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ABSTRACT

Melphalan transport by exponentially dividing BALB/c 3T3 mouse
fibroblasts was approximately 3-fold greater at the steady-state than that
observed with resting cells at drug concentrations ranging from 1 to 100
P.M.Both the rate of incorporation of (3H|thymidine and the percentage

of S-phase cells estimated by a fluorescent cell sorter provided evidence
of higher DNA synthetic activity in logarithmic phase cells. Transport
of melphalan by BALB/c 3T3 fibroblasts was mediated by the two amino
acid transport systems, the DL-/?-2-aminobicyclo(2,2,l)heptane-2-carbox-
ylic acid-sensitive sodium-independent system preferring leucine as sub
strate and the sodium-dependent system preferring alanine, serine, and
cysteine as substrates. At low drug concentrations (about l UM) the
sodium-dependent mechanism predominated, but at high concentrations
of melphalan (100 Â¿IM)a shift occurred from the sodium-dependent to
the sodium-independent system. Both transport systems were markedly
affected by the proliferative state of the cells and became progressively
less active the longer cells remained in the stationary phase. Stationary-
phase cells were also less sensitive to the cytotoxic action of melphalan
than exponentially dividing cells. Serum deprivation experiments showed
that unidirectional melphalan influx decreased about 40% when fibro
blasts previously in exponential growth were shifted from normal medium
to serum-depleted medium 24 h prior to drug transport studies. Thus,
serum deprivation and maintenance of cells in stationary phase growth
had parallel effects on drug influx. These experiments emphasize the
importance of the proliferative state of the cell as a determinant of
melphalan transport and cytocidal activity.

INTRODUCTION

In previous studies it has been shown that the cytocidal
activity of the alkylating agent nitrogen mustard was consider
ably greater against exponentially dividing cells than against
stationary phase cells (1). Furthermore, the greater sensitivity
of logarithmic phase cells to HN23 was to a large extent

attributable to a more efficient transport mechanism in these
cells. HN2 is actively transported into a wide range of mam
malian cells by the transport carrier for choline (2, 3). Thus it
appeared that the activity of the HN2/choline transport system
was dependent on the proliferative state of the cells. Unlike
HN2 the alkylating agent melphalan is actively transported by
two independent amino acid transport systems, the sodium-
dependent ASC-like system and the BCH-sensitive L system
(4-6). This study was undertaken to determine (a) if melphalan
transport varied as a function of proliferative rate and (b) to
explore the relationship between the cytocidal activity of mel
phalan and the proliferative state of the cells.
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MATERIALS AND METHODS

L-p-(Di-2-chloro[MC]ethylamino)phenylalanine(['4C]melphalan) was

prepared by M. Leaffer of the Stanford Research Institute, Menlo Park,
CA, and was kindly supplied by Dr. Robert R. Engle, Developmental
Therapeutics Program, Division of Cancer Treatment, National Cancer
Institute, Bethesda, MD. The radiochemical purity was 97% as deter
mined on thin layer chromatography on silica gel in n-butyl alco-
hol:acetonitrile:water (7:2:1). I nlabeled melphalan (alkeran) was ob
tained from Dr. J. R. MacDougall (Burroughs Wellcome and Co., Ltd.,
I .achine. Quebec, Canada). BCH was purchased from Calbiochem-
Behring, and [CH3-3H]thymidine was obtained from New England
Nuclear. [l4C]Melphalan powder was dissolved in acidified absolute
ethanol (0.1 M HC1) to prevent hydrolysis, and stock solutions of 10~2
Mwere made in small volumes and stored at -20Â°C.

BALB/c 3T3 mouse fibroblasts were kindly provided by Dr. Rose
Mieinin of the University of Toronto (7). Cells were routinely cultured
on the surface of 150 nun plastic tissue culture flasks (Corning) in
Eagle's Ã -minimal essential medium without ribosides and deoxyribo-

sides (Flow Laboratories) supplemented with penicillin (100 units/ml),
streptomycin sulfate (68 ng/ml). and 10% fetal bovine serum (Gibco).
Cells were grown at 37Â°Cin a humidified atmosphere of 5% CO2/95%

air. Fig. 1 shows a typical growth curve for BALB/c 3T3 cells. The
doubling time was approximately 20 h during logarithmic growth. Cell
proliferation ceased at confluence (Day 0), and the cells entered sta
tionary phase. Experiments were carried out with cells in logarithmic
growth, at confluence (Day 0), and after 2 days (Day 2) and 4 days
(Day 4) of stationary culture. Sensitivity of cells to melphalan was
determined in colony-forming ability experiments as described previ
ously (8, 9). Cells were treated with various concentrations of drug for
30 min in Dulbecco's PBS (Gibco), added to culture plates containing
normal growth medium, and incubated at 37Â°Cas described (8, 9).

To study the uptake of melphalan by BALB/c 3T3 cells, [I4C]-
melphalan was added to cells at a concentration of approximately IO5
cells/well in Linbro multiwell dishes and incubated for 30 min at 37Â°C,

and uptake was terminated by cooling on ice with immediate removal
of the incubation medium. Under these conditions, approximately 80
to 85% of the radioactivity represented free intact drug as determined
by thin-layer chromatography (4, 5). Cells were washed 3 times with
ice-cold PBS, and the radioactivity was extracted with 10% TCA and
measured by liquid scintillation spectrometry.

Cell size was measured with a Model ZBi Coulter electronic particle
Counter (Coulter Electronics) (4, 9) with cells in logarithmic growth,
with Day 0 confluence, and with Day 2 and Day 4 stationary phase
cultures. Drug uptake was expressed as the cell/medium distribution
ratio and was dependent upon the radioactivity calculated/cell volume
relative to that of an equivalent volume of extracellular medium (10,
11).

Melphalan influx was estimated as described above with the excep
tion that incubations were terminated at 1 min to ensure that unidirec
tional drug influx conditions prevailed (9, 11).

Incorporation of [CH3-3H]thymidine into logarithmically growing or

stationary cultures was estimated as described earlier (12). Growth
medium was aspirated, cells were washed with PBS (37Â°C),and growth

medium containing labeled nucleoside (0.1 //( Â¡nil) was added. Cells
were incubated for 15 min at 37"C and placed on ice, and the medium

was aspirated. Cells were then treated with 0.1% trypsin solution in
PBS for several minutes followed by the addition of ice-cold TCA to a
final concentration of 10% for 30 min. Cells were scraped from the
plates and filtered through glass fiber filters which had been presoaked
in ice-cold 10% TCA. The filters were then washed twice with 10-ml
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Fig. 1. Growth curve of BALB/c 3T3 cells in culture. Cell growth was
exponential for approximately 60 h and thereafter entered a stationary phase.
Studies were performed on exponentially dividing cells and on cells at the onset
of stationary phase (Day 0) and after 2 and 4 days of stationary phase growth.
Points, mean of 6 determinations; the confidence intervals were too small to be
illustrated.

aliquots of cold 5% TCA, PBS, and finally 10% ethanol. The filters
were air dried, treated with tissue solubilizer (NCS; Amersham), and
heated to 60*C for 1 h, and radioactivity was determined by liquid

scintillation spectrometry. The proportion of cells in the different cell
cycle phases was determined by fluorescence-activated cell sorting (13,
14). At various stages of growth, cells were removed from monolayer
cultures with 0.1% Bactotrypsin (Difco Laboratories) in PBS, centri-
fuged, and washed twice with PBS. The cells were fixed in 70% ethanol
for 30 min at room temperature, centrifuged, washed with PBS, sus
pended in 1 mg/ml RNase (Sigma) in PBS, and incubated at 37*C for

30 min. Following washing in PBS, DNA was stained by a 30-min
incubation at room temperature in PBS containing 1 Mg/ml ethidium
bromide. Cells were washed in PBS, and aliquots were analyzed using
an EPICS flow cytometer (Coulter Electronics). Cell cycle phase distri
bution (GÃ¬,S, and (... plus M ) was estimated from the area of histo
grams, assuming a Gaussian function of the G, and ( ;..plus M maxima
and attributing the remaining part of the DNA histogram to cells in S
phase (13, 14).

RESULTS

Comparison of Rate of Thymidine Incorporation into the DNA
of Exponentially Dividing and Resting BALB/c 3T3 Fibroblasts.
Time courses of incorporation of [CH3-3H]thymidine into the
DNA of logarithmic and stationary phase BALB/c 3T3 fibro-
blasts are shown in Fig. 2. DNA synthesis as measured by
incorporation of label into I ( Y insoluble constituents was
higher in logarithmic than in stationary phase cells, and at
steady-state conditions which were reached at approximately
120 min, this difference was approximately 6-fold. The rate of
incorporation, which was derived from the initial linear portion
of the time courses (see Fig. 2, inset), was approximately 2.7-
fold greater in exponentially dividing than in resting cells.

Corroborative evidence that rate of DNA synthesis was
greater in logarithmic than in stationary phase cells was ob
tained by a cell cycle distribution analysis using a fluorescent-
activated cell sorter (Table 1). The percentage of cells in S
phase was approximately 1.6-fold greater in logarithmic phase
cells than in cells maintained in a stationary phase for 4 days.
Conversely, the percentage of cells in G2-M was approximately
2.5-fold greater in stationary phase than in exponentially divid
ing cells.
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Fig. 2. |CH3-3H|Thymidine incorporation into DNA of BALB/c 3T3 cells at

37'C, by cells in logarithmic phase growth (O) and after 4 days of stationary

phase (Ã•I),using methods described in the text. Incorporation was approximately
linear for l h (see inset); the linear regression equation for the time course of
exponentially dividing cells was y = 1.78 x 10""jr + 4.72 x 10"" with a

correlation coefficient of 0.986, and that of cells 4 days after stationary phase
growth was y = 6.54 x 10""* - 2.23 x 10"", with a correlation coefficient of

0.998. A t test comparing the significance of the difference of slopes was highly
significant (P < 0.001). Points, mean of 6 determinations; bars, SE.

Table 1 The cell cycle distribution profile of logarithmic and stationary phase
BALB/c 3T3 fibroblasts

Cell cycle phase distribution was determined from the area of histograms
assuming a Gaussian function of G, and Gz plus M maxima, and attributing the
remainder of the DNA histogram to S-phase cells as described previously (13,
14).

Cell cycle (% of distribution)

Growth phase G2-M Go-G,

Log
Stationary Day 0
Stationary Day 2
Stationary Day 4

24.8
42.2
62.4
62.9

44.6
38.0
29.0
17.1

30.5
18.8
8.7

19.2
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Fig. 3. Time course of uptake of ["Cjmelphalan at a concentration of 1 /i\i

(A), 10 nM(A), and 100 J*M(C) by BALB/c 3T3 cells at 37'C during logarithmic

phase growth (O) and 4 days after stationary phase growth (D). Points, mean of
6 to 12 determinations; the confidence intervals were too small to be illustrated.

Uptake of Melphalan by Exponentially Dividing and Resting
BALB/c 3T3 Fibroblasts. A series of time courses of melphalan
uptake by exponentially dividing and resting BALB/c 3T3
fibroblasts is presented in Fig. 3. Over a concentration range of
1 to 100 n\\ drug, the uptake was approximately 3-fold greater
at the steady state in logarithmic phase than in stationary phase
cells.

The distribution of melphalan transport between amino acid
transport system L and the ASC-Iike system in exponentially
dividing BALB/c 3T3 cells is shown in Table 2. At 1 /Â¿M
melphalan approximately 15% of drug transport was mediated
by system L since this portion was eliminated by addition of
BCH; transport by system L increased to approximately 28%
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Table 2 Sodium-dependent and BCH-sensitive components ofmelphalan influx
in logarithmic phase BALB/c 3T3 cells

Melphalan
(UM)11I101010100100100Condition"PBSPBS

+ 5 mMBCHLowNa*PBSPBS

+ 5 mMBCHLowNa*PBSPBS

+ 5 mMBCHLow
Na*Cell/medium

ratio34.41
Â±0.88*29.27

Â±1.579.89
Â±0.2227.09

Â±0.3219.83
Â±0.197.10

Â±0.1211.

35Â±0.398.19
Â±0.124.48

Â±0.19%

ofcontrol10085.128.710073.226.210072.239.5

" Melphalan influx at l min was determined in logarithmic phase BALB/c
3T3 fibroblasts in either PBS with or without 5 mM BCH or in sodium-depleted
medium. Drug influx in the presence of 5 mM BCH is mediated primarily by
amino acid transport system ASC, whereas drug influx in sodium-depleted
medium occurs primarily by system L, as described in the text. Sodium-depleted
medium consisted of modified Hanks' balanced salt solution with Na* concentra
tion of4 nicq'liter.

* Mean Â±SE of 6 determinations. Drug influx in cells incubated in PBS served
as control; influx in cells treated with 1 c\i melphalan was 0.0455 Â±0.001 fmol/
cell, that after 10 /AI drug was 0.345 Â±0.004 fmol/cell, and after 10 >i\i drug was
1.62Â±0.05fmol/cell.

30 60 90
TIME (sec)

30 60 90

Fig. 4. Unidirectional influx ol IOilâ€ž\i[uC]melphalan with BALB/c 3T3 cells
at 37'C. Drug influx was observed in cells incubated in PBS (.-I), in sodium-
depleted medium (II}. or in PBS containing 5 mM BCH (('). Melphalan influx

was compared in cells in logarithmic phase growth (O), at the onset of stationary
phase growth designated as Day 0 cells (A), and in cells after 2 days (O) and after
4 days (1.1)of stationary phase. Points, mean of 4 to 6 determinations; confidence
intervals were too small to be illustrated. The linear regression equations forlogarithmic phase cells were y = 1.83 x 10""jc + 9.34 x 10"" with a correlation
coefficient of 0.993 (A), y = 8.39 x IO'"* + 7.01 x 10~" with a correlation
coefficient of 0.960 (A), and y = 1.46 x IO"17*+ 7.55 x 10~" with a correlation

coefficient of 0.988 (Q. The linear regression equations for Day 0 cells were y =
1.07 x IO"17*+ 4.53 x 10'" with a correlation coefficient of 0.993 (A), y = 5.73
x 10'"j + 2.63 x 10~" with a correlation coefficient of 0.987 (A), and y = 7.99
x IO""* + 3.36 x 10"" with a correlation coefficient of 0.996 (Q. The linear
regression equations for Day 2 cells were y = 7.80 x 10~"x + 4.00 x 10"" with
a correlation coefficient of 0.985 (A), y = 4.47 x 10""jr + 1.61 x 10"" with a
correlation coefficient of 0.958 (A), and y = 3.23 x 10""oc + 1.30 x 10"" with a

correlation coefficient of 0.846 (O. The linear regression equations for Day 4cells werey = 7.39 x 10"'*x + 3.43 x 10"" with a correlation coefficient of 0.986
(A),y = 2.20 x 10-'8ar+ 2.20 x 10"" with a correlation coefficient of 0.931 (B),
aiul.r Ul x 10""oc+ 1.57X 10"" with a correlation coefficient of 0.629 (Q.

at a melphalan concentration of 100 /Â¿M.Conversely, transport
by the ASC-like system, which is eliminated in sodium-depleted
medium, decreased from approximately 71 to 60% as the mel
phalan concentration was increased from 1 to 100 MM.

Unidirectional melphalan influx in exponentially dividing
and resting BALB/c 3T3 cells is illustrated in Fig. 4. The initial
uptake velocity ofmelphalan influx was derived from the slopes
of the regression lines of the 90-s time courses. For cells
suspended in PBS in which drug transport occurs by both
system L and the ASC-like system (Fig. 4A) the rate of mel
phalan influx (mean Â±SE) in logarithmic phase cells was 18.27
Â±1.06 amol/cell/s, that in cells at the onset of the stationary
phase was 10.73 Â±0.62 amol/cell/s, that after 2 days of
stationary phase was 7.80 Â±0.68 amol/cell/s, and that after 4

days of resting phase was 7.39 Â±0.64 amol/cell/s; in each case
the influx rate was significantly lower in resting than in expo
nentially dividing cells (P < 0.001).

For cells suspended in sodium-depleted medium melphalan
transport proceeded only by system L (Fig. 4B). The influx rate
by system L in logarithmic phase cells was 8.93 Â±1.22 amol/
cell/s, and this rate decreased progressively to 5.73 Â±0.47
amol/cell/s at the onset of stationary phase, to 4.47 Â±0.67
amol/cell/s after 2 days of stationary phase, to reach a rate of
2.20 Â±0.43 amol/cell/s after 4 days of stationary phase; the
difference in rate between logarithmic phase cells and those
maintained 4 days in the resting phase was statistically signifi
cant (P< 0.001).

For cells exposed to BCH, drug transport was predominantly
by the ASC-like system (Fig. 4Q. The rate of melphalan influx
by the ASC-like system in logarithmic phase cells was 14.61 Â±
1.27 amol/cell/s, and this rate decreased progressively to 7.99
Â±0.35 amol/cell/s at the onset of stationary phase, to 3.23 Â±
1.02 amol/cell/s after 2 days of the resting phase, to 0.31 Â±
0.02 amol/cell/s after 4 days of stationary phase. In each case
the difference of influx rate between exponentially dividing and
resting cells was statistically significant (P < 0.001).

Dose-Survival Curves of Exponentially Dividing and Resting
BALB/c 3T3 Fibroblasts. The sensitivity of resting and dividing
fibroblasts to the cytotoxic effects of melphalan was determined
by comparing colony-forming abilities after drug treatment.
Dose survival curves of logarithmic phase cells and cells after
4 days of stationary phase are shown in Fig. 5. The curves were
biphasic with a linear region consistently occurring after treat
ment with 5 fiM melphalan. Within this linear region the DO,
the dose of drug reducing survival to l/e, was 10.5 Ã•Ã•Mand 22.5
/<Mmelphalan for logarithmic phase and stationary phase cells,
respectively. Thus, resting cells were about 2.1-fold more re
sistant to the drug than exponentially dividing cells.

Effect of Serum Deprivation on Melphalan Influx in Exponen
tially Dividing and Resting BALB/c 3T3 Fibroblasts. The effect
of serum deprivation on unidirectional melphalan influx in
logarithmic phase and resting BALB/c 3T3 cells is shown in
Fig. 6. The rate ofmelphalan influx (mean Â±SE) in logarithmic
phase cells incubated in regular medium was 1.77 Â±0.07 amol/

O

LU OC
> U.
h- -J

Ss!
tu o

1.0

0.1

0.01

> 0.001

5
(O

O 5 10 15 20 25

MELPHALAN, UM
Fig. 5. Dose-survival curves of BALB/c 3T3 cells in logarithmic phase growth

(O) and after 4 days of stationary phase growth (D). Surviving cell fraction was
determined by colony-forming ability after treatment of cells with melphalan for
30 min in PBS and is shown relative to the colony-forming ability of untreated
controls which are normalized to 1.0. Points, mean of 4 determinations; bars, SE.
A ; test examining the significance of the difference of slopes was statistically
significant (I' < 0.001). Linear regression analysis was performed using points on
the linear portion of the dose-survival curves. The regression equation for loga
rithmic phase cells was \o&y = 0.095* - 0.783 with a correlation coefficient of
â€”0.999,and the regression equation for stationary phase cells was loiy = 0.0445*
- 0.828 with a correlation coefficient of -0.997.
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Fig. 6. Effect of serum deprivation on initial uptake velocity of melphalan in
BALB/c 3T3 cells. Unidirectional influx of 1 ^M ['4C]melphalan was compared

in logarithmic phase BALB/c 3T3 fibroblasts maintained in medium supple
mented with 10% fetal calf serum (O) and with that of cells maintained in serum-
deprived medium (â€¢).Drug influx was also compared in cells after 4 days of
stationary phase in regular medium (D) and with that of resting cells maintained
in serum-deprived medium (â€¢).Points, mean of 3 to 6 determinations; the
confidence intervals were too small to be illustrated. The linear regression equa
tions for logarithmic phase cells in regular medium were y = 1.77 x 10""jr +
4.88 x 10~", with a correlation coefficient of 0.998, and that of log phase cells
in serum-depleted medium was>' = 1.07x 10~";r + 2.81 x 10"" with a correlation

coefficient of 0.998; a t test comparing the significance of the difference of slopes
was highly significant (P< 0.001). The linear regression equations for stationary
phase cells maintained in regular medium were y = 1.07 x 10~"jr + 3.08 x 10~",

with a correlation coefficient of 0.997, and that of stationary phase cells in serum-
deprived medium was y = 0.968 x 10""jr + 1.67 x 10"" with a correlation

coefficient of 0.995; the slopes of these lines were not significantly different.

cell/s, and that of cells maintained in serum-depleted medium
was 1.07 Â±0.04 amol/cell/s; this 40% decrement in influx rate
was statistically significant (P < 0.001). The rate of drug influx
in resting cells grown in regular medium was 1.07 Â±0.05 amol/
cell/s, and that of resting cells maintained in serum-depleted
medium was 0.97 Â±0.06 amol/cell/s; this difference was not
statistically significant.

DISCUSSION

Mouse 3T3 cells in resting monolayers synthesize DNA at a
reduced rate when compared to subconfluent dividing 3T3 cells
(15, 16). In the present study two independent indices indicated
that the level of DNA synthesis in logarithmic phase BALB/c
3T3 cells was about 2-fold greater than that observed in resting
cells; both the rate of incorporation of tritiated thymidine and
the percentage of S-phase cells, as estimated by cell cycle
distribution using a fluorescent activated cell sorter, indicated
a higher level of DNA synthetic activity in logarithmic phase
cultures. Interestingly, melphalan uptake by exponentially di
viding 3T3 fibroblasts was approximately 3-fold greater than
that observed in nondividing cells at melphalan concentrations
ranging from 1 to 100 jtM.

Melphalan transport in BALB/c 3T3 fibroblasts as in other
mammalian cell systems studied appears to be mediated by two
amino acid transport systems, the BCH-sensitive L system and
the sodium-dependent ASC-like system. At low concentrations
of substrate of the order of l Â¿IMmelphalan, transport by the
ASC-like system predominated with 71% of melphalan trans
port utilizing this pathway; at a melphalan concentration of
100 /KM,there was a shift from the ASC system towards the L
system so that transport by the L system increased from 15 to
28% as the melphalan concentration was increased from 1 to
lOO^M.

The effect of the proliferative activity of cells on the activity
of the L and ASC-like systems revealed that both systems
became progressively less active the longer cells were main
tained in the stationary phase. This finding is similar to that

reported previously for the transport of the alkylating agent
HN2 by logarithmic phase and stationary phase L5178Y lym-
phoblasts (1).

Dose-survival curves of exponentially dividing and resting
BALB/c 3T3 cells indicated that stationary phase cells were
less sensitive to the cytocidal activity of melphalan. To a large
extent the decreased level of cytotoxicity could be accounted
for by the decreased level of drug transport.

A second model which modified the proliferative activity of
these cells utilized serum deprivation. The rate of unidirectional
melphalan influx was reduced approximately 40% after expo
nentially dividing BALB/c 3T3 fibroblasts were incubated in
serum-depleted medium for 24 h prior to the transport study.
Similar treatment of stationary phase BALB/c 3T3 fibroblasts
showed no difference in the rate of unidirectional drug influx.
Indeed, the rate of unidirectional influx in stationary phase
cells closely approximated the rate of drug influx in logarithmic
phase cells maintained in serum-deprived medium. Thus both
serum deprivation and maintaining cells in a stationary phase
of growth have parallel effects on the rate of unidirectional
melphalan influx.

Sensitivity of BALB/c 3T3 fibroblasts to melphalan appears
to be a function of both proliferative rate and transport activity.
States and Segal (17) previously demonstrated that transport
of the amino acid cysteine was 4 times more rapid in developing
than in adult rat intestine, and Reiser et al. (18) reported a
similar result for the transport of valine. It has been shown that
sensitivity to HN2 is dependent not only upon proliferative rate
but also on transport activity (10). The greater sensitivity of
logarithmic phase cells to melphalan in this study to a large
extent can be accounted for by a more efficient transport
mechanism. This finding suggests that the activity of the trans
port systems for melphalan may be dependent upon prolifera
tive rate with transport by both the L and ASC-like systems
being more active in rapidly dividing cells. Thus regulatory
factors that modulate transport activity may be important de
terminants of chemotherapeutic sensitivity.
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