
Gene Expression, Vol. 6, pp. 231-239, 1996 
Printed in the U SA . All rights reserved.

1052-2166/96 $10.00 +  .00 
Copyright ® 1997 Cognizant C om m . Corp.

Isolation and Characterization o f a 
Dihydrofolate Reductase Gene Mutation in 

Methotrexate-Resistant D r o s o p h i l a  Cells

HONG HAO, MICHAEL G. TYSHENKO, AND VIRGINIA K. WALKER1

Department of Biology, Queen's University, Kingston, Ontario, Canada K7L 3N6

Stepwise increases in methotrexate (MTX) concentration over a 4-year period led to the selection of a 
highly drug-resistant (2 x 10-4 M MTX) Drosophila cell line. Uptake experiments with [3H]MTX showed 
a slightly lower level of intracellular MTX in the resistant S3Mtx cells than in the susceptible S3 parental 
cell line. Southern blot analysis demonstrated that the gene for the MTX target, dihydrofolate reductase 
(DHFR), was not significantly amplified in the resistant line. To determine the molecular basis for 
resistance, the DHFR cDNA sequence was amplified by polymerase chain reaction from both the resistant 
and susceptible cells. Sequence comparison revealed a single T to A base change at nucleotide 89, which 
resulted in the substitution of Gin for Leu at residue 30 in S3Mtx cells. Expression and purification of the 
wild-type and mutant DHFR from E. coli cells showed that the S3Mtx enzyme had a reduced binding 
affinity for the antifolates, MTX and trimethoprim, with 15-fold higher Kd and K{ values than those from 
the wild-type enzyme. Molecular modeling confirmed that the replacement of the hydrophobic Leu by the 
more polar Gin was in the substrate binding site and thus would decrease the binding of MTX. These 
results suggest that the high level of MTX resistance in the selected cell line can be attributed to the 
mutation in the DHFR gene and also provides a model for pesticide resistance in insects.

Methotrexate resistance Drosophila cells Dihydrofolate reductase Gene mutation

THE enzyme dihydrofolate reductase (DHFR,
5,6,7,8-tetrahydrofolate: N ADP oxidoreduct ase, 
E.C.1.5.1.3.) catalyses the NADPH-dependent re
duction of 7,8-dihydrofolate to 5,6,7,8-tetrahy- 
drofolate. The enzyme is necessary for maintain
ing intracellular pools of tetrahydrofolate, which 
is an essential carrier of one-carbon units in the 
biosynthesis of thymidylate, purines, and several 
amino acids. DHFR is the target enzyme of antifo
late drugs, such as methotrexate (MTX) and tri
methoprim (TMP), which are widely used as anti
cancer and antimicrobial agents.

The development of acquired resistance to 
MTX in cultured mammalian cells has been well 
studied at the genetic and molecular level. Many 
of these studies have used cell lines in which the 
resistance to MTX is the result of DHFR gene

(Dhfr) amplification, associated with the produc
tion of large quantities of DHFR (2,11,18,28, 
30,38,44,46,49). Equally important, though less 
frequent than resistance due to gene amplifica
tion, is the decreased transport of MTX (10,17, 
20,22,24,50) and alteration of DHFR structure 
(3,16,25,27,42) as well as other mechanisms. A 
single amino acid substitution can result in a re
duced binding affinity to MTX (8,9,14,18,43) in 
addition to ligand binding and chemical catalysis
(4,21,23).

In contrast to the understanding of MTX resis
tance in mammalian systems, little is known about 
the mechanism of resistance in insect cells. This is 
curious considering the importance of insect resis
tance mechanisms in the management of agricul
tural pest insects and vectors of human disease.
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The only example that has been studied, hitherto, 
is a 3000-fold MTX-resistant mosquito cell line in 
which resistance was accompanied by the amplifi
cation of Dhfr to 1200 copies per nucleus (40,41). 
In this study, sequence information, kinetic analy
sis, and protein modeling indicate that an altered 
DHFR is associated with the high level of MTX 
resistance. The molecular explanation for drug re
sistance in this case thus parallels recent findings 
for some insecticide resistance phenotypes.

MATERIALS AND METHODS 

Cell Line and Culture Conditions

Drosophila S3 cells were cultured at 25 ± 1 °C 
in Schneider’s Drosophila medium modified with 
L-glutamine (Gibco Laboratories, Grand Island, 
NY) supplemented with 10% fetal bovine serum 
(FBS) and 50 units/ml penicillin, 50 /xg/ml strep
tomycin. A MTX-resistant Drosophila cell line, 
S3Mtx, was selected by stepwise increases of MTX 
(Sigma Chemical Co., St. Louis, MO) concentra
tion from 1 x 10-7 to 2 x 10-4 M over a period 
of 4 years. This regime resulted in a 2000-fold 
higher level of resistance in the S3Mtx cells than in 
the parental wild-type S3 cells.

M TX Transport

Logarithmically growing cells (S3 and S3Mtx) 
were collected and resuspended in MTX uptake 
medium (Schneider’s Drosophila medium with 
10% FBS and 0.01 M HEPES, pH 7.4) at a con
centration of 5.6 x 106 cells per ml. [3H]MTX 
(14.6 Ci/mmol, 32.1 mCi/mg; Amersham, Oak
ville, Ont.) was added (4.5 fxCi), together with un
labeled MTX, to final concentration of 2 x 10~7 
and 2 x 10"4 M. Aliquots of cells were taken over 
the 90-120-min time course (see Results), washed 
in cold PBS, and assayed for [3H]MTX as de
scribed by Flintoff et al. (13). Protein concentra
tion was determined with the BCA protein assay 
(Pierce, Rockford, IL) using bovine serum albu
min as the standard.

Southern Analysis

DNA (6 ixg) from S3Mtx cells and S3 cells was 
digested with Kpnl and Sail restriction enzymes 
(BRL, Burlington, Ont.), electrophoresed through 
0.7% agarose, and transferred by capillary blot
ting to nylon membrane (Hybond-N, Amersham). 
The blot was hybridized with nick translation- 
labeled (BRL, Burlington, Ont.) Drosophila 
DHFR cDNA (19) according to the membrane

manufacturer’s recommendations and finally 
washed under conditions of high stringency (1 x 
SSPE, 0.1% SDS at 65°C for 15 min, then 0.1 x 
SSPE, 0.1% SDS at 65°C for 15 min). The blots 
were stripped and subsequently hybridized with a
1.6 kb Drosophila a-tubulin cDNA (26). The rela
tive signal strength in each lane was determined 
using a scanning densitometer (Hoeffer GS 300).

Cloning and Sequencing o f DHFR cDNA

Two 17-oligonucleotide primers (CCGGATC 
CATGCTTCGATTCAATTTA and CCGAATT 
CTTATGAGTGTTTCTCCAAAA) correspond
ing, respectively, to the sequence at the 5' (includ
ing the addition of a BamWl linker) and 3' end 
(including the addition of a iscoRI linker) of the 
Drosophila Dhfr coding region [(19); from adult 
flies], were used to amplify cDNA from S3 and 
S3Mtx cells. Polymerase chain reaction (PCR) was 
performed using 50 pmol of each primer, 0.2 mM 
each deoxyribonucleotide triphosphate, 100 mM 
Tris, pH 9.0, 1.5 mM MgCl2, 500 mM KC1, 1% 
Triton X-100, and 2.0 U Vent DNA polymerase 
(New England Biolabs, Mississauga, Ont.). Reac
tion conditions were: 1 min at 94°C, 1 min at 
56°C, 1 min at 72°C (30 cycles), and an 8-min 
final extension at 72 °C. Amplified DHFR cDNA 
products were ligated to pBluescript SK+ vector 
(Stratagene, La Jolla, CA) and XLl-Blue (Strata- 
gene) cells were electroporated and transformed. 
Sequencing reactions were performed at least 
twice on double-stranded templates using auto
mated DNA sequencing (Applied Biosystems 
373A Fluorescent Sequencer).

Expression and Purification o f 
Recombinant DHFR

The DHFR cDNA from S3Mtx cells, as well as 
from S3 cells, was cloned into a pTrcHis expres
sion vector (Invitrogen, San Diego, CA) as pre
viously described for the wild-type DHFR cDNA 
from adult flies (19) and used to transform E . coli 
cells (TOP 10, Invitrogen). The expressed recom
binant DHFR enzymes were purified using a pro
tocol similar to that previously described for the 
isolation of Drosophila DHFR (36). Briefly, cell 
lysates of the transformed E . coli were prepared 
by three cycles of sonication followed by freeze
thawing before salting out the DHFR at 40-80% 
(NH4)2S04. The fraction containing DHFR activ
ity was dialyzed against equilibrium buffer (36) 
overnight, then bound to an Affi-Gel blue column 
(BioRad Labs, Richmond, CA) and eluted with 1 
M KC1, rather than 2 mM dihydrofolate. After
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dialysis against 100 mM Tris, pH 8.5, each puri
fied DHFR was added to a final concentration of 
100 ptg/ml BSA and 1 mM DTT to stabilize the 
enzyme for kinetic studies.

Kinetic Analysis o f Purified Recombinant DHFR

Both of the purified recombinant DHFRs ex
pressed either from S3 or from the S3Mtx DHFR 
cDNAs were used for kinetic studies. Enzyme ac
tivity was measured spectrophotometrically (36) in 
triplicate. The Km values for NADPH and dihy
drofolate (Aldrich, Milwaukee, WI) were deter
mined by primary and secondary Hanes plots, and 
the K{ for trimethoprim (TMP; Sigma) was deter
mined by a primary Hanes and secondary Dixon 
plot (35). The concentration of NADPH, dihydro
folate, MTX, and TMP was judged spectrophoto
metrically. The Kd for MTX was determined by 
equilibrium dialysis against different concentra
tions of [3H]MTX as previously described (35).

Molecular Model

Drosophila DHFR (GeneBank™ accession 
#1106861) was aligned to DHFRs from other or
ganisms as previously shown (19). To obtain a ho
mology model of the Drosophila S3 or wild-type 
DHFR, crystal structures of chicken (26) and hu
man (7) DHFRs were obtained from the Brookha- 
ven Protein Data Bank [(1,5); entries 8dfr and 
ldhf, respectively] and the model was created us
ing the tools available in the COMPOSER
(6,47,48) module of SYBYLR (Tripos Inc., St. 
Louis, MO). The model of the S3Mtx DHFR was 
made by substituting Leu 30 of the S3 enzyme 
with Gin according to the S3Mtx sequence (see 
Results). The SYBYL MAXIMIN2 molecular me
chanics minimization module (Kollman All Atom 
charges and force field) was used for refinement 
of the models. This involved 50 steps of steepest 
descent minimization, followed by 100 steps of 
Powell minimization. Simulations of the binding 
of MTX and NADPH to the S3 and S3Mtx 
DHFRs were carried out using the SYBYL DOCK 
module.

RESULTS

3H-MTX Transport in the Drosophila Cell Lines

The ability of S3Mtx cells to transport 
[3H]MTX into the cytoplasm was examined at two 
different concentrations of the drug (2 x 10~7 
and 2 x 10~4 M). S3 cells showed a more rapid 
increase in intracellular [3H]MTX and had a

higher level of accumulation compared to the 
S3Mtx cell line (Fig. 1). The intracellular MTX con
centration in the resistant cell line plateaued at 77% 
and 63%, in 10_7and 10_4M MTX, respectively, of 
that found in the parental cell line. Culture in either 
MTX concentration for 2 h did not result in cell 
death, as judged by trypan blue staining of the 
S3MTX or the S3 cell line (data not shown).

Southern Analysis o/Dhfr

Because amplification of Dhfr with the con
comitant overproduction of DHFR frequently ac
companies MTX resistance in selected cell lines, 
especially at high level of drug concentration 
(> 10-4 M), the Dhfr copy number in S3Mtx cells

FIG. 1. Accumulation o f [3H]MTX in the parental S3 cell line 
and the MTX-resistant S3Mtx cells. The time course of 
[3H]MTX uptake and accumulation in the S3 cell line (O ) and 
the S3Mtx cell line ( • )  is shown at (A) 2 x  10~7 M MTX and 
(B) 2 x 10“4 M MTX. Each point represents the average value 
from three independent experiments.
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was determined. Southern blots containing geno
mic DNA isolated from S3Mtx and S3 cells were 
hybridized with Dhfr cDNA (Fig. 2). There was a 
1.4-fold increase in the Dhfr copy number in 
S3Mtx cell line compared to the S3 cell line.

Sequence Analysis o f  DHFR cDNA From S3 and 
S3Mtx Cells

The cloning of DHFR cDNA from D. melano- 
gaster adult flies by nested PCR has been pre
viously reported (19). Using the amplified partial 
cDNA as a probe, full-length Dhfr was obtained 
by screening a Drosophila genomic library. Two 
oligonucleotide primers corresponding to the 5' 
and 3' end of the Dhfr coding sequence were used 
as primers for the amplification of full-length 
Dhfr cDNA from S3 and S3Mtx cells. The 550-bp

3.7

FIG. 2. Southern blot analysis of genomic DNA from S3Mtx 
and S3 cells. Genomic DNA ( 6  /*g) from either S3 cells (lane 1,
2) or S3Mtx cells (lane 3, 4) was digested with Kpnl (lane 1,
3) and Sail (lane 2, 4), electrophoresed, and transferred to a 
Hybond-N membrane and hybridized with Dhfr cDNA labeled 
by nick translation (A). The same blot was hybridized to Dro
sophila a-tubulin cDNA (31) to determine the relative DNA  
loading in the lanes (B).

amplified products (Fig. 3) were subcloned into 
the pBluescript SK+ and subsequently sequenced 
on both strands from three individual transform
ants.

The sequence of Dhfr cDNA from S3 cells was 
identical to that established for the adult Dhfr 
cDNA (19). The sequence of three S3MTX cDNA 
differed from the S3 and fly cDNA by a T to 
A transversion at position 89. Translation of the 
codon results in a substitution of Gin for Leu at 
residue 30.

Kinetic Properties o f  the Enzymes

Both S3 and S3MTX Dhfr cDNAs were ex
pressed in E. coli TOP 10 cells from a pTrcHis 
expression vector. The recombinant enzymes were 
purified and used for steady-state kinetics and li
gand binding experiments (Table 1). The Michae- 
lis constant (Km) for the cofactor, NADPH, is the 
same for both DHFRs but the Km for the sub
strate, dihydrofolate, shows a twofold increase for 
the S3Mtx DHFR. There was a significant differ
ence in the binding affinity for the inhibitors with 
a 15-fold increase in the K{ for TMP and in the Kd 
for MTX for the enzyme from the resistant cells 

the S3 DHFR.

Genomic cDNA

1 2 3 4 5 6

4.36-

2.32-  
2.03 -

0.56-

compared to

<D
c3
s

FIG. 3. PCR amplification of Dhfr from S3 and S3Mtx cells. 
Two oligonucleotide primers corresponding to the 5' and 3' 
end o f the Dhfr coding sequence and Vent DNA polymerase 
were used to amplify (see Materials and Methods) Dhfr se
quence with the following Drosophila template DNAs: lane 1, 
adult fly genomic DNA; lane 2, S3 genomic DNA; land 3, 
S3Mtx genomic DNA; lane 4, adult fly cDNA; lane 5, S3 
cDNA 6 , S3Mtx cDNA. H indiII digested X DNA marker is 
shown on the left.
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TABLE 1
KINETIC PROPERTIES OF DROSOPHILA S3 DHFR AND MUTANT S3Mtx DHFR 

RECOMBINANT ENZYMES PURIFIED FROM E. COLI

Km NADPH * mDHF A'; TMP Kd MTX
0*M) G*M) G*M) (nM)

S3 DHFR 1.3 =b 2.1 4.7 ±  2.4 95.9 =b 16.3 0.30 =b 0.03
S3Mtx DHFR 12.2 ±  5.8 8.1 zb 4.1 1414.5 zb 313.1 4.33 zb 2.13

Molecular Models

The Drosophila Dhfr amino acid sequence has 
38% identity with the vertebrate enzymes and an 
additional 22% of the residues are similar. Initial 
positioning of the MTX binding site was based on 
information from vertebrate high-resolution 
structures but amino acid sequence differences re
quired minimization of the docked structures for 
side chain-ligand optimization. There are three 
gaps and one insertion for the Drosophila se
quence relative to the vertebrate sequences. The 
first gap (one residue between Trp-24 and Arg-25) 
was in the region of a left-handed polyproline he
lix found in vertebrate, but not bacterial DHFRs 
(Fig. 4). The second gap (three residues between 
Glu-102 and Gln-103) occurs at the juncture of 
two adjacent ce-helices found in vertebrate struc
tures and results in the loss of the second helix in 
the Drosophila model. The third gap (one residue 
between Pro-149 and Asp-150) and the insertion 
(one residue at Leu-83) occur in surface loops and 
have no significant impact on the structure of the 
model (Fig. 4). A stylized version of the final

FIG. 4. Ribbon-coil views of the Drosophila DHFR model 
(black) superimposed on the chicken DHFR X-ray structure 
(26) shown in gray. The arrows indicate regions of insertion 
and deletion.

model, overlaid on the chicken X-ray structure, is 
shown in Fig. 4.

Once the Drosophila DHFR model was devel
oped, the model of the altered DHFR from the 
S3Mtx strain was made by changing Leu-30 to 
Gin. The mutation occurs in the hydrophobic cleft 
of the substrate binding site, the region that inter
acts with the benzoyl group of the MTX substrate 
(Fig. 5). This replacement could result in an in
crease in desolvation energy during ligand binding 
due to the greater affinity of glutamine for water 
of hydration, as well as to a decrease in van der 
Waals interactions between the hydrophobic re
gion of the ligands and the enzyme binding site. 
In addition, examination of the ligand-free model 
suggested that slight rotation of the Gln-30 and 
Lys-63 side chains results in a strong water- 
mediated H bond bridge between these residues, 
which would effectively block access to the folate/ 
MTX binding site. Binding these ligands would 
require breaking this bridge.

DISCUSSION
Schimke et al. suggested more than 15 years 

ago that drug resistance could be analogous to 
insecticide resistance (39). The observation that 
high levels of MTX resistance in mammalian cells 
was almost invariably associated with the amplifi
cation of Dhfr led to other investigations, which 
showed that increases in the gene copy number for 
organophosphate insecticide target proteins re
sulted in the development of resistant insect pest 
populations (32,37). To make direct comparisons 
with the mammalian systems and to provide a bet
ter understanding of the molecular basis of resis
tance in insect cells, a Drosophila cell line, S3Mtx, 
was selected for MTX resistance over a 4-year pe
riod by stepwise increases in drug concentration. 
Surprisingly, the 2000-fold increase in resistance 
was accompanied a mere 1.4-fold increase in the 
Dhfr copy number (Fig. 2), no significant increase 
in DHFR protein, as determined by Western blots, 
and an overall twofold decrease in specific activity 
(data not shown). Compared to some Mtx-
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FIG. 5. Interaction o f the Drosophila DHFR substrate binding region with MTX. (A) Stereo 
view of the interaction of Leu-30 in wild-type (adult fly and S3 cell) DHFR with MTX, with 
Leu-30 and MTX shown as ball and stick figures. (B) Stereo view of the interaction of Gln-30 
in the mutant S3Mtx cells with MTX.

resistant mammalian cell lines (34), there was only 
a slightly reduced accumulation o f [3H]MTX in 
S3Mtx cells. Because MTX enters cells by passive 
diffusion at high drug concentrations, the slightly 
lower drug accumulation at 2 x  10-4 M MTX in 
S3Mtx cells may possibly result from an increased 
MTX efflux. However, this does not appear to be 
due to a differential amplification o f the P- 
glycoprotein multidrug resistance genes (52) as the 
copy number in the two lines was the same (data 
not shown).

To explain the high level o f MTX resistance, 
Dhfr cDNA was cloned from S3 and S3Mtx cells. 
Sequence analysis revealed a T to A  transversion 
at nucleotide 89, resulting in a single amino acid 
substitution o f Gin for Leu at amino acid 30 in the 
S3Mtx cells. In addition, no differences were

noted in the 5' upstream region o f genomic DNA  
(to —900) sequenced from S3 and S3Mtx cells 
[(42); data not shown]. Most altered residues in 
DHFRs from resistant mammalian cells have been 
shown to be directly involved in substrate and in
hibitor binding (8,21,27,42,43). Amino acid sub
stitutions are not necessarily restricted to the ac
tive site (9), but the replacement o f such residues 
in resistant cells invariably leads to a lower affinity 
for inhibitor. In the model o f the wild-type or S3 
DHFR (Fig. 5), the side chain o f Leu-30 makes 
hydrophobic and van der Waals interactions with 
MTX. Replacement o f Leu by the more polar Gin 
then should result in increased solvation and, in 
addition, H bond formation with Lys-63 likely 
would decrease access to the folate/M TX  binding 
site. Thus, this single amino acid substitution ap
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pears to result in reduced affinity for the inhibitor. 
Indeed, similar importance for MTX interaction 
has been reported for Phe-31 of the mouse and 
human DHFR structures (33,45). The results from 
our kinetic study on recombinant S3 and S3Mtx 
DHFRs were consistent with this hypothesis be
cause the mutation to Gin at residue 30 produced 
a 15-fold decrease in the binding affinity of the 
enzyme for MTX and TMP. Substrate binding 
(ATm DHF) was slightly diminished (twofold; Table 
1), and may account for the decrease in DHFR 
activity observed in cell homogenates over the 
course of MTX selection.

The reduced affinity of the mutant DHFR for 
MTX and the slightly lower intracellular MTX 
concentration are associated with a 2000-fold in
crease in resistance to MTX in S3Mtx cells. In 
highly resistant (100-400 ptM MTX) mammalian 
cells altered or unaltered DHFRs are almost in
variably accompanied by a moderate or high levels 
of DHFR gene amplification. In contrast, Dro
sophila S3Mtx cells show an altered enzyme with a 
15-fold decrease in affinity to MTX at 200 pM. 
Insect DHFRs appear to have a high Kd value for 
MTX; Drosophila DHFR shows a 30-6600-fold 
higher Kd than mammalian DHFRs (35). There
fore, the intrinsic insensitivity of Drosophila 
DHFR to MTX, coupled with a reduced affinity 
for MTX and a somewhat reduced intracellular 
MTX concentration, would give S3Mtx cells a se
lective advantage in drug-containing medium.

High levels of MTX resistance can thus be 
achieved in Drosophila cells without a concomi
tant increase in gene amplification. In contrast, 
MTX-resistant mosquito cells appear to behave 
more like mammalian cells in that they show a

1200-fold amplification of wild-type Dhfr (40,41). 
The kinetic characteristics of the mosquito enzyme 
are not known but it could be more susceptible 
to MTX inhibition than the Drosophila wild-type 
enzyme. Alternatively, Drosophila has a some
what smaller genome than the Aedes mosquitoes 
and, perhaps more importantly, a long period dis
persion pattern, possibly suggesting that the inher
ited reiteration of large amplicons may not be fa
vored in this species. Coincidently, recent 
examples also show that organophosphate insecti
cide resistance can result from an altered, unam
plified enzyme (12,15,51). Schimke et al.’s (39) 
suggestion that MTX-resistant cell lines be used as 
a model for insecticide resistance was prophetic. 
Nevertheless, insects are highly adaptable and per
haps it should not have been expected that they 
would respond to chemical stresses with a single 
resistance mechanism. Recent work on resistant 
pest populations coupled with this work on resis
tant cell lines has shown us that there is still much 
to be done in the understanding of the molecular 
mechanisms of resistance in insects.
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