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Abstract-To study the influence of the level of dihydrofolate reductase (DHFR) on methotrexate 
(MTX) metabolism, the formation of methotrexate ooiveIutamates fM’IXPGsl and the retention of the 
drug were examined in Chinese hamster ovary celis (~U~Bli) jacking D&R and in control cells 
(CHO-UTC). Both cells accumulated MTXPGs poorty. After a 24-hr incubation with 1.0 M f3H]MTX, 
the level of total MTX in DUKXBll cells was 40% of that in CHO-UTC cells, reflecting the lack of 
DHFR-bound MTX and MTXPGs in the mutant cells. MTXPGs accounted for a higher proportion of 
the intracellular MTX in DUKXBll than in CHO-UTC ceIIs (2.5 vs 18%). Following exposure to 3.0 fl 
MTX for 24 hr, total drug levels were similar in both cell lines, and MTXPGs constituted even more of 
the intracellular drug in DUKXBll cells compared to CHO-UTC cells (34 vs 23%). DUKXBll cells 
accumulated longer MTXPGs (MTXGlu,,,) compared to CHO-UTC cells (MTXGlu&, following 
exposure to both 1.0 and 3.0 pM MTX. The longer MTXPGs in the mutant cells may have resulted 
from the lack of DHFR in them. Binding of MTXPGs to DHFR in CHO-UTC may interfere with their 
further polyglutamylation. When celfs were resuspended in drug-free buffer for 1 hr following a 24-hr 
incubation with MTX, the retention of drug was less in DUKXB11 cells (46%) than in CHO-UTC cells 
(78%), due mainly to a greater loss of unmetabolized MTX in the mutant cells (89%) than in control 
cells (26%). Nevertheless, the amount of non-exchangeable unmetabolized MTX retained in DUKXBII 
cells following exposure to 3.0 M MTX exceeded the MTX-binding capacity. These studies demonstrate 
that DHFR-deficient cells accumulated more and longer MTXPGs than control cells. In addition, they 
suggest that some unmetabolized MTX was retained in cells not bound to DHFR. 

MTXiI metabolism to poly- y-glutamyl derivatives has 
been demonstrated in a wide variety of cells, includ- 
ing human [l-S] and animal tissues [l, 6-111. 
MTXPG formation has been shown to be critical for 
MTX cytotoxicity (12-181. MTXPGs, particularly of 
long-chain length, have a prolonged retention in the 
cell in the absence of extracellular drug [9,10,12- 
14,19,20]. They bind to the target enzyme DHFR 
with an affinity equal to [4,7,10,12,21] or greater 
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lo-CHJPteGIu); DHFR, dihydrofolate reductase, EC 
1.5.1.3; MTXPG, methotrexate polyglutamate; MTX- 
Glu,, MTXPG containing 2 to 6 glutamyl residues; 
CHO, Chinese hamster ovary; FPGS, folate polygluta- 
mate synthetase; and TBAP, tetrabutylammonium 
phosphate. 

than 1221 that of MTX, and they have a slower 
dissociation from the enzyme compared to the parent 
drug 1201. These pha~a~olo~c properties of 
MTXPGs account for the prolonged inhibition of the 
synthesis of thymidylate [12-U] and of cell growth 
[12,13,15] after removal of extracellular drug. 

Since the formation of MTXPGs plays a deter- 
minant role in the cytotoxic action of the drug, the 
mechanisms by which cells control the synthesis of 
MTXPGs have been the object of intense research. 
Several factors that regulate their fo~ation have 
been identified. Synthesis of MTXPGs is dose and 
time dependent [3-5,13,17], differs from one tissue 
to another [6,11], and is increased in cells in log- 
arithmic growth [3,23,24]. 

Previous studies in this laboratory demonstrated 
that mutant MTX-resistant baby hamster kidney 
ceils, characterized by a high level of DHFR, 
accumulate high levels of MTX, but very low levels 
of MTXPGs compared to control cells [25]. These 
findings suggested that DHFR and FPGS compete 
for MTX entering the cell and that MTX bound to 
DHFR is not a substrate for MTXPG synthesis. 
In addition, it was reported that pretreatment of 
cultured Ehrlich ascites tumor cells with metoprine 
[2,4 - diamino - 5 - (3’,4’ - dichlorophenyl) - 6 - 
methyipyrimidine] to inhibit binding of aminopterin 
to DHFR, and thereby to increase the free intra- 
celfuiar drug level, rest&s in greater formation of 
aminopterin poIyglutamates [26]. 
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Recently it was shown that levels of DHFR in were incubated for an additional 1 hr in 5 ml of 
fresh human tissues, both malignant and normal, are Hanks’ solution (without MTX) [14] and then 
much lower than those found in animals and also in removed from the dishes as described above. After 
cells in culture, both of human and animal origin harvesting, cells were frozen and stored overnight at 
[27]. To examine further the influence of DHFR -20” or processed as follows. After thawing, cells 
on the metabolism of MTX, we have studied the were further disrupted by sonication (twice for 
formation of MTXPGs and the retention of MTX 15 set) using a sonic dismembrator (Fisher Co.). 
and MTXPGs in mutant Chinese hamster ovary cells Aliquots were taken to measure total radioactivity 
lacking DHFR [28]. In addition, this cell line allowed and protein concentration of cell extracts. Then the 
us to observe whether unmetabolized MTX can be protein was precipitated with 10% trichloroacetic 
retained in cells when not bound to DHFR. acid, followed by centrifugation at 3500 g for 10 min. 

MATERIALSANDMETHODS 

Chemicals. [3’,5’-7-3H]MTX (specific activity 18 
and 20 Ci/mmole) was obtained from Moravek Bio- 
chemicals, Inc. (Brea, CA) and was purified by 
Sephadex G-15 gel chromatography (Pharmacia Fine 
Chemicals, Uppsala, Sweden) [6]. The specific 
activity of the radiolabeled drug was adjusted to 6 
or 6.6 Ci/mmole by the addition of unlabeled MTX 
(Lederle Laboratories, Cyanamid Canada Inc., 
Montreal, Quebec). Modified Ham’s F12 medium 
and Hanks’ balanced salt solution were obtained 
from Flow Laboratories (McLean, VA) and fetal 
calf serum from Gibco Laboratories (Grand Island, 
NY). Authentic standards of 4-NH2-lo-CH3PteGluz 
to Glue were provided by Dr. C. M. Baugh 
(Department of Biochemistry, University of South 
Alabama, Mobile, AL) [29]. 

The sample was concentrated by passage through 
a Sep-Pak Cl8 cartridge (Waters Associates Inc., 
Milford, MA) [13,31]. The Sep-Pak was pre-rinsed 
with 2 ml of 100% methanol followed by 5 ml water, 
5 ml of solution A (5 mM TBAP and 10mM 
KH2P04, pH 5.5) and 5 ml water. The supernatant 
fraction was absorbed into the Sep-Pak, washed with 
5 ml water, and MTX and its derivatives were eluted 
with 2ml of 100% methanol. The eluate was dried 
under nitrogen and dissolved in 200 ,ul of solution 
A. Recoveries following Sep-Pak concentration and 
drying were 82.7 +- 6.4% of the radioactivity in the 
cell extract. There was no preferential loss of 
MTXPG standards during passage through the Sep- 
Pak. 

Acetonitrile (CHaCN) was purchased from the 
Fisher Scientific Co. (Fair Lawn, NJ), tetrabutyl- 
ammonium phosphate (TBAP) from the Eastman 
Kodak Co. (Rochester, NY) and Ready-Solv HP 
liquid scintillation fluid from Beckman Instruments, 
Inc. (Fullerton, CA). All other chemicals were of 
reagent or HPLC grade. 

Cell cultures. The studies were performed on 
mutant CHO cells lacking DHFR (DUKXBll), 
obtained from Dr. Lawrence Chasin [28] and in a 
control CHO line, a proline auxotroph obtained 
from Dr. W. F. Flintoff [30]. Both cell lines were 
grown in monolayer culture, in modified Ham’s F12 
medium containing glycine, hypo3tanthine and thy- 
midine, for which the DHFR-deficient mutant is 
auxotrophic. The medium was supplemented with 
10% fetal calf serum and 4mM L-glutamine. Cell 
counting was done in a Coulter Counter model ZF 
(Coulter Electronics Inc., Hialeah, FL) after detach- 
ing the cells from the flasks with 0.25% trypsin. Cells 
were plated at an initial density of 1.5 x lo6 cells/ 
10 ml on a 100 mm Petri dish and incubated at 37”, 
under an atmosphere of 5% COT95% air, for about 
24 hr before experiments were begun, to allow 
growth to be underway. 

Separation of MTX and MTXPGs was performed 
by HPLC using a Radial-Pak Cs column (Waters 
Associates) as described by Jolivet et al. [13]. The 
sample was eluted at 2 ml/min along a linear gradient 
of 20-29% CHsCN in solution A over 15 min, fol- 
lowed by increasing the concentration of CHsCN 
from 29 to 36% over the subsequent 25 min using 
an Automated Gradient Controller (Waters 
Associates), and an M-45 and a 6000A Solvent Deli- 
very System (Waters Associates). Fractions of 1 ml 
were collected and radioactivity was counted on a 
1215 Rack-Beta Liquid Scintillation Counter (LKB 
Wallac) . 

Intracellular accumulation of MTX and MTXPGs. 
Cells in logarithmic growth were exposed to 1.0 or 
3.OpM [3H]MTX in 5ml of modified Ham’s F12 
medium for the times indicated. At the end of the 
incubation period, the cells were rinsed rapidly three 
times with 10ml of ice-cold Hanks’ balanced salt 
solution (pH 7.4). 

For measurement of total intracellular MTX, the 
cells were scraped off the dish surface with a rubber 
policeman in 2 ml of the same solution. To measure 
non-exchangeable MTX and MTXPGs. rinsed cells 

MTX and MTXPGs were identified by co-chroma- 
tography with authentic standards (4-NH*-lo- 
CHsPteGlur to -Glu6), which were injected in a 2-~1 
volume with the sample. Their positions were deter- 
mined by monitoring U.V. absorbance at 313 nm 
(model 441 detector, Waters Associates). The mean 
recovery of labeled MTX and MTXPGs was 
89.9 2 17.1% of the radioactivity injected on the 
column. The chromatograms showed some 3H- 
labeled material that did not co-chromatograph with 
the authentic standards, and whose amount varied 
from one experiment to another. This undetermined 
material accounted for 22.5 ? 9.7% of the total 3H 
of the injected sample. The total amount of drug in 
the cell was calculated by subtracting the percent of 
contaminants of each sample from the total 3H of 
the cell extract. The intracellular distribution of 
MTX was calculated considering the percentage of 
each 3H-labeled fraction determined by HPLC, and 
the total amount of drug in the cell. The results were 
expressed as nmoles of MTX and MTX derivatives 
per g of protein ? one standard deviation. The 
protein concentration of the cell extracts was deter- 
mined by the method of Lowry et al. [32]. 

MTX-binding capacity. The level of DHFR in the 
cells was measured by [3H]MTX binding [33]. A 
standard of mammalian DHFR was obtained from 
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Incubation Time (HotUS) 
Fig, 1. Total and non-exchangeable MTX in CHO-UTC 
and DUKXBIl cells. CHO-UTC (A) and DUKXBll (B) 
cells were incubated in culture medium containing 1.0 @vf 
(‘Hf;Mm: for 1* 2,4,6 and 24 hr. Then the cells were rinsed 
three times with ice-coid Hanks’ solution, an& the totat 
~n~ra~~I~~Ia~ MTX was determined (S-4). Rep&ate 
plates were incubated for the same time intervafs, rinsed, 
and then incubated in MTX-free buffer for 1 hr [non- 
exchangeable MTX (O---O)]. Each point represents the 

mean of duplicate measurements, 

MTX-resistant mutant baby hamster kidney cells 
f25]. Aliquots of ~~~opra~rni~ extracts were incubated 
with from 3.0 to 6.0 nM f3HlMTX for IOmin at 
4’ in the presence of excess NADPH, followed by 
adsorption of the unbound f”H]lvlTX with dextran 
T-10 coated charcoal. 

RESULTS 

Growth of C'HQ ce@s. DUKXBll ceils grew at a 
slower rate than CHO-UTC cells; the doubling times 
were 23 + 3 and 17 i- 2 hr respectively (N = 5) 
(P < 0.0005). Increasing the concentration of thy- 
midine and hypoxanthine in the growth medium did 
not increase DUKXBll cell growth. As expected, 
cell growth was not affected by MTX, since both 
control and mutant cells were grown in medium 
containing end products of folate metabolism. 

DHFR Ievefs in CHU-UK and DUKXBI 1 cells. 
The levet of DHFR, measured by MTX binding 
capacity, was more than 2 logs lower in tfie mutant 
DHFR-deficient cells than in the wild-type. The 
MTX-binding capacity of CHO-UTC cells was 
6.20 t 1.06 nmales/g (N = 12), whereas that of 
DUKXBll cells was 0.05 & 0.03 nmoles/g (N = 3), 
The extremely low MTX binding capacity of the 
DUKXBll cytoplasm&z extract reffects the lack of 
DHFR in this mutant cell Iine. 

fntrffce&&t ~~~~~~aiio~ of total and of non- 
~~~~~~~~~~~e MTX. Drug levels accumulated in the 
c&s after exposure to I .O ,&4 [%jMTX for various 
periods of time over a 24-hr inBrva1 were deter- 
mined. As shown in Fig. 1, there was an initiaI;apid 
uptake of M’I’X. A steady-state level was achieved 

after 1-2 hr of incubation, with a further modest 
increase by 24 hr in both cell lines. Levels of total 
intracellular MTX were lower in DUKXBll than in 
CHO-UTC cells. When the cells were incubated in 
drugfree buffer for 1 hr following the various times 
of incubation with MTX, DUKXBll cells retained 
a lower proportion of the total intracellular MTX 
compared to CHU-UTC cells. As shown in Table I, 
the total MTX level in the DUKXEII cells after 
24 hr of incubation with I,0 PM MTX was 40% of 
that in CHO-UTC cells (P cs 0.0005). The level of 
non-exchangeable MTX in the mutant cells after a 
l-hr efflux following a 24-hr incubation with the drug 
was only 23% of that in control cells (P < 0.0005). 

MTXPG fcmnation. Following a 24-hr exposure 
of both ceil lines to l.O@M E3H]MTX, MTXPGs 
comprised 18 and 25% of the total intra~eIlular iMTX 
in CHQ-UTC and DUKXBlI cells respectively 
{Table 1). Despite the fact that DUKXBll cells 
accumulated less total intracellular MTX, a higher 
proportion of drug was present as MTXPGs. 
However, in absolute terms the amount of MTXPGs 
accumulated in the DUKXBlI cells was lower than 
in CHO-UTC ceils (P < O.Ol), since the total intra- 
cellular MTX was lower in the mutant cells (Table 

1). 
To increase the intracellular drug accumulated in 

DUKXEll cells, the level of extracellular MTX was 
increased to 3.0 @I. As shown in Table 2, the total 
intracellular MTX accumulated in DUKXBll cells 
increased and became comparable to that accumu- 
lated in CHO-UTC cells exposed to either 1.0 or 
3.OpM MTX. The increase in extracellular con- 
centration of MTX appears to have resulted in a 
greater a~umuIat~~n of MTXPGs in the DUKXBll 
eelIs than in CHO-UTC cells. MTXPGs represented 
a greater proportion of total intracellular MTX in 
DUKXBll cells than in CHO-UTC cells 
(P < 0.0005). 

liztracellular distribution of MTX and MTXPGs. 
The distribution of total MTX and MTXPGs fol- 
lowing exposure of both CHO cell lines to 1.0 and 
S,O,uM rad~olabeIed drug for 24 hr is illustrated in 
Fig. 2, With both concentrations, MTXGlu~ and 
MTXGlu, were the predominant forms of MTXPGs 
in CHO-UTC cells. In contrast, DUKXBll cells 
formed mainly MTXGlu3 and MTXGlu+ As shown 
in Table 1, following a 24-hr exposure to 1.0 ,uM 
MTX, DUKXBll cells accumulated a very low level 
of MTXGlu, compared to CHO-UTC cells 
(P < 0.0025). OR the other hand, the Ievei of 
MTXGlu, in DUKXBll cells was IO-fold higher 
than in CHO-UTC cells (P < O.ooOS). In addition, 
MTXG& was detected in the mutant cells, As shown 
in Table 2, after exposure to 3.0 PM MTX, the chain 
length of the MTXPGs increased in both mutant and 
control cells. Longer MTXPGs were again observed 
in the mutant cells, which accumulated small 
amounts of MTXGlu6. In addition, with the higher 
extracellular concentration of MTX, the differences 
observed in MTXGlq and MTXGfuq levels between 
these two cell lines remained significant (P < 0.005 
and P < 0.~5 respectively). 

C~~~~~~t~o~ ctf #u~-~xch#ngeub~~ MTX and 
derioatiues. Exposure of the cells to l.Ofl MTX 
for 24 hr, followed by incubation in drug-free bufftzr 

BP 36:7-H 
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Table 1. Total and non-exchangeable MTX and MTXPG levels in CHO-UTC and DLJKXBll after incubation of cells 
in 1.0 FM rH]MTX for 24 hr 

Intracellular MTX and MTX derivatives (nmoles/g) 

Cell 
line 

Time of 
efflux 

Total 
MTX MTX 

MTX 
Gluz 

MTX 
Glu, 

MTX 
Glu4 

MTX 
Glur 

Total 
MTXPGs 

CHO-UTC 6.59 t 0.39 5.42 5 0.26 0.55 -c- 0.21 0.59 h 0.22 0.03 It 0.03 1.17 lr 0.28 
(82 -c 4)* (8 r 3) (9 s 3) (0.5 + 0.5) (18 -c 4) 

CHO-UTC 1 hr 5.14 I?r 0.59 3.99 z! 0.33 0.52 * 0.03 0.61 ‘- 0.26 0.02 rt 0.02 1.15 r 0.30 
(78 2 3) (10 r 1) (12 t 4) (0.5 + 0.3) (22 i 3) 

DUKXBll 2.61 IO.21 1.97 t 0.26 0.02 -+ 0.03 0.31 t 0.02 0.29 -+. 0.04 0.02 c 0.01 0.64 i_ 0.08 
(75 c 4) (1 lr I) (12 4 1) (11 t 2) (0.8 4 0.3) (25 -c 4) 

DUKXBll 1 hr 1.20 r 0.28 0.21 a 0.11 0.42 f 0.06 0.50 2 0.11 0.07 c 0.03 0.99 2 0.18 
(17 2 6) (36 * 5) (41 t 3) (6 2 1) (83 rt 6) 

Following a 24-hr incubation in culture medium containing 1.0 @I [‘HJMTX, cells were rinsed three times with ice- 
cold Hanks’ solution, and the cell extracts were analyzed for radioactivity (total intracellular MTX). Cells in replicate 
plates were rinsed, resuspended in MTX-free buffer for 1 hr and extracted (non-exchangeable MTX). The intracellular 
distribution of MTX and MTXPGs was determined by HPLC as described in Materials and Methods. Each value 
represents the mean -t one standard deviation (N = 4). 

* Percent of total MTX. 

Table 2. Total and non-exchangeable MTX and MTXPG levels in CHO-UTC and DUKXBll after incubation of cells 
in 3.0 @f [‘H]MTX for 24 hr 

Cell 
line 

Time 
of Total 

efflux MTX 

Intracellular MTX and MTX derivatives (nmoles/g) 

MTX Total 
Glu:, Glu3 Gl& Glq Glu6 MTXPGs 

CHO- 6.8221.15 5.2750.93 0.6220.26 0.74-eO.07 0.12~0.02 0.07t0.04 1.55 ? 0.29 
UTC 

(77 a 2)* (9 -c 3) (II * 1) (2r0.5) (120.6) 
CHO- lhr 4.52rt0.66 3.1O-CO.40 0.52*0.19 0.72kO.17 0.09*0,03 0.09?0.05 
UTC 

(23 + 2) 
1.42 t 0.30 

(69 ‘- 3) (11 rt 3) (16 2 2) (2 * 0.7) (2” 1.6) (31 Ifi 3) 
DUKX 5.9Or0.77 3.90’-0.54 024~0.06 0.92a0.15 0.68r0.08 0.13+0.09 0.03~0.07 2.00~0.30 
Bll 

(66&3) (4 2 1) (1622) (12 rt 2) (2 + 1) (0.04 t 1) (34 + 3) 
DUKX lhr 2.321t0.63 0.45-CO.18 0.14r0.05 0.7920.29 0.721tO.21 0.17+0.13 O.OSt0.13 1.87kO.46 
Bll 

(19 2 3) (6kl) (34 f 7) (312 5) (8 2 7) (3 ” 6) (814 3) 

The cells were incubated for 24 hr with 3.0 PM [3H]MTX. The total and non-exchangeable MTX and MTXPGs in the 
cell were determined as described in Table 1. Results represent means 2 one standard deivation (N = 6). 

* Percent of total MTX. 

for an additional 1 hr, resulted in a lower retention 
of total MTX in the DUKXRll cells than in the 
CHO-UTC cells (46 vs 78%) (Table 1). This dif- 
ference was due to a much lower retention of 
unmetabolized MTX in DUKXBll cells compared 
to CHO-UTC cells (11 vs 74%). MTXPG pools 
remained essentially the same after 1 hr efflux in 
CHO-UTC, but increased in DUKXBll cek When 
cells were incubated with 3.0 $v+ MTX for 24 hr, 
followed by incubation in drug-free buffer for 1 hr, 
the fall in unmetabolized MTX was again greater in 
DUKXBll than in CHO-UTC cells (12 vs 59%). 
There was no measurable change in quantity or 
distribution of MTXPGs in either cell line (Table 2). 

the level of exchangeable MTX in DUKXBll cells 
was higher than in CHO-UTC cells (3.58 vs 
2.30 nmoles/g) (Table 2). Thus, the amount of MTX 
not bound to DHFR increased more in DUKXBll 
cells following exposure to 3.OpM MTX than in 
CHO-UTC. 

Retention of MTX in DUKXBlI cells. The levels 
of unmetabolized MTX retained after 1-hr efflux in 
DUKXBll cells incubated with 1.0 and 3.O$Lf 
MTX were 0.21 rt 0.11 and 0.45 f O.l8nmoles/g 
respectively, both greater than the MTX-binding 
capacity of the cell supernatant fraction (0.05 k 
0.03 nmole/g protein) measured in that cell line by 
[3H]MTX binding. 

The level of exchangeable MTX after a 24-hr To determine whether these levels of non- 
incubation with 1 .O PM MTX was similar in both cell 
lines (1.45 nmoles/g in CT-IO-UTC and 1.41 nmoles/ 

exchangeable unmetabolized MTX in DUKXBll 
cells reflected a slow rate of loss of MTX, the time 

g in DUKXBll cells) (Table 1). With 3.0 PM MTX, course of efflux of MTX was studied in DUKXBll 
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1.0 PM MTX 

:I 1 ’ ’ CHO-“TC [ DUKXBll 

CHO-UTC 

La 
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Fraction 

MTX 

1 13:: 

OUKXBll 

:,L, 
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Fig. 2. Accumulation of total MTX and MTXPGs in CHO- 
UTC and DUKXBll cells. Shown are HPLC chromato- 
grams of CHO-UTC and DUKXBll cell extracts after 
incubation of the cells with 1.0 and 3.0 @4 [)H]MTX for 
24 hr. Arrows numbered l-5 represent the position of 

elution of MTXGIU,_~ standards respectively. 

10 0 r 

TOM MTX 
MTX-ffi 

MTX 

01 I, 
I I I I 

0 15 30 60 90 

Efflux Time (Minutes) 

Fig. 3. The non-exchangeable MTX pools as a function of 
time of efflux. DUKXBll cells were incubated with 3.0 fl 
[3H]MTX for 24 hr, rinsed three times with ice-cold Hanks’ 
solution, and incubated for 15,30,&l and 90 min in MTX- 
free buffer. Results represent the mean 2 one standard 
deviation (N = 4). Note that the level of MTX remaining 
after efflux exceeds the MTX-binding capacity of the cell 

supernatant fraction (0.05 f 0.03 nmole/g protein). 

cells following 24-hr incubation with 3.0 fl MTX. 
As shown in Fig. 3, loss of intracellular MTX was 
greatest during the first 15 min of efflux after which 
a constant level of MTX was maintained. Most of 
the drug loss was due to efflux of unmetabolized 
MTX, whereas the MTXPG pool did not change 

(Fig. 3). The level of non-exchangeable unmetab- 
olized MTX in DUKXBll cells was higher than the 
level of DHFR in these cells throughout the efflux 
period studied. 

DISCUSSION 

The present study describes the metabolism of 
MTX in mutant CHO cells lacking DHFR compared 
to control cells. The extremely low level of DHFR 
detected in DUKXBll cells was similar to the value 
reported previously from this laboratory [34]. Since 
a very concentrated cell extract was needed to detect 
[3H]MTX binding, results may, in part, reflect non- 
specific binding. In addition, since the counts 
obtained were only twice background, the true level 
of DHFR in DUKXBll may be even lower than 
reported here. The DHFR level found in the CHO- 
UTC cells was slightly higher than that previously 
reported from this laboratory [34], but in agreement 
with that reported by Urlaub and Chasin [28]. 

Both control and mutant CHO cells accumulated 
MTX rapidly with little additional increase after the 
first 1-2 hr of incubation (Fig. 1). This suggests that 
the level of DHFR did not increase greatly during 
incubation with MTX. Non-exchangeable MTX also 
did not increase much with prolonged incubation. 
These results reflect the low capacity of these CHO 
cells to accumulate MTXPGs. By contrast, H-35 
hepatoma cells [8] showed an extended linear uptake 
of MTX with extensive conversion of MTX to 
MTXPGs. Similarly, human fibroblasts [14] and 
Ehrlich ascites tumor cells [lo] demonstrated an 
increase of non-exchangeable MTX with time of 
incubation that paralleled the rise in MTXPGs. 

Compared to other cells reported in the literature, 
including H-35 rat hepatoma cells [8], rat hepatocytes 
[9], human fibroblasts [3], human breast cancer cells 
[4,13], and leukemic cells [5,35,36], CHO cells 
synthesized MTXPGs poorly, despite careful pre- 
cautions to prevent their in vitro hydrolysis. The 
explanation of this phenomenon is not yet clear. 
Several factors are known to contribute to low 
MTXPG formation. These include decreased uptake 
of MTX, increased intracellular folates, reduced 
activity of FPGS, or increased hydrolysis of 
MTXPGs by y-glutamyl hydrolases. Previous studies 
have shown that the accumulation of MTX differs 
among different tissues [6,11]. Moreover, it has been 
suggested that tumor cells synthesize more MTXPGs 
than normal tissues [ll]. These differences in the 
accumulation of MTXPGs appear to be an important 
element in MTX selectivity and cytotoxicity [16]. 

DUKXBll cells accumulated lower amounts of 
total MTX than control cells. The slower growth rate 
of DUKXBll may partially explain this observation. 
More likely, it represents the lack of MTX and 
MTXPGs bound to DHFR in the mutant cells. Pre- 
vious studies showed that exposure of cells con- 
taining a high level of DHFR, such as L1210 mouse 
leukemia cells [7], and MTX-resistant baby hamster 
kidney cells 1251 to MTX results in the accumulation 
of very high levels of intracellular drug, not due to 
the synthesis of MTXPGs but to drug bound to 
DHFR. 
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DUKXBll cells accumulated proportionately 
more MTXPGs than control cells. This greater syn- 
thesis of MTXPGs in cells lacking DHFR may have 
been the result of a higher level of free intracellular 
MTX in DUKXBll cells. Previous studies in this 
laboratory have suggested that MTX bound to 
DHFR is not a substrate for MTXPG synthesis 
[7,25]. Other studies have suggested that exchange- 
able MTX is required for polyglutamate synthesis 
[9]. In this regard, our results showed that exchange- 
able MTX, representing MTX not bound to DHFR, 
increased in the DUKXBll cells following exposure 
to 3.0pM compared with l.OpM MTX and was 
associated with a greater accumulation of MTXPGs. 

Several studies have demonstrated that slowly pro- 
liferating cells accumulate lower amounts of 
MTXPGs [3,23,24]. In this study, other factors 
already mentioned played a more important role, 
since DUKXBll cells, despite a slower growth rate, 
formed greater amounts of MTXPGs. Previous stud- 
ies from this laboratory failed to demonstrate that 
DUKXBll cells form greater amounts of MTXPG 
than control cells [34]. These studies used a 2-hr 
incubation in 1.0 yM MTX, conditions now known 
to be unlikely to show a difference. 

It is of interest that DUKXBll cells formed 
MTXPGs of longer chain-length than did control 
CHO-UTC ceils after in~bation with either 1.0 or 
3.0 PM MTX and despite their slower growth rate. 
Previous studies have reported formation of longer 
MTXPGs in relation to lower extracellular drug con- 
centrations [37], and in cells with rapid growth [24]. 

We believe the accumulation of longer MTXPGs 
in the DUKXBll cells is due mainly to their lack of 
DHFR. Previous studies have shown that MTXPGs, 
once formed, replace unmetabolized MTX on 
DHFR [ 10,12,20]. In mutant cells, both MTX and 
MTXPGs constituted a substrate pool for poly- 
glutamate synthesis. By contrast, some of the 
MTXPGs formed in CHO-UTC eelIs would bind 
to DHFR and in that state would not be further 
polyglutamylated. The greater retention of 
MTXGlu2 in CHO-UTC cells after efflux suggests 
that it is bound to DHFR. 

These results have a bearing on MTX metabolism 
in fresh human tissues, which have been found to 
have a lower IeveI of DHFR than animal tissues 
and cells in culture [27]. Low levels of DHFR may 
contribute to the extensive synthesis of MTXPGs in 
lymphoblasts from children with acute lymphoblastic 
leukemia. In these cells, the predominant species 
wasMTXGluS. (V. M. Whitehead, D. S. Rosenblatt, 
M. J. Vuchich and D. Beaulieu, unpublished 
observation). 

The present study shows that DHFR plays an 
important role in the retention of MTX in cells. 
When cells were resuspended in drug-free buffer 
following incubation with MTX, DUKXBll retained 
a lower proportion of drug, due to a greater loss of 
unmetabolized MTX. Unmetabolized MTX rapidly 
leaves cells after removal of the extracellular drug 
(Fig. 3). Of interest was the finding that DUKXBll 
ceils retained unmetabolized MTX in excess of their 
measured MTX binding capacity. This was par- 
ticularly evident following exposure to 3.0 PM MTX 
(Table 2). Efflux studies showed that loss of 

unmetabolized MTX was rapid and confirmed that 
the level of unmetabolized MTX retained in the cell 
exceeded the MTX-binding capacity (Fig. 3). These 
findings show that some unmetabolized MTX was 
indeed retained in DUKXBll, rather than that 
apparent retention was due to slow drug efflux. 

It has been reported that MTX increases DHFR 
levels in cultured cells as well as in cells of patients 
treated with the drug [20,38-40]. Although it is 
possible that an increase of DHFR-binding,capacity 
occurred during 24”hr incubation of cells with MTX, 
it is unlikely because the mutant cells have a lesion 
at the DHFR locus [27]. In addition, total MTX 
levels did not increase progressively over 24 hr in 
CHO-UTC cells exposed to MTX (Fig. 1). It seems 
likely therefore that DUKXBll cells retain some 
unmetabolized MTX bound to the cell membrane or 
within cell particles. Further studies are necessary to 
clarify this observation. 
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