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CHARACTERIZATION OF THE CLONED ESCHERICHIA COLI DIHYDROFOLATE REDUCTASE
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Dihydrofolate reductase (5,6,7 8-tetrahydrofolate NADP® oxidoreductase, EC 151 3) was purfied from
Eschenichia coli strams that carried derivatives of the multicopy recombmant plasmid, pJFM8 The results of
enzyme Kkinetic and two-dimensional gel electrophoresis experiments showed that the cloned enzyme 1s indistin-
guishable from the chromosomal enzyme Therefore 1t can be concluded that these strams are 1deal for use as a
source of enzyme for further studies on the biochemistry and regulation of this important enzyme The plasmid
derivatives were constructed by recloning experiments that utihized several restriction endonucleases From the
analysis both of these plasmids and the purified dihydrofolate reductase enzymes it was possible to deduce the
location and orientation of the dihydrofolate reductase structural gene on the parent plasmud, pJFM8

Introduction

Dihydrofolate reductase (5,6,7,8-tetrahydrofolate
NADP" oxidoreductase, EC 151 3) 1s an essential
enzyme In cellular metabolism since 1t catalyses the
NADPH-dependant reduction of dihydrofolate to
tetrahydrofolate, an intermediate required for the
biosynthesis of protemns and nucleic acids The
enzyme 1s of significant climical importance as it 1s
the target enzyme for a number of antitumor and
antibacterial agents, such as methotrexate or
trimethoprim  [1]  Dihydrofolate reductase has
therefore been the subject of intensive research
interest 1n the last few years In this laboratory we
have been most interested in the mechanism of the
inhibition of the enzyme by folate analogues [2,3]
Since many of these experiments require relatively
large amounts of enzyme, we cloned the Escherichia
coli K-12 dihydrofolate reductase structural gene,
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folA, so as to obtamn a strain that overproduces this
enzyme [4] Strains carrying the resultant multicopy
plasmid, pJFMS8, produce 20-30-times more
dihydrofolate reductase than control strains carrying
the vector plasmid, pBR322

The aims of the current study were to map fold
on pJFM8 and to purify and analyse the enzymes
obtamed from strains carrying this plasmid or its
dervatives We therefore 1solated deletion derivatives
of pJFM8 and examuned dihydrofolate reductase
production and trimethoprim resistance 1n strains
carrying these recombinant plasmids From these
expermments 1t was possible to determine the loca-
tion and orientation of fol4 on pJFM8 In addition
we were able to demonstrate that under our expern-
mental conditions the enzyme coded for by the
recombiant plasmids 1s physically and kinetically
indistinguishable from the parent chromosomally-
determined enzyme

Matenals and Methods

Bactenal strains, media and chenucals All strains
were dervatives of JEM43 (1e, C-600 rk~ mk")
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Minimal medwm [5] was supplemented with the
appropriate amino acids and unless otherwise stated
the rich medium was brain heart infusion (Oxoid
Ltd, UK) Chemicals were from sources previously
described [4]

Preparation and analysis of plasmid DNA Plasmid
DNA was purified, digested with restriction endo-
nucleases, used for transformation, ligated, or sub-
jected to agarose or polyacrylamide gel electro-
phoresis as previously descibed [4,6] Strains
carrying the deletion plasmids were selected on rich
medum containing ampicillin (100 pg/ml) with the
one exception that minimal medium contaming
tnmethoprim (2 ug/ml) was used 1n the selection of
the PstI-denved derivative

Gel electrophoresis of proteins Two-dimensional
gel electrophoresis was essentially as described by
O’Farrell et al [7,8] Proteins were stamned using
Coomassie brillant blue R250 Non-denatured 7%
acrylamide gels were run in a vertical slab gel
apparatus at 3 mA/gel for 2 5h using Tns-glycine
buffer, pH 8 3 Actiity staining for dihydrofolate
reductase was as per Gunlack et al [9] Gels were
mcubated 1n a solution of 1mM NADPH/1 mM
dihydrofolate/50 mM potassium phosphate buffer,
pH 6 9/04 mg/ml 344,5-dimethyl thiazolyl-2)-2,5-
diphenyl tetrazolium bromide (MTT) for 30 min
The product of the dihydrofolate reductase reaction,
tetrahydrofolate, reduces MTT duirectly, yielding an
insoluble coloured formazan

Preparation and assay of dihydrofolate reductase
Cell extracts were prepared routinely as before [4]
except that when the extract was to be used in purifi-
cation of dihydrofolate reductase the cells were
grown 1n medium (101) containing tryptone (100 g)/
yeast extract (50 g)/NaCl (100 g)/Na,HPO, (25 g)/
NaH, PO, (23 g)/sodium ampicillin (1 g) The enzyme
was purified by affinity chromatography using a
Sepharose-methotrexate column [3] after which 1t
was desalted on Sephadex G-75, concentrated by
ultra-filtration through a Dia-flow UM-10 membrane
and then stored at —20°C until further use

Dihydrofolate reductase activity was determined
as previously described [3,4] 1 umit enzyme 1s
defined as that amount of enzyme that will catalyze
the transformation of 1 wmol dihydrofolate/min at
30°C Protemn was estimated by the biuret method
using bovine serum albumin as a standard [10] The
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concentration of dihydrofolate reductase was deter-
mined by fluorescence titration with methotrexate
[3] and trimethoprim inhibition studies were
performed as described previously [4]

Results

Construction of deletion derivatives of pJFM8
Previous results [4] showed that the 9 3 kb cloned
BamH] fragment of pJFM8 contains single PstI and
EcoRI sites and two Sall sites After double digestion
of pJFM8 with BamHI+ EcoRl two plasmids
(pJFM12 and pJFM13) were constructed [4], each of
these plasmuds has a different BamHI — EcoRI
segment from the origmnal plasmid (Fig 1) Addi-
tional deletion derwvatives were 1solated following
digestion of pJFM8 DNA with either Sall or Pstl,
ligation and use for the subsequent transformation of
stramm JFM43 to ampicillin resistance The 8 0 kb
Sall-derived plasmid pJFM20 was shown by restric-
tion analysis to be identical to pJFM8 except that
both the 51 and 05 kb Sall fragments were absent
(Fig 1) The plasmid pJFM29 was denved smularly
and, except for the presence of the 0 5 kb Sall frag-
ment, was 1dentical to pJFM20 Further comparative
restriction analysis, whereby the plasrmds pBR322,
pJFM8, pJFM20 and pJFM29 were digested individ-
ually with either 4lul, or Alul + Sall, clearly demon-
strated that the orientation of the 05 kb Sall frag-
ment with respect to the 8 0 kb Sall fragment was the
same i both pJFM8 and pJFM29 The 9 7 kb Pstl-
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Fig 1 Restrictton maps of pJFM8 and 1its deletion deriva-
tives The restriction map of each plasmid 1s represented, to
scale, 1n lhmear form and 1s aligned 1n accordance with its
relationship to pJFM8 All fragments are shown 1n their cor-
rect ortentation except that in pJFM12 the 3 4 kb BamH] —
EcoRI fragment 1s 1n the opposite orientation
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TABLE 1

DIHYDROFOLATE REDUCTASE PRODUCTION AND
TRIMETHOPRIM RESISTANCE OF STRAINS CARRYING
pJFM8 DERIVATIVES

Cells extracts were prepared as described [4] and assayed for
dihydrofolate reductase Trimethoprim resistance (R) or
sensitivity (S) was determined by plating to minimal medium
containing trimethoprim (2 ug/mt) All strams were deriva-
tives ot JEM 43 and carried the plasmid indicated imn the
table

Plasmid Trimethoprim Dihydrotolate
resistance reductase
(2 ug/mib) (umol/min
per mg protein)
pBR322 S 0006
pJFM8 R 0128
pJEM12 S 0007
pJIM13 S 0 006
pJt M20 S 0020
pJI M29 R 0129
pJI'M45 R 0107

derived plasmud, pJFM45, was isolated in a similar
fashion as above and shown to have an 1dentical
restriction map to pJFM8 except that the 39 kb
Pstl fragment of the latter plasmid had been deleted

(Fig 1)

Dihydrofolate reductase levels of dertvatives
Dihydrofolate reductase assays were carried out
using cell extracts prepared from JFM43 derivarives
carrying pJFM8 or one of the deletion derivatives
The results (Table 1) showed that strains with
pJFM29 or pJFM45 produced as much dihydrofolate
reductase as the original cloned pJFM8 derivative In
addition these strains were resistant to trimethoprim
By contrast, cells containing pJFM12 and pJFM13
produced only wild-type chromosomal levels of this
enzyme and were sensitive to trimethoprim The
pJFM20-dernvative grew very slowly on mimmal
medium containing trimethoprim and had enzyme
levels that were significantly higher than those of
the control pBR322-derivative but much lower than
strains carrying plasmids that had the complete 16
kb Pstl — EcoR1 — Sall — Sall region from pJFMS

(Fig 1)

Enzyme kinetics and gel electrophoresis of purified
enzymes

To determine 1f the decreased dihydrofolate
reductase level detected mn extracts of the pJFM20-
denvatives was due to reduced enzyme production
or to the synthesis of a less active enzyme, dihydro-
folate reductase from this strain and from three of
the other derivatives was purified by atfinity chroma-
tography The results of kinetic analyses showed that
the enzymes derived from stramns carrying pJFMS,
pJFM20 or pJFM29 had K, values for dihydrofolate,
K, values for trimethoprim, and turnover numbers
that were not significantly different from those values
obtained from the purified chromosomal enzyme that
was derived from the control stramn carrying the
vector plasmid pBR322 (Table II)

Electrophoresis of the purified enzymes on 7%
acrylamide followed by subsequent stamning for
dihydrofolate reductase activity showed that the
major protem band in each preparation was dihydro-
folate reductase When the pJFM8. and pJFM20-
coded dihydrofolate reductases were mixed together
and then subjected to two-dimensional gel electro-
phoresis (1soelectric focusing 1n one direction and
SDS polyacrylamide gradient ge! electrophoresis in
the second dimension) only a single band, corre-
sponding to dihydrofolate reductase, was observed
(Fig 2) Smmilar results were obtaned when the
pJFM8-determmned enzyme was subjected to
coelectrophoresis with either the chromosomal or
pJFM29-coded enzymes In nerther experiment were
the latter enzymes separated from pJFMS8-coded
dihydrofolate reductase

TABLE II
KINETIC CONSTANTS OI' PURIT'IED ENZYMES

Dihydrotolate reductase was purified from JI M43 dervatives
carrying the specitied plasmid Kinetic parameters ot the
purttied enzymes were determined as described [3.4]

Plasmid Ky K, Turnover
(dihydrotolate)  (trimethoprim) number
(M) (nM) (min~!)
pBR322 14+06 082+011 1210+120
pJEMS8 09+01 066+009 960 + 20
pJFM20 12401 063+009 1120+ 40
pJEM29 0901 109+021 810+ 40
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Fig 2 Two-dimensional gel electrophoresis of purified dihy-
drofolate reductases 20 ug of each of the purified pJFM8-
and pJFM20-coded dihydrofolate reductases were mixed and
subjected to two-dimensional gel electrophoresis The direc-
tion of migration of the 1soelectric focusing and SDS-poly-
acrylamide gradient dimensions are indicated by the horizon-
tal and vertical arrows, respectively Dihydrodolate reductase
1s indicated on the electropherogram by an arrow

Discussion

Recloming experiments that utilized various
restriction enodnucleases were used to construct five
deletion plasmids that were derived from the
recombinant plasmid, pJFM8 Strains carrying either
pJFM29 or pJFM45, two of these deletion plasmuds,
were trimethoprim resistant and gave elevated yields
of dihydrofolate reductase, as did strains carrying the
parent plasmid pJFM8 Since restriction endonuclease
analysis of these plasmids showed that the only por-
tton of the cloned 9 3 kb BamH]I fragment of pJFM8
that was common to pJFM8, pJFM29 and pJFM435
was the 16 kb Pstl — EcoRI — Sall — Sall segment 1t
1s concluded that fold 1s located within this region
This inference 18 supported by the observation that
the remaming three deletion plasmds (pJFM12,
pJFM13 and pJFM20) all had deletions extending
through part of this 1 6 kb region and all failed to
confer either trimethoprim resistance or elevated
dihydrofolate reductase production

It was previously suggested that the EcoRI site
that 1s within the 16 kb region 1s located either in
fol4 or n the regulatory genes essential for folA
expression [4] Based on the results presented here
similar conclusions can be made regarding the loca-
tion of the internal Sa/l site of this fragment If this
Sall site was within fol4 then, rrespective of whether
the EcoRI site was also within foldA or was n a
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regulatory region proximal to fold, the enzyme
coded for by pJFM20 must be smaller than the
normal enzyme The lower levels of dihydrofolate
reductase activity observed in extracts of strains
with pJFM20 would have been due to production of
an enzyme with altered kinetic parameters The
results of kinetic analyses on the purified enzymes
failed to reveal any differences between the pJFM20-
denived and wild-type enzymes Furthermore, these
enzymes could not be separated by two-dimensional
gel electrophoresis These findings suggest that this
internal Sall site 15 not located within fol4 but within
the fol4 regulatory region Deletion of the internal
05 kb Sall fragment of the 16 kb region therefore
results in the disruption of the integrity of this
regulatory region and leads to decreased enzyme pro-
duction It then follows from the results that the
mnternal EcoRI site must be within fold4 itself and
that transcription 1s proceeding from nght to left
(Fig 1)

Smith and Calvo [11] have also cloned the £ coli
dihydrofolate reductase structural gene but utihized a
different procedure Although the plasmid obtained
was not identical to pJFM8 1t did have a similar
Pstl — EcoR1 — Sall — Sall region and the authors
showed that fold 1s within the 10 kb Pst] — Sall
portion of this region These results together with
those of DNA sequence analysis of their plasmids
[12] are n good agreement with the conclusions
presented 1n this paper

Dihydrofolate reductase has been extensively
studied 1n recent years because 1t 1s the target enzyme
for the antitumor agent, methotrexate The majority
of these studies [3.13,14] have been carried out using
enzymes purified from bacterial strains, that were
previously subjected to mutagenesis so as to increase
the yield of dihydrofolate reductase It 1s possible
that the enzymes used 1n these experiments may have
been altered such that they had different kinetic
properties compared to the orngmal wild-type
enzymes The results presented here show that
purnified cloned £ col dihydrofolate reductase could
not be distinguished from the purified chromosomal
enzyme by either two-dimensional gel electrophoresis
or kinetic analysis These observations taken together
with the previously reported findings regarding the
elevated enzyme yields [4] show that £ coli strains
carrying pJFM8, pJFM29 or pJFM45 are 1deal for use
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as a source of chromosomal £ coli dihydrofolate
reductase Current studies are aimed at further
increasing the yield of dihydrofolate reductase and
obtaining an nsight into the regulation of dihydro-
dolate reductase production in £ coli
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