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SUMMARY
Several mechanisms have been demonstrated to be indepen-
dently involved in methotrexate (MiX) resistance, including in-
creased dihydrofolate reductase (DHFR) activity, decreased
membrane transport, and decreased conversion to nonefflux-
ing polyglutamates by folylpolyglutamate synthetase. We con-
ducted the present study to test the hypothesis that nonpoly-
glutamatable antifolates with an N8-hemiphthaloyl-L-ornithine
side chain could be more potent than MTX against MTX-sen-
sitive and -resistant human carcinoma cells via tighter DHFR
binding, more efficient cellular uptake, the ability to bypass
defective polyglutamation, or a combination. Two nonpolyglu-
tamatable antifolates, N’�-(4-amino-4-deoxypteroyl)-N8-
hemiphthaloyl-L-ornithine (PT523) and the new B-ring analogue
�
benzoyl-N�-hemiphthaloyI-L-ornithine (PT61 9), were tested as
inhibitors of purified recombinant human DHFR and were found
to bind somewhat better to the enzyme than MTX as deter-
mined by competitive radioligand binding assay. PT523 and

PT61 9 were 9- and 14-fold, respectively, more active than MTX
as inhibitors of parental SCC25 human and neck squamous
carcinoma cell growth in 72-hr cultures. Moreover, there was an
even greater increase in relative potency against two previously
described MTX-resistant cell lines with an increased DHFR
content and a decreased ability to convert MTX to polygluta-
mates: SCC25/R1 (selected with MTX) and SCC25/CP (select-
ed with cisplatin but collaterally resistant to MIX). Both PT523
and PT61 9 very efficiently inhibited rH]MTX uptake by SCC25
cells in a 1 -hr assay, with PT523 being 1 1-fold more potent and
PT619 being 1 7-fold more potent than MTX. Greater inhibition
of [‘H]MTX uptake with PT523 and PT61 9 than with MTX was
also observed in SCC25/R1 and SCC/CP cells. However, the
increase in activity of PT523 and PT61 9 relative to MTX in
uptake experiments was less than that in growth-inhibition
assays, especially for SCC25/CP cells. This suggested that
additional cytotoxicity determinants may exist in these resistant
cells.

MTX is one of the first agents shown to be effective in

cancer chemotherapy, and it continues to play a central role
in the treatment of clinical human malignancies (1, 2). MTX

is best known for its efficacy against choriocarcinoma and

hematological malignancies and is considered to be one of the
first choices for treatment of head and neck squamous carci-

nomas when used either as a single agent or in combination

with other drugs, such as CDDP or bleomycin (2). A major
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obstacle in the clinical use of MTX, as with many other
anticancer drugs, is the ability of tumor cells to rapidly
become resistant. This problem is compounded by the very

steep dose-response curve of MTX, which restricts the phy-

sician’s ability to overcome resistance by administering an

increased dose. Thus, an urgent need exists for new antifo-
lates with greater potency, better selectivity, and a broader
spectrum of activity than MTX, especially against resistant

tumors.
The mechanism of action of MTh is related to its potent

inhibition of the enzyme DHFR, resulting in depletion of

cellular reduced folates and blockade of de novo thymidylate

and purine nucleotide synthesis. MDC enters cells via trans-
port systems that are concentrative, energy dependent, and

carrier mediated (3). Intracellular MTX is converted to a
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Fig. I . Structures of MTX, PT523, and PT61 9.

polyglutamated species whose chain length in a given cell
line appears to depend on the respective anabolic and cata-

bolic activities of two enzymes, folylpolyglutamate syn-

thetase and folylpolyglutamate hydrolase (4-9). Due to the

polyanionic character of MTh polyglutamates, efflux of these

species is markedly reduced in comparison with the parent

monoglutamate (10). Moreover, the longer polyglutamates of

MTX bind at least as tightly as the parent drug to DFHR but

dissociate more slowly from the enzyme (11, 12). Therefore,

changes in amount or ligand binding affinity of the target

enzyme DHFR, in membrane transport and intracellular me-

tabolism of the drug, or in one or more of these can alter the
sensitivity of tumor cells to MTX. Because there are no

known selective, nontoxic modulators with which to over-

come antifolate resistance by targeting these changes, as has

been possible for multidrug resistance (13), the development

ofnew side chain-modified antifolates whose ability to inhibit

growth is independent of the capacity of a tumor to form

polyglutamates has been attractive as a drug design strategy

(14-16). Among the numerous types of side chain-modified
analogues that we have previously synthesized, the most

promising have been those in which L-glutamic acid is re-

placed by N�-hemiphtha1oyl-L-ornithine (17-20). In the

present study, the mode of action of two of the most potently

cytotoxic compounds, FF523 and FF619 (Fig. 1), was exam-

med with the use of the previously described MTX-sensitive

human squamous cell carcinoma line SCC25 (21) and its

MTX-resistant sublines SCC25IR1 (22) and SCC25/CP (23-

26).

Materials and Methods

Cell lines and chemicals. The parental human squamous cell

carcinoma line SCC25 was originally established at the Dana-Farber
Cancer Institute (21). The SCC25IR1 subline was obtained by con-
tinuous exposure to increasing concentrations of MTh in the culture
medium, and its phenotype has been characterized (22). The

SCC25/CP subline was developed by repetitive pulse treatment of
SCC25 cells with CDDP (23-26). The SCC25/CP cells have also been

H2N N N ( �COOH

MTX

coOH

NH2

I x ,cH2NH
� �*(

H2N N Y

PT523: X=Y=N

PT619: x=ccl,Y=cH

called SCC25/CP[1] cells (25). SCC25fR1 cells were treated with 0.9

�.tM MTX for one week every other week and SCC25/CP cells were

treated with 0.1 mM CDDP for 30 mm once a month to maintain the

resistant phenotype. All experiments were carried out with cells kept

in drug-free medium for at least one passage (usually four or five

generations). The parental and resistant cells were grown under 6%
CO2 at 37#{176}in monolayer culture in Dulbecco’s modified Eagle’s

medium (GIBCO, Grand Island, NY) supplemented with 20% FBS

(Sigma Chemical Co., St. Louis, MO), penicillin/streptomycin, and
hydrocortisone (0.4 �g/ml). [3’,5’,7-3H]MTX was purchased from

Moravek Biochemicals (Brea, CA) and had a specific activity of 1

mCi/ml (19.3 Cilmmol) and a purity of >99% by high-performance
liquid chromatography. MTh was a gift from the National Cancer

Institute. CDDP was obtained as a solution (1 mg/ml) from Bristol-
Myers Squibb Company (Princeton, NJ). PT523 was synthesized in

our laboratory as described (17, 27). The synthesis of FF619 by

condensation of N”-(4-aminobenzoyl)-N�-phthaloyl-L-ornithine with
2,4-diamino-5-chloroquinazoline-6-carbonitrile and alkaline opening

ofthe phthalimide ring will be reported separately. Stock solutions of

1 mM MTX, 0.5 mM FF523, and 0.5 mM PT619 were made up in PBS,

pH 7.5, and kept at -20#{176}in the absence of light. Total protein

content of the cells was measured with the Bradford assay (28).
Isolation and purification of human recombinant DHFR.

Escherichia coli strain JM1O7 cells transfected with plasmid pDFR,

containing a restriction fragment of human DHFR cDNA and the
expression vector p}cK-223-3 with a hybrid tac promoter (29), were
kindly provided by Dr. M. Ratnam (Medical College of Ohio, Toledo,
OH). The enzyme was purified essentially as described (29) except
that MTX-agarose was used in the affinity chromatography step (30).

The final recovery of enzyme after MTX-agarose chromatography,

ultrafiltration (Amicon YM-lO membrane), and gel filtration (Seph-

adex G-75) contained -60% of the activity in the crude cell extract.
The final fraction used in binding and inhibition assays gave a single

band on 12.5% sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis and silver staining (Bio-Rad, Hercules, CA).

DHFR activity assay. Functional DHFR activity was assessed

spectrophotometrically (29). The decrease in molar absorbance at
340 nm due to reduction of H,PteGlu and concomitant oxidation of

NADPH was assumed to be 12,300 mollcm (31). Standard conditions
for the enzyme purification and titration were 50 mM TrisHCI/0.15 M

KC1, pH 7.5, containing 60 j.�M NADPH and 50 �tM H2PteGlu at 22#{176}
in a volume of 1 ml. The enzyme was kept on ice with NADPH for

-30 mm and then transferred to the cuvette with a 10-p1 aliquot of
inhibitor solution or drug-free control. After a 2-mm preincubation in
the cuvette at 22#{176},the reaction was initiated by the addition of the
H2PteGlu substrate (29). The three inhibitors were tested in parallel

to allow comparison under identical conditions, and a total of five
replicate analyses were performed on different days.

To compare DHFR activity among the three cell lines, cultures in

exponential growth were trypsinized, and iO� trypsinized cells were
washed three times with cold PBS containing 1 mg/mi BSA at 4#{176}(180
x g, 5 mm). Cell suspensions were then sonicated on ice (3 X 10 sec)

at a power setting of 35% (model 300, Fisher Sonic Dismembrana-
tor). After centrifugation (13,000 X g, 15 mm), the supernatant was

stored at -80#{176}and thawed as needed. To improve the sensitivity of
the measurement of DHFR activity in tumor cells, the assay condi-
tions were modified so that the stock buffer (50 mM TrisHCl/0.15 M

KC1, pH 7.5) contained 100 �tM NADPH, 20 �M H2PteGlu, and 4.5 mM

2-mercaptoethanol, and the reaction was carried out at 30#{176}(32). The
absorbance change at 340 nm was recorded for 1 mm for the activity

assay during purification of the recombinant enzyme, 2 mm for the
inhibition assays with antifolates, and 5 mm for the assay of enzymic

activity in cell extracts. Uncatalyzed NADPH oxidation was negligi-
ble under these conditions. One unit of enzyme activity was defined
in each case as the amount of enzyme required to convert 1.0 �.tmol

H2PteGlu to H4PteGlu in 1 mm.
Competitive DHFR binding assay. The assay, which measured

binding of [3H]MTX and nonlabeled antifolates to DHFR, with re-
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moval of excess nonbound drugs on charcoal, was performed accord-

ing to an improved separation procedure with disposable filters (33)

instead ofcentrifugation (34). The assay, which has been previously

described (33), was modified slightly. Briefly, to each Eppendorf

tube, we added sequentially th� following solutions: (a) 150 p.l water

containing 19 nCi l3H]MTX, (b) 200 .tl aqueous solutions containing
different dilutions of nonlabeled inhibitors, and (c) 50 pJ 0.5 M p0-
tassium phosphate buffer, pH 7.2, containing 2.7 munits DHFR and

800 �.tM NADPH. After equilibration of the mixture at room temper-

ature for 10 mm, 50 pi charcoal suspension was added (made up from
10 g activated charcoal, 2.5 g bovine serum albumin, and 0.1 g

high-molecular-weight dextran in 100 ml water, pH 7.2). One minute

after vortexing, the mixture was filtered into a counting vial through
a Gelman Acro-LC13 filter (0.45 �tm, Gelman Scientific, Ann Arbor,

MI). Radioactivity was counted in duplicate with a Beckman LS700
instrument in 10 ml Ready-Safe scintillation fluid (Beckman, Ful-

lerton, CA). Data were linearized by logit transformation (34), with
logit values of 0.0 and -2.2 corresponding to the IC50 and IC90,

respectively. The significance of differences between mean IC50 and

1C9() values for competitive inhibition of[3HIMTX binding by FF523,

FF619, and nonlabeled MDC was analyzed with a one-tailed, two-

sample Wilcoxon test using S Plus statistical software.

Cytotoxicity assay. The ability of MTX, FF523, and FF619 to
inhibit the growth ofcells was evaluated as described (35). Cells from

logarithmically growing cultures were seeded at a density of 5 X

10:3,0. 1 ml per well into a 96-well plate in Dulbecco’s modified Eagle’s

medium supplemented with 20% dialyzed FBS. Drugs were added

after 24 hr, and incubation was continued for an additional 72 hr. At

least 4 wells were used for each treatment. After incubation, the

medium was aspirated and replaced with 0.1 ml ofmedium contain-

ing 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (Sigma). The plates were then incubated for 4 hr at 37#{176},the

formazan crystals on the bottom of the wells were dissolved in

HCI/isopropanol, and absorbance at 560 nm was determined with a

Titertek Multiskan Plate Reader. Mean absorbances in replicate

wells were calculated, the mean value of relative absorbance (per-

centage of control) from 8-10 independent experiments was plotted

on semi-log paper, and the IC50 was determined as a function of

concentration.

[3HIMTX transport. For measurement of competitive inhibition

of ltHIMTX accumulation by nonlabeled MTX, FF523, and FF619,
cells in logarithmic phase of growth were detached by trypsinization
and washed twice with cold PBS containing 1 mg/ml bovine serum
albumin. The cell suspension was then filtered through a cell

strainer (model 2350, Falcon, Lincoln Park, NY) to remove cell

clumps. Cell pellets were resuspended at a density of 1 x 10�/0.5 ml
in Richter’s folate-free medium containing 20% dialyzed FBS, 2 mM

L-glutamine, and 0.4 j.tg/ml hydrocortisone. To each tube we added
an additional 0.5 ml Richter’s folate-free medium containing various
dilutions ofthe unlabeled inhibitors and sufficient 13H]MTX to bring

the final concentration to 0.2 j.tM. The rack containing the tubes was

shaken several times manually and placed into a shaking water bath

TABLE 1

for 1 hr at 37#{176}.To stop drug uptake, 4 volumes of ice-cold PBS were

added to each tube, and the cells were washed three times with cold
PBS (470 x g, 4#{176},5 mm). The pellets were then resuspended in 1 ml

of 1 N NaOH and digested overnight. After neutralization with an

equal volume of 1 N HC1, 0.8 ml of each extract was added to a

scintillation vial containing 20 ml Ready-Safe, and radioactivity was

counted in duplicate as described.

Results

Characteristics of the sensitive and resistant cells.

Several phenotypic traits of the wild-type SCC25 and the

resistant SCC25IR1 and SCC25/CP cells have been deter-

mined previously in this laboratory, including DHFR con-

tent, kinetics of MTh uptake, and sensitivity to MDC during

continuous exposure for -2 weeks (23, 26). As shown in Table

1, the IC50 obtained for inhibition of SCC25 cell growth by

MTX during a 72-hr incubation was 32 nM. The SCC25IR1

cells (IC50, 1100 nM) were 33-fold resistant, and the

SCC25/CP cells (IC50, 370 ni�i) were 12-fold resistant. DHFR
activity in lysates of the three cell lines, assayed spectropho-

tometrically at 340 nm at pH 7.5 and 30#{176}in the presence of

NAPDH, H2PteGlu, and 2-mercaptoethanol according to
Domin et al. (31), was found to be 0.62, 2.5, and 0.75 munits/

mm/mg protein in the SCC25, SCC25IR1, and SCC25/CP
cells, respectively. However, when activity was expressed on

a per-cell basis to correct for differences in protein concen-
tration, these values were 0. 15, 0.75, and 0. 17 munits/min!

106 cells for SCC25, SCC25IR1, and SCC25/CP cells, respec-

tively (data not shown). Thus, when expressed in this

manner, DHFR activity was 4-5-fold greater in SCC25IR1

cells than in the parental SCC25 cells, which is in qualitative

agreement with the previously determined 3.5-fold increase
in DHFR content based on radioligand binding (22). [3H]MTX

accumulation in the three cell lines was measured at 1 hr, a
time previously found to be near the end of the plateau of the

exponential uptake phase (22). The parental SCC25 cells
were found to contain 0.84 pmol/mg protein (0.20 pmol/106

cells) compared with 1.1 pmollmg (0.33 pmoL/106 cells) for the
SCC25IR1 cells and 1.2 pmollmg (0.27 pmoIJlO6 cells) for

SCC25/CP cells. Thus, uptake of MTX after 1 hr was slightly

greater in the two resistant sublines, although the difference
was <1.5-fold.

Interaction of the antifolates with DHFR. FF523 and

PT619 were compared initially with MTX in a standard spec-

trophotometric assay of dihydrofolate reduction in the pres-

ence ofNADPH and purified human recombinant DHFR (31)
and then with the use of a competitive radioligand binding

Characteristics of MTX-sensitive (SCC25) and MTX-resistant (SCC25/R1 ,SCC25/CP) human squamous carcinoma cells
DHFR activity. MTX accumulation, and MTX IC50 values are compared for each cell line (see Materials and Methods).

Cells Protein contenta DHFR activityb MIX uptake, 1 hrc MIX lC,0�’

�i.g/106 cells munits/min/mg protein pmol/mg protein n�
SCC25 240 ± 9 0.6 ± 0.1 (1.0) 0.8 ± 0.1 (1.0) 32 ± 1.4 (1.0)

SCC25/R1 300 ± 37 2.5 ± 0.4 (4.0) 1 .1 ± 0.2 (1 .3) 1 100 ± 190 (34)

SCC25/CP 220 ± 12 0.8 ± 0.1 (1.2) 1.2 ± 0.1 (1.4) 370 ± 30 (12)

a Measured by the Bradford assay (28) on lysates of exponentially growing cells. Data are mean ± standard error (n = 6).
b Activity was monitored spectrophotometrically at 340 nm in an assay mixture containing 20 pi.iH2PteGlu, 1 00 �M NADPH, and 4.5 m� 2-mercaptoethanol in 0.05

M Tris . HCI/0.1 5 M KCI buffer, pH 7.5, at 30#{176}.Data are mean ± standard error (n = 5). Numbers in parentheses are normalized relative to the parental SCC25 cells.
C Total intracellular radioactivity was determined after treating a suspension of trypsinized cells (1 06/ml) in Richter’s folate-free medium with 0.2 �eM rHIMTX for 1

hr at 37#{176}.Data are mean t standard error (n = 6). Numbers in parentheses are normalized relative to the parental SCC25 cells.
d Cells were plated at an initial density of 1 0#{176}/mIand incubated for 72 hr. Data are mean ± standard error (n - 6). Numbers in parentheses are normalized relative

to the parental SCC25 cells.
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Fig. 2. Inhibition of human DHFR activity by MTX, PT523, and PT61 9.
Points, mean ± standard error from five independent experiments.
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a IC50 values were determined from spectrophotometnc titration curves with

data points (mean ± standard deviation) plotted from five independent experi-
ments for each drug (compare with Fig. 2). Activity was monitored at 340 nm in
the presence of 50 � H2PteGlu, 60 �u�i NADPH, and 0.15 M KCI in 50 m�
Tns � HCI, pH 7.5, at 22#{176}.Numbers in parentheses are normalized relative to MiX.
DHFR activity in the absence of inhibitor was 7.7 ± 1 .2 munits/ml. The difference
in the lC�, values among the three inhibitors did not reach statistical significance
in this ass’ #{149}(p > 0.05, Student’s t test).

b IC� aou � values were determined with logit plots to linearize the pooled
binding data in Fig. 3. Four independent experiments were performed with each
drug, and statistical significance was assessed with a one-tailed, two-sample
Wilcoxon test.
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assay (33), which is performed without the presence of func-
tional substrates. The IC50 values of the compounds in the

spectrophotometric assay of enzyme activity were approxi-

mately the same (Table 2 and Fig. 2). In the competitive
inhibition assay of[3H]MTX binding(Fig. 3), the IC50 of MTX

was greater than that of FF523 at a statistical significance

level ofp = 0.014 (one-tailed, two-sample Wilcoxon test) and

was also greater than that of PT619 but only at p = 0.057.

The IC� ofMTX was also higher than that ofeither PT523 (p

= 0.057) or FF619 (p = 0.014).

Cell growth inhibition by FF523 and PT619. As shown

in Fig. 4 and Table 3, the IC50 values ofPT523 and PT619 as

inhibitors of the growth of wild-type SCC25 cells in a 72-hr

assay were 3.5 and 2.2 nr�i, respectively. The corresponding
values against SCC25/R1 cells were 46 and 34 nM, and those

against SCC25/CP cells were 7.3 and 5.2 nM. The increase in

potency of the analogues against the parental cells, relative

to MTX, was 9-fold for FF523 and 14-fold for PT619. In

contrast to the parental cells, FF523 was 23-fold more potent

than MTh against SCC25IR1 cells and 51-fold more potent

against SCC25/CP cells. Similarly, FF619 was 31-fold more

potent than MTX against SCC25IR1 cells and 72-fold more

potent against SCC25/CP cells. As a result, although the

SCC25IR1 cells were found to be 34-fold resistant to MTh,

their cross-resistance to FF523 and FF619 was only 13- and

15-fold, respectively. Similarly, SCC25/CP cells were 12-fold

resistant to MTh, but their cross-resistance to PT523 and

PT619 was only 2-fold.

Inhibition of [3H]MTX uptake by FF523 and Ff619.

To assess the relative ability of FF523 and FF619 to inhibit

MTX accumulation in cells, the amount of [3H]MTX in

SCC25, SCC25IR1, and SCC25/CP cells was measured after 1

hr of coincubation in the presence of different concentrations

of the nonlabeled drugs (Fig. 5). The extracellular [3H]MTX

concentration chosen for the experiment was 0.2 jkM. The 1-hr

point was chosen because this was previously found to be

near the uptake plateau in SCC25 cells (22).
As shown in Table 3, the IC50 for inhibition of [3H]MTX

uptake by unlabeled MTX in the parental 5CC 25 cells was

2.9 .tM, a value consistent with the Km/Ki values obtained for
MTX in various human tumor cell lines in culture (reviewed

TABLE 2

Interaction of PT523 and PT619 with purified human DHFR
Inhibition of enzyme activity was measured spectrophotometrically; enzyme bind-
ing in the absence of dihydrofolate substrate was measured by competitive
radioligand binding assay with [�H]MTX (see Materials and Methods).

Drug Spectrophotometric assaya
Competitiv e binding assayb

lC� lC�

flM flM

MTX 23 ± 7 (1 .0) 30 ± 5 (1 .0) 170 ± 27 (1.0)
PT523 21 ± 8 (1 .1) 21 ± 2 (1 .4) 130 ± 22 (1.3)
PT619 18±8(1.3) 15±2(2.0) 110 ±22(1.5)

Fig. 3. Inhibition of rH]MTX binding to human DHFR by MTX (nonla-
beled), PT523, and PT61 9. Points, mean ± standard error from four
independent experiments.

in Ref. 36). In comparison, the IC50 values of FF523 and

FF619 against SCC25 cells were 0.26 and 0. 17 �.tM respec-

tively; thus, these compounds were 11- and 17-fold better

inhibitors than MTX of [3H]MTX accumulation. The IC50
values obtained for MTX with SCC25fR1 and SCC25/CP cells
were 3.0 and 1.1 p.M, respectively. When relative abilities of
MTX and FF523 to compete with [3HJMTX uptake were
compared, FF523 was 18-fold more active than MDC in
SCC25IR1 cells and 25-fold more active in SCC25/CP cells.

Similarly, Ff619 was 26-fold better than MDC in SCC25IR1
cells and 31-fold better in SCC25/CP cells.

Discussion

Possible factors that may contribute to the higher poten-

cies of FF523 and FF619 relative to MTX in SCC25 cells
include tighter binding to DHFR and more efficient uptake.

Tighter DHFR binding was indicated by the lower IC50 and
IC90 of these nonpolyglutamatable analogues in the compet-

itive radioligand binding assay with [3HJMTX (Table 2 and

Fig. 3). Interestingly, both the IC50 and IC90 of FF619 in the
ligand binding assay were -‘20% lower than those of FF523,
suggesting that replacement of the 2,4-diaminopteridine

moiety by the 2,4-diamino-5-chloroquinazoline moiety was a
favorable modification where binding to DHFR was con-
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TABLE 3

Effect of PT523 and PT619 on SCC25, SCC25IRI, and 5CC25/CP
cell growth and MTX accumulation
The concentrations of drug required to achieve 50% inhibition of cell growth after
72 hr and 50% inhibition of [‘H]MTX accumulation after 1 hr were compared (see
Materials and Methods).

1(

0
4.’

C
0
C,

0

C
0

4.’
C,
(5
I-

0)
C

Cl)

a Data are average values from 9 or 10 independent experiments. The differ-

ence between MiX and PT523 and between MiX and PT619 was significant in all
three cell lines (p < 0.05); however, statistically significant difference (Student’s
test) was achieved between PT523 and PT619 only in SCC25 cells.

b RP = relative potency, calculated by dividing the lC� of P1523 or PT619 into
the lC� of MiX against the same cell line.

C lC� values were obtained from the plots shown in Fig. 5.
d The RP ratio was calculated by dividing the RP for 72-hr growth inhibition into

the RP for 1-hr MiX uptake inhibition.

Concentration (nM)
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Fig. 4. Growth inhibition of SCC25, 5CC25/R1 , and SCC25/CP cells

by MTX, PT523, and PT61 9. Points, mean ± standard error from 9 or 10
independent experiments.

cerned. Because it is well recognized that effective blockade
of cellular dTMP and purine nucleotide synthesis via deple-
tion of tetrahydrofolates requires that inhibition of DHFR
activity greatly exceed 90% (37), even a small incremental

difference in binding at or above the IC90 could be very
meaningful. It is noteworthy in this regard that the K1 of the

corresponding molecule with a glutamate side chain against
DHFR from murine L1210 leukemia cells is reported to be

32-fold lower than that ofaminopterin and 43-fold lower than

that of MDC (38). The stronger binding of FF523 and FF619
to DHFR in comparison with MTX is almost certainly due to

the N�-hemiphthaloyl-L-omithine side chain. Although the
exact reason for this difference is still not known, we believe

that it may reflect differences in the formation and isomer-
ization of the ternary complexes of the inhibitors with DHFR

and NADPH (39). As indicated in Fig. 1, the N�-hemiphtha-
loyl-L-ornithine moiety is more hydrophobic than the gluta-

mate side chain in classic antifolates. It is tempting to spec-
ulate that after the 2,4-diaminopteridine moiety of FF523 or
the 2,4-diaminoquinazoline moiety of PT619 binds to the
active site, additional favorable interactions can occur be-

tween the Na�hemiphthaloyl�L�ornithine moiety and hydro-

CelVdrug
Growth inhibi

lC50a

tion

RPb

[3HJMTX

1C50c

uptake

RP

RP ratiod

SCC25 flM �iM
MiX 32 (1 .0) 2.9
PT523 3.5 (1 .0) 9 0.26 1 1 1.2
PT619 2.2(1.0) 14 0.17 17 1.2

5CC25/R1
MiX 1100 (34) 3.0
P1523 46 (13) 23 0.17 18 0.8
PT619 34 (15) 31 0.12 26 0.8

SCC25/CP
MiX 370 (12) 1.1
PT523 7.3(2.1) 51 0.046 25 0.5

PT619 5.2 (2.4) 72 0.037 31 0.4

phobic residues just outside the active site. These additional
interactions may cause the inhibitor to dissociate less readily
from the active site, thereby allowing more time for isomer-

ization to a stable complex. It is also possible that the

hemiphthaloyl COOH group, which is further away from the

rest of the molecule than is the y-COOH group of MTX (see

Fig. 1), can more easily form an ionic bond with a basic lysine
)O or arginine residue in the DHFR.

Of the two possibilities just discussed, more efficient up-
take is supported by the following considerations: (a) FF523
and FF619 are more active than MTX as inhibitors of

[3H]MTX accumulation in MTX-sensitive as well as MTX-

resistant cells (Table 3 and Fig. 5); (b) other studies have

demonstrated a correlation between the cytotoxicity of FF523
and its ability to block the cellular uptake of an antifolate, in
this case, (6R)-DDATHF, in MTX-sensitive and -resistant

cells with a transport,/polyglutamation defect (19); and (c) a

general correlation between the uptake of antifolates and
their therapeutic efficacy has been demonstrated in a num-

ber of tumor cell lines both in vitro and in vivo (39).

Even when allowance is made for the fact that FF523 and

FF619 bind better than MTX to purified DHFR (Table 2),

their ability to compete with MDC for uptake into SCC25
cells is -��- 10-fold greater (Table 3 and Fig. 5). Moreover, this
difference persists, and may even be accentuated, in MTh-
resistant SCC25IR1 and SCC25/CP cell lines with increased

DHFR activity. In a previous study, we showed that unidi-

rectional influx of 0.2 �.tM MTh was slightly higher in

SCC25/R1 cells than in the parental line (22). Polyglutama-

tion was also defective, with only 69% nonpolyglutamated
MTh found in SCC25/R1 cells at 24 hr compared with 13% in

SCC25 cells. In addition, SCC25IR1 cells exhibited a 3.5-fold

increase in DHFR content as measured by [3HIMTX binding
assays on cell lysates. In SCC25/CP cells, a 2-fold increase in

DFHR and a decrease in polyglutamation (35% versus 10%
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Fig. 5. Inhibition of rH]MTX uptake (1 hr) by MTX, PT523, and PT61 9
in SCC25, 5CC25/R1 , and SCC25/CP cells. Points, mean ± standard
error from five independent experiments.

unchanged MTX) were observed, although unidirectional in-

flux in the presence of [3HIMTX was nearly the same as in
parental SCC25 cells (26). MTX resistance was therefore
ascribed in both cell lines to a combination of increased

DHFR activity and decreased polyglutamation, the latter of

which would decrease inhibition of several key folate-depen-

dent enzymes (40-44). The present findings suggest that

very efficient cellular uptake of FF523 and FF619 in compar-

ison with MDC may enable these compounds to substantially

overcome MTX resistance based on increased DHFR. More-

over, because they are incapable of forming polyglutamates

and their activity does not require polyglutamation, their
ability to inhibit cell growth is not affected by low folylpoly-
glutamate synthetase activity.

The results in Table 3 and Fig. 5 showing that FF523
efficiently inhibits cellular accumulation of MTX are consis-

tent with the hypothesis that FF523 uptake, like that of

MTh, uses the reduced folate carrier (18). The fact that

FF619 is also a potent inhibitor ofMTX uptake suggests that

this compound may likewise use this transport route. How-

ever, it remains to be determined whether FF523 and FF619

are taken up exclusively via this route, whether there exists

an alternative pathway not shared by MTX, and whether
tight binding can occur to a still-unidentified cellular com-

partment. Because decreased intracellular [3HIMTX is lin-
early correlated with the concentration of all three nonla-

beled antifolates in each cell line (Fig. 5), we lean toward the

first possibility, namely, that they are more efficiently taken

up via the MTX/reduced-folate carrier. Differences in cellular

accumulation among classic antifolates with a glutamate
side chain are known to be associated with differences in

influx (36, 38). However, compounds with similar influx rates

can also differ considerably in their rate of efflux. A notable
example is 5-chloro-5,8-dideazaaminopterin, the glutamate

analogue ofFF6l9, whose influx kinetics are not unusual but

whose first-order rate constant for efflux is exceptionally low

(38). Although the structural basis for this phenomenon is

not known, it is possible that slow efflux rather than rapid

influx is the critical determinant ofrapid accumulation in the

N�-hemiphthaloyl-L-ornithine derivatives used in the present

study. Direct kinetic measurements with radiolabeled FF523

or FF619, alone or in the presence ofdifferent concentrations
of nonlabeled MTh, would help answer this question and
shed light on whether a second transport route exists for

these compounds that does not use the MTX/reduced folate

carrier.

A major objective in the development of FF523 and related

compounds in our laboratory has been to bypass polygluta-
mation while retaining potent activity against DHFR. It is
anticipated that this class of agents will be useful against

tumors with either intrinsic or acquired MTh resistance,

especially where defective polyglutamation plays a major

role in the resistance phenotype (6, 45-50). Both SCC25IR1
and SCC25/CP cells show defective polyglutamation activity
(22, 26). Therefore, these cell lines were chosen to test the
hypothesis that FF523 and FF619 might be more active than

MTX because they can circumvent the polyglutamation de-

fect. Each compound proved to be more potent than MTX

against both cell lines (Table 3 and Fig. 4). Because defective

polyglutamation in the resistant cells can influence the ac-
tivity of MTX but not that of FF523 or FF619, the greater

potency of the latter compounds against SCC25IR1 and

SCC25/CP cells in comparison with MTX is most likely due to

this fundamental difference in mode of action.

The potencies of FF523 and FF619 as inhibitors of

[3HJMTX accumulation were likewise greater than that of

MTX in the MTX-resistant cells (Fig. 5), further attesting to

the importance of improved uptake as a determinant of cy-
toxicity. However, a slightly greater difference in relative
potency was observed for FF523 and FF619 as inhibitors of
cell growth than in their relative potency as inhibitors of

[3H]MTX accumulation. This was reflected in the relative

potency ratio, which was calculated by dividing the relative
potency for growth inhibition by the relative potency for MTX

uptake inhibition (Table 3), and presumably reflects the fact

that growth was measured over 72 hr, whereas MTh uptake
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was measured after only 1 hr, when polyglutamation typi-

cally has not yet reached the same stage (50). Interestingly,

the elevated DHFR activity in SCC25IR1 cells did not affect

the concentration of MTX required to inhibit [3H]MTX accu-

mulation at 1 hr by 50% (Table 3), whereas only -65% as

much FF523 or FF619 was sufficient to produce the same

effect. Similarly, although the MTX concentration required to
achieve 50% inhibition of [3H]MTX uptake at 1 hr in

SCC25/CP cells was 40% of the MTX concentration in the

parental cell line (1.1 �M versus 2.9 �tM), the IC50 ofFF523 or

FF619 in SCC25/CP cells was only -20% of the IC50 in
SCC25 cells (0.037 p.M versus 0.17 �tM).

Changes in sensitivity to MTh have been observed in 5ev-

eral tumor cell lines selected for resistance to CDDP and may

include either decreased responsiveness (collateral resis-
tance) (25, 26, 51, 52) or increased responsiveness (collateral

sensitivity) relative to the parental cells (53). Because com-

binations of MTh and CDDP are used clinically (2), it is
important to be aware of this potential drug interaction and

to identif�� or design antifolates that are less likely to be
involved in the collateral cross-resistance phenotype. Inter-
estingly, FF523 and FF619 are much more potent than MTh

against the MTX cross-resistant line SCC25/CP. This cell

line was derived by selection with CDDP (23), and neither
the parental SCC25 cell line nor the patient from whom it
was derived was ever treated with an antifolate. The 2-fold

greater relative potency of FF523 and FF619 versus MTX

against SCC25/CP cells compared with SCC25/R1 cells is
probably due in part to more efficient transport, as indicated
by the higher relative potency (Table 3). The mechanisms for

MTh resistance in most cases are multifactorial, and the

relative contributions of these mechanisms may vary with
the degree of resistance (45). Because the increase in DHFR
activity in SCC25/CP cells is only marginal (Table 1), the

12-fold resistance of these cells to MTX (Table 3) is probably
due to defective polyglutamation. The enhanced FF523 and
FF619 sensitivities of SCC25/CP cells in comparison with

SCC25IR1 cells could indicate that the relative contribution

of defective polyglutamation to the resistance phenotype of
the two cell lines is not the same.

With regard to other possible cellular properties of
SCC25/CP cells that could account for their MTX resistance,

a 2-fold increase in total protein sulfhydryl groups has been
observed in these cells relative to parental SCC25 cells, along

with a similar increase in glutathione transferase activity;
however, glutathione levels were not different in the two cell
lines (25). Free protein sulfhydryl groups on the cell mem-

brane are believed to be essential for MTX transport (54), and

elevated cellular glutathione levels are reported to be asso-
ciated with increased MTh accumulation (55). However,
these studies (54, 55) are limited to hepatocytes. Thus, a

causal relationship between the higher total protein sulfhy-

dryl groups and the greater activity of MTX, FF523, and

FF619 against SCC25/CP cells is possible but remains un-

proved.
In conclusion, the present study demonstrates that (a)

FF523 and FF619, two novel nonpolyglutamatable DHFR
inhibitors, are 9- and 14-fold, respectively, more potent than
MTh against the human head and neck squamous carcinoma
cell line SCC25; (b) the potency of these compounds relative
to MTX is further increased (-2-fold) against the subline

SCC25/R1 (selected with MTX) and is likewise increased

(-5-fold) against the subline SCC25/CP (selected with CDDP

and cross-resistant to MTX); and (c) the higher potency of
FF523 and FF619 against the parental cell line may be due to

a combination ofmore efficient uptake and tighter binding to
DHFR, whereas preferential cytotoxicity in the resistant sub-

lines may be related to the ability to bypass defective poly-

glutamation.
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