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Dlhydrofolate reductase (5 ,6 ,7 ,8-tetrahydrofolate NADP ÷ oxidoreductase, EC 1 5 1 3) was purified from 
Eschenchm colt strams that carried derivatives of  the multlcopy recombinant plasmld, pJFM8 The results of 
enzyme kinetic and two-dtmenslonal gel electrophoresis experiments showed that the cloned enzyme is indistin- 
guishable from the chromosomal enzyme Therefore it can be concluded that these stratus are ideal for use as a 
source of  enzyme for further studies on the biochemistry and regulation of this ~mportant enzyme The plasmid 
derivatives were constructed by reclonlng experunents that utdlzed several restriction endonucleases From the 
analysis both of  these plasmlds and the purified dlhydrofolate reductase enzymes it was possible to deduce the 
location and orientation of the dlhydrofolate reductase structural gene on the parent plasmid, pJFM8 

Introduction 

Dthydrofolate reductase (5,6,7,8-tetrahydrofolate 
NADP ÷ oxidoreductase, EC 1 5 1 3) is an essential 
enzyme in cellular metabolism since It catalyses the 
NADPH-dependant reduction of  &hydrofolate to 
tetrahydrofolate, an intermediate required for the 
biosynthesis of  proteins and nucleic acids The 
enzyme is of  significant chnlcal importance as it is 
the target enzyme for a number of  antltumor and 
antibacterial agents, such as methotrexate or 
trImethoprim [1] Dlhydrofolate reductase has 
therefore been the subject of Intensive research 
interest in 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 expermaents require relatively 
large amounts of  enzyme, we cloned the Escherwhta 
coh K-12 &hydrofolate reductase structural gene, 

fo lA,  so as to obtain a strain that overproduces this 
enzyme [4] Strains carrying the resultant multlcopy 
plasmid, pJFM8, produce 20-30-times more 
dahydrofolate reductase than control strains carrying 
the vector plasmld, pBR322 

The atrns of the current study were to map folA 
on pJFM8 and to purify and analyse the enzymes 
obtained from stratus carrying this plasmld or Its 
derivatives We therefore isolated deletion derivatives 
of  pJFM8 and examined dlhydrofolate reductase 
production and trlmethoprlm resistance in strains 
carrying these recombinant plasmids From these 
experiments it was possible to determine the loca- 
tion and orientation of  folA on pJFM8 In addition 
we were able to demonstrate that under our experi- 
mental conditions the enzyme coded for by the 
recombinant plasmIds is physically and kmetlcally 
indistinguishable from the parent chromosomally- 
determined enzyme 
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Materials and Methods 

Bactertal strams, medta and chemtcals All strains 
were derivatives of  JFM43 (1 e ,  C-600 r k - m k  ÷) 
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Minimal medium [5] was supplemented with the 
appropriate amino acids and unless otherwise stated 
the rich medium was brain heart infusion (Oxold 
Ltd,  U K )  Chemicals were from sources prevmusly 
described [4] 

Preparatton and analysts of plasmM DNA Plasmld 
DNA was purified, digested with restrlctmn endo- 
nucleases, used for transformation, llgated, or sub- 
jected to agarose or polyacrylamlde gel electro- 
phoresls as previously described [4,6] Stratus 
carrying the deletmn plasmlds were selected on rich 
medmm containing amplcxllln (100 /.tg/ml)with the 
one exceptmn that minimal medium containing 
trlmethoprlm (2/.tg/ml) was used in the selection of 
the PstI-derlved derivative 

Gel electrophorests of  protetns Two-dimensional 
gel electrophoresls was essentially as described by 
O'Farrell et al [7,8] Proteins were stained using 
Coomassle brlllant blue R250 Non-denatured 7% 
acrylamlde gels were run in a vertical slab gel 
apparatus at 3 mA/gel for 2 5 h using Trls-glyclne 
buffer, pH 8 3 Actwlty staining for dthydrofolate 
reductase was as per Gunlack et al [9] Gels were 
incubated in a solution of 1 mM NADPH/1 mM 
dlhydrofolate/50 mM potassium phosphate buffer, 
pH 6 9/0 4 mg/ml 3-(4,5-&methyl thlazolyl-2)-2,5- 
chphenyl tetrazohum bromide (MTT) for 30 mln 
The product of the dlhydrofolate reductase reaction, 
tetrahydrofolate, reduces MTT directly, yMdmg an 
Insoluble coloured formazan 

Preparatton and assay of dthydrofolate reductase 
Cell extracts were prepared routinely as before [4] 
except that when the extract was to be used m purlfi- 
catmn of dthydrofolate reductase the cells were 
grown m medium (101) containing tryptone (100 g)/ 
yeast extract (50g)/NaC1 (100 g)/Na2HPO4 (25 g)/ 
NaH2PO4 (23 g)/sodlum amplctlhn (1 g) The enzyme 
was purified by affinity chromatography using a 
Sepharose-methotrexate column [3] after which it 
was desalted on Sephadex G-75, concentrated by 
ultra-filtratmn through a Dla-flow UM-10 membrane 
and then stored at -20°C until further use 

Dlhydrofolate reductase actw~ty was determined 
as previously described [3,4] 1 unit enzyme is 
defined as that amount of enzyme that will catalyze 
the transformatmn of 1/.tmol dthydrofolate/mln at 
30°C Protein was esttmated by the bmret method 
using bovine serum albumin as a standard [10] The 

concentratmn of dthydrofolate reductase was deter- 
mined by fluorescence tltratmn with methotrexate 
[3] and trlmethopnm mhlbltmn studies were 
performed as described previously [4] 

Results 

Constructton of  deletion denvattves of pJFM8 
Previous results [4] showed that the 9 3 kb cloned 

BamHI fragment of pJFM8 contains single PstI and 
EcoRI sites and two SalI sites After double digestion 
of pJFM8 with BamHI+EcoRI two plasmlds 
(pJFM12 and pJFM13) were constructed [4], each of 
these plasmlds has a different BamHI-EcoRI  
segment from the original plasmld (Fig 1) Adch- 
tlonal deletion derwatwes were isolated following 
digestion of pJFM8 DNA with either Sail or PstI, 
llgatmn and use for the subsequent transformatmn of 
strain JFM43 to amplcllhn resistance The 8 0 kb 
Sail-derived plasmld pJFM20 was shown by restric- 
tion analysis to be identical to pJFM8 except that 
both the 5 1 and 0 5 kb SalI fragnents were absent 
(Fig 1) The plasmld pJFM29 was derived similarly 
and, except for the presence of the 0 5 kb SalI frag- 
ment, was identical to pJFM20 Further comparative 
restriction analysis, whereby the plasmlds pBR322, 
pJFM8, pJFM20 and pJFM29 were &gested ln&wd- 
ually with either AIM, or AluI +SalI, clearly demon- 
strated that the orientation ol the 0 5 kb SalI frag- 
ment with respect to the 8 0 kb SalI fragment was the 
same m both pJFM8 and pJFM29 The 9 7 kb PstI- 
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Fxg 1 Restriction maps of pJFM8 and its deletion deriva- 
tives The restriction map of each plasmld ~s represented, to 
scale, m hnear form and is ahgned m accordance with Its 
relationship to pJFM8 All fragments are shown m thetr cor- 
rect ormntatlon except that m pJFM12 the 3 4 kb BamHI - 
EcoRI fragment Is in the opposite onentatmn 
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TABLE I 

DIHYDROFOLATE REDUCTASE PRODUCTION AND 
TRIMETHOPRIM RESISTANCE OF STRAINS CARRYING 
pJFM8 DERIVATIVES 

Cells extracts were prepared as described [4] and assayed tor 
dlhydrofolate redu~tase Tnmethopnm resistance (R) or 
sensitivity (S) ~as determined by plating to mmmml medmm 
containing trlmettloprlm (2 ~g/ml) All stratus were deriva- 
tives ot JI:M 43 and camed the plasmld indicated m the 
table 

Plasmld Trimethopnm Dthydrololate 
resistance reductase 
(2 **g/ml) (gmol/mm 

per mg protein) 

pBR322 S 0 006 
pJFM8 R 0 128 
pJFM12 S 0 007 
pJFM13 S 0 006 
pJt M20 S 0 020 
pJI M29 R 0 129 
pJFM45 R 0 107 

derived plasmld, pJFM45, was isolated in a similar 
fashion as above and shown to have an identical 
restriction map to pJFM8 except that the 3 9 kb 
Pstl fragment of the latter plasmld had been deleted 

(Fig 1) 

Dthydro]olate reductase levels o t dertvatn,es 
Dlhydrofolate reductase assays were carried out 

using cell extracts prepared from JFM43 derivatives 
carrying pJFM8 or one of  the deletion derivatives 
The results (.Table I) showed that strains with 
pJFM29 or pJFM45 produced as much d~ydrofo la te  
reductase as the original cloned pJFM8 derlvanve In 
addmon these strains were resistant to t r lmethoprlm 
By contrast ,  cells containing pJFM12 and pJFM13 
produced only wild-type chromosomal levels of  this 
enzyme and were sensitive to t r lmethoprlm The 
pJFM20-derlvatlve grew very slowly on minimal 
medium containing t r lmethopnm and had enzyme 
levels that were significantly higher than those of  
the control  pBR322-deravatlve but much lower than 
strains carrying plasrmds that had the complete 1 6 
kb P s t I - E c o R I - S a l [ - S  all region from pJFM8 

(Fig 1) 

Enzyme kmettcs and gel electrophorests o¢ purified 
enzymes 

To determine if the decreased dlhydrofolate 
reductase level detected in extracts of the pJFM20- 
derivatives was due to reduced enzyme production 
or to the synthesis of  a less active enzyme, &hydro- 
folate reductase from this strain and from three of 
the other derivatives was purified by atfinxty chroma- 
tography The results of  kinetic analyses showed that 
the enzymes derived from strains carrying pJFM8, 
pJFM20 or pJFM29 had Km values for dlhydrofolate,  
K~ values for t r imethopnm, and turnover numbers 
that were not  significantly different from those values 
obtained from the purified chromosomal enzyme that 
was derived from the control strain carrying the 
vector plasmld pBR322 (Table II) 

Electrophoresls of  the purified enzymes on 7% 
acrylamlde followed by subsequent staining for 
dlhydrofolate reductase activity showed that the 
major protein band in each preparation was &hydro- 
folate reductase When the pJFM8- and pJFM20- 
coded dthydrofolate reductases were mixed together 
and then subjected to two-dimensional gel electro- 
phoresis Osoelectnc focusing in one direction and 
SDS polyacrylamlde gradient gel electrophoresis in 
the second dimension) only a single band, corre- 
sponding to dlhydrofolate reductase, was observed 
(Fig 2) Similar results were obtained when the 
pJFMS-determmed enzyme was subjected to 
coelectrophoresls with either the chromosomal or 
pJFM29-coded enzymes In nmther experunent were 
the latter enzymes separated from pJFM8-coded 
dthydrofolate reductase 

TABLE II 

KINETIC CONSTANTS OF PURIFIED ENZYMES 

Dlh} drotolate reductase was purified from Jt M43 derivatives 
carrying the specthed plasmld Kinetic parameters ot the 
purttled enzymes were determined as described [3,4] 

Plasmld K m K l Turnover 
(dlhydrotolate) (tnmethoprun) number 
(~M) (nM) (ram -1 ) 

pBR322 14 .+06 0 8 2 + 0 1 1  1210±120 
pJFM8 09_+01 066_+009 960_ + 20 
pJFM20 1 2_+ 0 1 0 63 2 0 09 1 120 _+ 40 
pJt M29 09_+01 109_+O21 810+ 40 
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Fig 2 Two-dunenslonal gel electrophoresls ot purified dflay- 
drofolate reductases 20 #g of each of the purified pJl~M8 - 
and pJFM20-coded dlhydrofolate reductases were mixed and 
subjected to two-dlmensmnal gel electrophoresls The dtrec- 
non of migration of the lsoelectrlc focusing and SDS-poly- 
acrylamlde gradient dlrnenslons are indicated by the horizon- 
tal and vertical arrows, respectively Dthydrodolate reductase 
~s indicated on the electropherogram by an arrow 

Discussion 

Reclonlng experiments that utilized various 
restriction enodnucleases were used to construct five 
deletion plasmlds that were derived from the 
recombinant plasmld, pJFM8 Strains carrying either 
pJFM29 or pJFM45, two of these deletion plasmlds, 
were trImethoprim resistant and gave elevated yields 
of dlhydrofolate reductase, as did strains carrying the 
parent plasmid pJFM8 Since restriction endonuclease 
analysis of these plasmids showed that the only por- 
tion of the cloned 9 3 kb BamHI fragment of  pJFM8 
that was common to pJFM8, pJFM29 and pJFM45 
was the 1 6 kb PstI - EcoRI -Sa l I  -Sa l I  segment it 
is concluded that folA is located within this region 
This inference is supported by the observation that 
the remaining three deletion plasmlds (pJFM12, 
pJFM13 and pJFM20) all had deletions extending 
through part of this J 6 kb region and all failed to 
confer either trimethoprlm resistance or elevated 
dlhydrofolate reductase production 

It was previously suggested that the EcoRI site 
that is within the 1 6 kb region is located either in 
folA or in the regulatory genes essential for folA 
expresslon [4] Based on the results presented here 
similar conclusions can be made regarding the loca- 
tion of the internal Sail site of this fragment If this 
Sail site was within folA then, irrespective of whether 
the EcoRI site was also within folA or was in a 
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regulatory region proximal to JolA, the enzyme 
coded for by pJFM20 must be smaller than the 
normal enzyme The lower levels of dlhydrofolate 
reductase activity observed in extracts of strains 
with pJFM20 would have been due to production of 
an enzyme w~th altered kinetic parameters The 
results of kinetic analyses on the purified enzymes 
failed to reveal any differences between the pJFM20- 
derived and wild-type enzymes Furthermore, these 
enzymes could not be separated by two-dimensional 
gel electrophoresls These findings suggest that this 
internal Sail site is not located within folA but within 
the folA regulatory revAon Deletion of the internal 
0 5 kb SalI fragment of the 1 6 kb regmn therefore 
results m the disruption of the integrity of this 
regulatory reg:on and leads to decreased enzyme pro- 
ductlon It then follows from the results that the 
internal EcoRI site must be within folA itself and 
that transcription is proceeding from right to left 
(Fig 1) 

Smith and Cairo [11] haxe also cloned the E eoh 
dlhydrofolate reductase structural gene but utilized a 
different procedure Although the plasmld obtained 
was not identical to pJFM8 it did have a similar 
PstI - EcoRl - Sail -Sa l I  regmn and the authors 
showed that ColA is within the 1 0 kb P s t I -  SalI 
portion of this region The~e results together with 
those of DNA sequence analysis of their plasmlds 
[12] are in good agreement with the conclusions 
presented in this paper 

D~hydrofolate reductase has been extensively 
studied in recent years because it is the target enzyme 
for the antltumor agent, me~hotrexate 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 dlhydrofolate reductase It is possible 
that the enzymes used in these experiments may have 
been altered such that they had different klnetlc 
properties compared to the original wild-type 
enzymes The results presented here show that 
purified cloned E coh dlhydrofolate reductase could 
not be distinguished from the purified chromosomal 
enzyme by either two-dlmen~lonal gel electrophoresls 
or kinetic analysis These observations taken together 
with the previously reported findings regarding the 
elevated enzyme yields [4] show that E coh strains 
carrying pJFM8, pJFM29 or pJFM45 are Ideal for use 
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as a source of  chromosomal E coil &hydrofolate 

reductase Current studies are atoned at further 

increasing the yMd of &hydrofolate reductase and 

obtalmng an insight into the regulation of  dlhydro- 

dolate reductase productmn m E colt 
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