle is given above the panels. Means

+1 8. D. from 6-11 separate determinations. @ ——@, Control; @——@, 0-1 M p-glucosamine;
and O——0Q, 0-01 M p-glucosamine.

D-Glucosamine. The amino sugar D-glucosamine is an interesting molecule with low
molecular weight which seems to selectively inhibit neoplastic cell growth and macro-
molecular synthesis (as opposed to normal cell growth and macromolecular synthesis),
possibly by depleting the neoplastic cell of endogenous nucleotide pools®*#—5° At0-1 M,
D-glucosamine inhibits, in asynchronous L5178Y cells, DNA synthesis 65 per
cent, RNA synthesis 80 per cent, protein synthesis 75 per cent, and glycoprotein
synthesis 85 per cent.> At 0-01 M, p-glucosamine inhibited DNA synthesis 35 per cent,
RNA synthesis 30 per cent, protein synthesis 30 per cent and glycoprotein synthesis
50 per cent.> These were the levels of D-glucosamine utilized in the present experi-
ments with synchronized 1L5178Y cells (Fig. 6).

DNA synthesis. At 01 M Dp-glucosamine, DNA synthesis was inhibited at 2-8 hr
post-mitosis; maximal inhibition occurted at 3 and 4 hr post-mitosis. With the 0-01 M
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level of D-glucosamine, DNA synthesis was inhibited only at 3-6 hr post-mitosis.
D-Glucosamine, therefore, inhibits DNA synthesis in L5178Y cells primarily in the
early and mid S periods.

RNA synthesis. With 0-1 M p-glucosamine, RNA synthesis was severely inhibited
in 0-8 hr post-mitosis; little inhibition occurred in 9 and 10 hr post-mitosis. At 0-01 M,
D-glucosamine inhibited RNA synthesis during 0-6 hr post-mitosis. It can be concluded
that D-glucosamine inhibits RNA synthesis primarily in G, and S and not in G,.

Protein synthesis. With the 0-1 M Dp-glucosamine, protein synthesis was inhibited
100 per cent at 0—4 hr post-mitosis and inhibited severely at 5-8 hr post-mitosis; no
inhibition occurred at 9 or 10 hr post-mitosis. At the 0-01 M level, pD-glucosamine
inhibited protein synthesis at 0-8 hr post-mitosis, the inhibition being greatest during
the period 0-4 hr post-mitosis. Protein synthesis then is inhibited primarily in G, and
early S and not in G,.

Glycoprotein synthesis. At the 0-1 M level of D-glucosamine, glycoprotein synthesis
was inhibited 100 per cent at 0—7 hr post-mitosis; no inhibition occurred at 9 and 10 hr
post-mitosis. With the 0-1 M dose of D-glucosamine, glycoprotein synthesis was
inhibited primarily at 0-6 hr post-mitosis. Glycoprotein synthesis, then, like protein
synthesis, is inhibited in the L5178Y cells primarily in G, and S and not in G,.

Implications. The data clearly demonstrate that D-glucosamine toxicity is primarily
a G; and early S phenomenon and that inhibitory effects of D-glucosamine on
macromolecular synthesis do not occur in G,.

DISCUSSION

The diversity of the molecules utilized in these studies does not allow generalizations
to be drawn. However, this very diversity and the observed effects seem to indicate
that the early time periods of the cycle, particularly early S, are relatively sensitive to
inhibition of macromolecular synthesis, whereas the late time periods, particularly G,,
are insensitive to inhibition. This may in itself reflect a cellular protective mechanism;
i.e., the cell is most vulnerable to inhibition when it is “young” and less vulnerable
when its membrane etc., have “matured” biochemically and it prepares for division.

Even though the L5178Y cell is “abnormal” even for a neoplastic cell because of its
large nucleus and very long S period (relative to the generation time), the present data
may be applicable to other neoplastic cells. Furthermore, because of the number of
cells needed and the timing of the present experiments, a chemical synchrony method
was employed as opposed to a mechanical or physical synchrony method even though
the present method probably results in unbalanced growth. However, the results
demonstrate that even if some of the effects are the result of the thymidine or colcemid
utilized to synchronize the cells and the resultant unbalanced growth, the drugs in any
event evidence specificity (that is, for each drug on each type of macromolecular
synthesis, a discrete pattern was obtained). Finally, it should be noted that the present
results demonstrate where in the mitotic cycle each of the neoplastic drugs inhibits
DNA, RNA, protein and glycoprotein synthesis. Further work will have to be
performed to determine the mechanisms of such inhibitions.
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