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FIG. 5. UdR uptake and incorporation into DNA in DDMP-treated cells

DDMP and “H-UdR were added to cells at time 0 and samples subsequently measured by the rapid kinetic

assay described in METHODS. The amount of UdR incorporation into DNA is indicated in Panel A. The amount

of total label in the cells at each drug concentration after subtraction of the counts incorporated into l)NA is

indicated in Panel B [Control (O-O), 1 iM DDMP (A-�), 5 iM DUMP (S #{149})1.

FIG. 6. Comparison of the cellular kinetic re-

sponse of UdR incorporation into DNA to different

concentrations ofMTX and DDMP

DDMP (Panel A) and MTX (Panel B) were added

to cells and the cells subsequently pulse labeled as

described in Figs. 1 and 3. 0.1 �LM drug; 0.5 �uM drug; 1

fLM drug; and 5 �LM drug are designated in both Panels

A and B.

man cells have shown good correlation be-

tween low MTX uptake and resistance to

the antitumor effect of MTX (11, 12). The
pulse labeling protocol used in this study

measures the inhibition of UdR incorpora-
tion into DNA and provides the basis for
an indirect kinetic analysis of drug uptake.

At concentrations of 1 MM or greater, the

kinetics of inhibition by MTX closely fol-
lowed the kinetics of uptake with labeled

MTX. At lower drug concentrations (0.1

MM), the metabolic inhibition observed
lagged behind the drug uptake. However,

at low drug concentrations the kinetic com-
parison is difficult to interpret, as has been
shown to be the case in other cells (13).
One of the earliest effects of MTX on WIL-
2 cells is to reduce the thymidine tniphos-
phate pool, which in turn leads to an initial

apparent stimulation of UdR incorpora-
tion.3 At higher drug concentrations, how-
ever, the UdR pulse labeling technique

seems to give a reliable indirect measure of
MTX uptake, as well as an indication of

the sensitivity of cells according to the ex-
tent of inhibition of UdR incorporation into
DNA.

Drug uptake studies with 4C-DDMP

gave results that did not correlate well with
the observed inhibition of UdR. The inhi-
bition of UdR incorporation caused by
DDMP is at an apparent steady state
within five seconds of drug addition.
DDMP usually concentrates one to two-
fold more during the several minutes fol-
lowing its initial high concentration associ-
ation with WIL-2 cells. In some experi-
ments this lack of correlation was even

more marked. For example, when 5 MM

DDMP was used, association increased
oven a period of 1-2 hours, whereas UdR

I Brown, 0. E. and W. D. Sedwick, unpublished

observations.
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4 Fyfe, M. J., 0. E. Brown, J. Laszlo and W. D.

Sedwick; unpublished observations.

inhibition was always immediate and con-

stant, or even decreasing, over a two hour
period. However, close inspection of Fig. 6

shows that at low concentrations of DDMP

(0.5 MM on less), an increasing amount of
UdR inhibition can be demonstrated with

time. Therefore, a facilitated transport

mechanism for DDMP could play a phar-
macologically important role at low DDMP
concentrations. Such a concentration-de-
pendent uptake relationship would be anal-
ogous to the transport of MTX, except that
the direct diffusion mechanism for MTX
appears to be operative at concentrations
above 20 MM (14). These concentration-de-

pendent transport differences are currently
under further investigation.

From the results of the experiment de-

scnibed in Fig. SB, it is clear that DDMP
does not directly inhibit UdR uptake by the
cell: DDMP stimulated the uptake of UdR
into the acid-soluble fraction in a concen-
tration-dependent manner. In other (un-

published) experiments we have shown that
like MTX, DDMP inhibition leads to mas-
sive accumulation of deoxyunidine mono-
phosphate (dUMP) in the cell, particularly
if an exogenous source of UdR is provided.
It must be assumed that DDMP immedi-
ately enters the cell to inhibit its target
enzyme(s) and prevents further anabolism
into DNA.

Reports on the transport of DDMP in
L1210 (15, 16) cells have documented a
kinetic for drug uptake of 50 MM DDMP
over a period of 15-30 minutes. This drug
concentration is five to ten times greater
than that which can be maintained in din-
ical studies ( 17) . Hill et a!. ( 15, 16) have
also shown that MTX and citrovorum fac-
ton (CF) compete with DDMP for cellular
uptake; all of these experiments were car-
ned out at 50 MM DDMP. It is difficult to
compare our studies carried out with 0.1 to

5.0 MM DDMP in WIL-2 cells with the L1210
experiments. Clearly, however, TMP syn-
thesis is immediately inhibited at the lower

drug concentrations. Furthermore, we have
not been able to demonstrate competitive
interaction between CF or MTX and
DDMP at these concentrations (unpub-
lished data). Moreover, it is important to
note that many factors influence DDMP

uptake which have little or no effect on
MTX uptake, so that studies of DDMP
uptake should be carried out in medium

identical to that used for metabolic studies.
Our laboratory has documented a marked
effect of constituents of the medium on
both uptake and metabolic inhibition of

this drug in both WIL-2 and human leu-

kemic cells.4 These experiments have
shown that proteins and other medium con-
stituents such as amino acids can reduce
DDMP effectiveness.

The primary target enzyme responsible
for DDMP inhibition of UdR incorporation
has not yet been convincingly demon-

strated. At this time, direct studies on pu-
rifled DHFR suggest the likelihood that
this enzyme is a principal target of DDMP

in the cell (18). Since the bound fraction of

DDMP is 100 times that observed with
MTX which binds quantitatively and spe-

cifically with very high affinity only to
DHFR in the cell, it is clear that DDMP is
binding to other sites in addition to DHFR.
Because of its high affinity for lipoproteins,
this is an expected observation and it does
not necessarily indicate that DDMP has

other specific cellular enzyme targets.
The immediate inhibition produced by

DDMP, however, implies that there is no
excess pool of methylenetetrahydrofolate
available to support thymidine monophos-

phate biosynthesis in the intact cell, or that
DDMP exerts a more direct effect on thy-
midylate synthetase, on one of the pyrimi-

dine kinases, or on another step leading to
incorporation of UdR into DNA.

In conclusion, pulse labeling and rapid

kinetic protocols with UdR give an indirect
but pharmacologically significant indica-
tion of both the level and the kinetics of
cellular response to antifolates such as
MTX and DDMP. Such studies can be
utilized to establish the potential for drug
inhibition, the differential response to a
drug in cells obtained from different sources
and, as we will show in further publications,
the effect of metabolites, media on plasma
components on drug transport and meta-
bolic inhibition. These protocols also may
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be useful for augmentation of biochemical
assays for in vitro testing of potential tumor
responses to antifolates.
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SUMMARY

SHEN, W. C. AND H. J.-P. RYSER. Poly(L-lysine) and poly(D-lysine) conjugates of

methotrexate: Different inhibitory effect on drug resistant cells. Mo!. Pharmacol.
16: 614-622 (1979).

Conjugation of methotrexate to poly(L-lysine) markedly increases its cellular uptake and
offers a new way to overcome drug resistance related to deficient transport. Conjugates
using poly(L-lysines) of molecular weights varying from 3,100 to 130,000 have comparable
effects on a drug resistant CHO cell line. Conjugates using poly(D-lysine), however, have
no effect on either resistant or normal CHO cells. Both the L- and D-isomeric conjugates
are taken up by cells in comparable fashion. Since even the biologically active conjugates
are poor inhibitors of dihydrofolate reductase (5,6,7,8-tetrahydrofolate:NADP� oxidore-

ductase; EC 1.5.1.3) in vitro, it is concluded that the conjugate must give rise in thecell
to a pharmacologically active breakdown product. Such a product can be detected in cells
exposed to the L-isomenic, but not in cells exposed to the D-isomenic conjugates. Excess
of poly(L-lysine) only moderately decreases methotrexate-poly(L-lysine) uptake but mark-
edly decreases its inhibitory effect on cell growth.

INTRODUCTION

Poly(L-lysine) is avidly taken up by cul-
tuned cells and can be used as carrier for
small as well as large molecules. When a
6,700 MW fragment of poly(L-lys)2 is con-
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ate; DHFR, dihydrofolate reductase (5,6,7,8-tetrahy-
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poly(L-lys), methotrexate conjugated to poly(L-lysine);
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balanced salt solution; CHO, Chinese hamster ovary
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jugated to horseradish peroxidase, it en-
hances by more than 400-fold the cellular
uptake of active enzyme (1, 2). When used
as carrier for covalently bound methotrex-
ate, a 70,000 MW poly(L-lys) increases drug
transport both in cells that are proficient
and deficient in MTX transport. In the
latter instance, a 200-fold increase in drug
uptake overcomes the drug resistance due
to transport deficiency (3). We have con-
jugated MTX to 60,000 MW poly(D-lysine)
and to poly(L-lys) of 4 different sizes and
tested these conjugates on 3 lines of
Chinese hamster ovary cells. In this paper
we present evidence that the growth inhib-

itory effect of MTX-poly(L-lys) requires the
intracellular breakdown of the conjugate

with subsequent liberation in the cell of a
small pharmacologically active MTX ad-
duct. We conclude that the biological effect

614
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of MTX-poly(L-lys) and MTX-poly(D-lys)
is limited not only by cellular uptake but

also by the intracellular digestion of the

conjugate. A preliminary report of this

work has been presented (4).

MATERIALS AND METHODS

MTX was obtained from Sigma Chemi-
cal C., St. Louis, MO and [3H] methotnexate

sodium salt (250 MCi, 18.5 Ci/mmole) was
purchased from Amersham Co., Arlington
Heights, IL. Poly(L-lysine) hydrobnomide,
MW 130,000, 70,000, and 20,000, as well as
poly(D-lysine) hydrobromide, MW 60,000
were purchased from Pilot Chemicals, Wa-

tertown, MA. Poly(L-lysine) hydrobromide,

MW 3,100 was purchased from the New
England Nuclear Corporation, Boston, MA.
Heparin, dihydrofolate reductase from bo-
vine liver and the chemicals required for its
assay were purchased from the Sigma
Chemical Co., St. Louis, MO. DHFR activ-
ity was measured by the method of Stanley

et al. (5). The tissue culture products were
purchased from Grand Island Biological
Co., Grand Island, NY. Two Chinese ham-

ster ovary cell lines, CHO Pro3 Mtx’01’ 5-
3 and CHO Pro4 MTX’41’ 4-5, character-
ized as MTX-resistant due to transport de-
ficiency (6, 7), were obtained from W. F.

Flintoff, University of Western Ontario,
London, Ont. They were grown as previ-

ously described (3).
Preparation of MTX-poly(L -lys) and

MTX-poly(D -lys,). MTX conjugates of
poly(L-lys) hydrobromide, MW 70,000 and
of poly(D-lys) hydrobromide (MW 60,000)
were prepared as previously described (3)

by the carbodiimide catalyzed coupling of
a carboxyl group of MTX with an amino
group of polylysine. A MTX-poly(L-lys)
conjugate of MW 70,000 was hydrolyzed in
6 N HC1 and subjected to amino acid anal-
ysis. The ratio of glutamic acid to lysine in

this conjugate was found to be 1:27, which
indicates that one in 27 lysyl residues was

covalently linked to MTX. Since a poly(L-
lys) hydrobromide of 70,000 MW contains
about 350 lysines, this ratio is in good agree-
ment with our previous estimate, that the

conjugate had approximately 13 molecules
of methotrexate per molecule carrier (3).
All the data presented here, except those of

Table 1, were obtained with MTX-poly(L-

lys) and MTX-poly(D-lys) of 70,000 and
60,000 molecular weight, respectively.

MTX conjugates of poly(L-lys) of 3,100,
20,000 and 130,000 MW were prepared by
the same method. These conjugates were
purified by either Sephadex G-50 or Seph-

adex G-25 gel filtration. The amounts of
MTX per mg of poly(L-lys) were almost
identical in all four conjugates. However, in
the case of conjugates with 3,100 molecular
weight, aggregates were found in the con-
centrated solution. Therefore, the stock so-

lution of this conjugate was filtered and the
concentration of MTX was measured be-

fore the addition to the cell culture medium.
Determination of cellular degradation

products in cultured cells. Methotrexate

resistant cells, Pro’3 Mtx’�” 5-3, were

grown in a flask (75 cm2) and were treated
with 1 x i0-� M of ‘HMTXpoly(L4ys) one

day before reaching confluence. After a 24-
hour exposure, the growth medium contain-
ing the radioactively-labeled conjugate was
removed and the cell monolayer was
washed twice with 15 ml balanced salt so-
lution. Cells were detached by brief trypsin-
ization, and collected by low speed centnif-
ugations. The cell pellet was washed three
times with 5 ml BSS and was dissolved in

1 ml of 0.01 M sodium phosphate buffer, pH
7 with l9� sodium dodecyl sulfate. A small

amount of unlabeled MTX (0.2-0.3 mg) was
added before cell lysis as the carrier for ‘H-
MTX in the cell extract. The cell solution
was then loaded onto a Sephadex G-25
column (1.5 x 24 cm) which had been equil-
ibrated with phosphate-SDS buffer and the
column was eluted with the same buffer.
Each 2 ml fraction was collected from the
eluent of the column and 0.5 ml aliquot
from each fraction was counted in a liquid

scintillation counter with 5 ml Aquasol. The
unlabeled MTX that was added to the cell
extract as carrier was detected by the mea-
surement of absorbance at 257 nm.

Cellular uptake of 3H-MTX and its

poly(L-lys) or poly(D-lys) conjugates by
CHO Pro3 Mtx’t� 53 cells. Monolayers of
CHO Pro3 Mtx’tt’ 5_3 cells were exposed
for 60 minutes at 37#{176}to 1 x i0�’ M :i�

MTX given as free on conjugated drug as
previously described (3). The L- and D-
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FIG. 3. intracellular degradation 0fMTX-poly(L -lys) MW 7O/TKXJ and MTX-polv(D -lys) MW6O/X.JO by CHO

Pro’13 Mtx’#{176}’5-3 cells exposed for 24 hr to 1 X 1O’ M of3H-MTX-poly�L -lys,) �upperpanel�) or 3H-MTX-poly(b-

lvs) (lou’er panel)

Cells lysates were chromatographed on a Sephadex G-25 column as described in MATERIALS AND METHODS.

Arrows indicate the column volume. The elution of unlabeled carrier-MTX was determined by absorption at

257 nm (- - - -). A radioactive degradation product is found to elute close to MTX (-5--).

radioactivity in each fraction, and the dot-
ted curves indicate the unlabeled MTX

added to the cell extract as carrier and
internal marker. The extract from MTX-

poly(L-lys)-treated cells shows a peak of
radioactivity representing about 25% of the

total, which elutes close to but somewhat
before the peak of MTX. This small molec-
ular material has not yet been identified,
but is believed to be a digestive product of
the conjugate, presumably a MTX-lysine
on MTX-oligolysine, responsible for the
growth inhibitory effect. The radioactivity
eluted at void volume suggests that 75% of
the cell-associated 3H-MTX-poly(L-lys)
was intact after 24 hours exposure. It is not

likely that this initial peak contains en-
zyme-bound MTX, since chromatography
was carried out in the presence of 1% SDS.
No intermediate MTX-peptides could be

detected.
Unlike its L-isomer, poly(D-lys) is not

susceptible to common proteolytic en-
zymes. It was of interest to test whether it
could substitute for poly(L-lys) as a carrier
for MTX. MTX-poly(D-lys) of 60,000 MW
containing the same amount of MTX per
unit weight was compared with MTX-
poly(L-lys) and free MTX for its effect on

the growth of Pro3 Mtx’� 5_3 and CHO
WTT cells. Figure 4 gives the results of a 4
day exposure to a uniform MTX concentra-
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of MTX-poly(L-lys) and MTX-poly(D-lys)

is limited not only by cellular uptake but
also by the intracellular digestion of the

conjugate. A preliminary report of this

work has been presented (4).

MATERIALS AND METHODS

MTX was obtained from Sigma Chemi-
cal C., St. Louis, MO and [:IHI methotrexate
sodium salt (250 MCi, 18.5 Ci/mmole) was
purchased from Amersham Co., Arlington
Heights, IL. Poly(L-lysine) hydrobromide,
MW 130,000, 70,000, and 20,000, as well as

poly(D-lysine) hydrobromide, MW 60,000
were purchased from Pilot Chemicals, Wa-

tertown, MA. Poly(L-lysine) hydrobromide,

MW 3,100 was purchased from the New
England Nuclear Corporation, Boston, MA.

Heparin, dihydrofolate reductase from bo-
vine liver and the chemicals required for its
assay were purchased from the Sigma
Chemical Co., St. Louis, MO. DHFR activ-
ity was measured by the method of Stanley

et al. (5). The tissue culture products were
purchased from Grand Island Biological
Co., Grand Island, NY. Two Chinese ham-

ster ovary cell lines, CHO Pro3 Mtx’t� 5�
3 and CHO Pro4 MTXIaLI 4_5, character-
ized as MTX-resistant due to transport de-
ficiency (6, 7), were obtained from W. F.
Flintoff, University of Western Ontario,
London, Ont. They were grown as previ-

ously described (3).
Preparation of MTX-poly(L -lys) and

MTX-poly(D -lys). MTX conjugates of
poly(L-lys) hydrobromide, MW 70,000 and
of poly(D-lys) hydrobromide (MW 60,000)
were prepared as previously described (3)

by the carbodiimide catalyzed coupling of
a canboxyl group of MTX with an amino
group of polylysine. A MTX-poly(L-lys)

conjugate of MW 70,000 was hydrolyzed in
6 N HC1 and subjected to amino acid anal-
ysis. The ratio of glutamic acid to lysine in

this conjugate was found to be 1:27, which
indicates that one in 27 lysyl residues was

covalently linked to MTX. Since a poly(L-
lys) hydrobromide of 70,000 MW contains
about 350 lysines, this ratio is in good agree-
ment with our previous estimate, that the
conjugate had approximately 13 molecules

of methotnexate per molecule carrier (3).
All the data presented here, except those of

Table 1, were obtained with MTX-poly(L-

lys) and MTX-poly(D-lys) of 70,000 and
60,000 molecular weight, respectively.

MTX conjugates of poly(L-lys) of 3,100,
20,000 and 130,000 MW were prepared by
the same method. These conjugates were
purified by either Sephadex G-S0 or Seph-

adex G-25 gel filtration. The amounts of
MTX per mg of poly(L-lys) were almost
identical in all four conjugates. However, in
the case of conjugates with 3,100 molecular
weight, aggregates were found in the con-
centrated solution. Therefore, the stock so-

lution of this conjugate was filtered and the
concentration of MTX was measured be-
fore the addition to the cell culture medium.

Determination of cellular degradation
products in cultured cells. Methotrexate

resistant cells, Pro3 Mtxt1U 53 were
grown in a flask (75 cm2) and were treated
with 1 x i0-� M of :IHMTxpoly(L4ys) one
day before reaching confluence. After a 24-
hour exposure, the growth medium contain-

ing the radioactively-labeled conjugate was
removed and the cell monolayer was
washed twice with 15 ml balanced salt so-

lution. Cells were detached by brief trypsin-
ization, and collected by low speed centrif-
ugations. The cell pellet was washed three
times with 5 ml BSS and was dissolved in

1 ml of 0.01 M sodium phosphate buffer, pH
7 with 1C% sodium dodecyl sulfate. A small

amount of unlabeled MTX (0.2-0.3 mg) was
added before cell lysis as the carrier for ‘H-

MTX in the cell extract. The cell solution
was then loaded onto a Sephadex G-25
column (1.5 x 24 cm) which had been equil-
ibrated with phosphate-SDS buffer and the
column was eluted with the same buffer.
Each 2 ml fraction was collected from the
eluent of the column and 0.5 ml aliquot
from each fraction was counted in a liquid

scintillation counter with 5 ml Aquasol. The
unlabeled MTX that was added to the cell
extract as carrier was detected by the mea-

surement of absonbance at 257 nm.
Cellular uptake of 3H-MTX and its

poly(L-lys) or poly(D-lys) conjugates by

CHO Pro3 Mtx’t� 5_3 cells. Monolayens of
CHO Pro3 Mtx’� 5-3 cells were exposed
for 60 minutes at 37#{176}to 1 x 10� M ‘H-

MTX given as free or conjugated drug as
previously described (3). The L- and D-




