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Abstract
Recent reports of the slow-tight binding inhibition of bovine liver dihydrofolate reductase (bDHFR)
in the presence of polyphenols isolated from green tea leaves has spurred renewed interest in the
biochemical properties of bDHFR. Earlier studies were done with native bDHFR but in order to
validate models of polyphenol binding to bDHFR, larger quntities of bDHFR are necessary to support
structural studies. Bovine DHFR differs from its closest sequence homologue, murine DHFR, by 19
amino acids. To obtain the bDHFR cDNA, murineDHFR cDNA was transformed by a series of
nested PCR reactions to reproduce the amino acid coding sequence for bovine DHFR. The bovine
liver DHFR cDNA has an open reading frame of 561 base pairs encoding a protein of 187 amino
acids that has a high level of conservation at the primary sequence level with other DHFR enzymes,
and more so for the amino acid residues in the active site of the mammalian DHFR enzymes.
Expression of the bovine DHFR cDNA in bacterial cells produced a stable recombinant protein with
high enzymatic activity and kinetic properties similar to those previously reported for the native
protein.

Introduction
Dihydrofolate reductase (DHFR) catalyzes the NADPH-dependent reduction of dihydrofolate
to tetrahydrofolate, which is in turn converted to a key cofactor required for several one-carbon
transfer reactions that are critical for the biosynthesis of DNA, RNA and certain amino acids
[1–3]. Without DHFR activity, cellular metabolism is thus profoundly affected. As a result of
its importance in maintaining folate pools in their active reduced state, DHFR has been studied
extensively and many compounds have been synthesized and tested as potential drugs that
inhibit DHFR function [4–14].

Comparison of DHFR sequences shows a high homology among vertebrate species (~75–95%)
(Table 1). Structural data for several species of DHFR, both in the solid state and solution, also
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reveals a highly conserved topology with the differences in enzyme size primarily found in
flexible loop insertions that surround a conserved active site core. The monomeric enzyme
consists of an eight-stranded beta sheet structure with seven parallel strands and five helices
that fold against the active site core [4].

DHFR sequences from vertebrates show high homology, but homology of these sequences to
DHFR sequences from lower eukaryotes or bacteria is as low as 30%; moreover, kinetic and
biochemical data show differences in the mechanism of action among the enzymes [5–14].
Structure activity correlation data from different DHFR species (bovine, murine, and E. coli
DHFR) reveal variation in the hydrophobic nature of the binding site of these enzymes, which
has been exploited in the design of inhibitors that show specificity for individual enzymes
[9–14]. For example, structure-activity relationships of bDHFR inhibition have shown that the
antifolate trimethoprim (TMP) binds about 6,000-fold better with E. coli DHFR than with
bDHFR [10]. The NMR solution structure of bDHFR [15] shows that the binding of TMP is
similar to that observed in the crystal structure of chicken DHFR-NADPH-TMP ternary
complex [16].

Recent reports show slow-tight binding inhibition of bDHFR by the catechin (−)-
epigallocatechin gallate (EGCG), a naturally occurring gallated polyphenol isolated from green
tea leaves [17,18]. This unusual binding by a molecule without the signature 2,4-
diaminopyrimidine ring of classical antifolates spurred renewed interest in the biochemical
properties of bovine DHFR and raised the question of whether EGCG was a general inhibitor
of DHFR from other species.

In order to better understand the biochemical properties of bDHFR and to validate the binding
models of novel inhibitors such as the polyphenols from green tea, we needed to produce
adequate quantities of bDHFR to support structural studies. The amino acid sequence of bovine
DHFR is highly homologous to the DHFR sequence of mammalian enzymes, with that of
murine DHFR as the closest homologue. Comparison of amino acid sequences revealed 19
substitutions between murine and bovine DHFR with the majority of these changes observed
outside of the active site (Table 2). Having already successfully cloned and expressed murine
DHFR from cDNA, we carried out a series of nested PCR reactions to mutate the cDNA
sequence of murine DHFR to that of bDHFR and expressed the cDNA for bDHFR in bacteria.
We cloned the cDNA of bDHFR into a plasmid containing a SUMO tag in order to aid in
purification and enhance the solubility of the purified enzyme product. In this report we
demonstrate the physical and kinetic properties of the recombinant bDHFR enzyme and
illustrate that it is similar to the native enzyme previously reported in the literature.
Additionally, we report preliminary results from robotic crystallization screens for the purified
bDHFR enzyme complexes.

MATERIALS AND METHODS
Reagents

DNA primers from Integrated DNA Technologies (IDT, Coralville, Iowa), restriction enzyme
from New England Biolabs, high-fidelity PCR Kit from Invitrogen, T-easy vector kit from
Promega, T4 DNA ligation kit from Roche, pETduet vector from Novagen, DNA sequencing
in Roswell Park Cancer Institute, plasmid purification mini-prep kit from Qiagen, Rossetta
(DE3) cells from Novagen, cells broken by microfluidizer (Microfluidics Corp., Newton, MA),
Ni-NTA His beads from Qiagen.
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Overlap PCR for Mutations
Site directed mutagenesis by overlap extension using the polymerase chain reaction (OE-PCR)
was used to introduce a single mutation in the target DNA [19]. As illustrated (Table 3 and
Table 4), 14 primers were used to incorporate the 19 residues that differ between the sequence
of murine and bovine DHFR. The first step was to generate by PCR two DNA fragments having
overlapping ends. These fragments were combined in a fusion reaction (5 cycles, without
adding primer) in which the overlapping ends annealed, allowing the 3' overlap of each strand
to serve as a primer for the extension. The resulting fusion product was amplified further by
PCR (adding primers). The initial denaturation step was carried out for one cycle for 2 min at
94°C, the next denaturation, annealing and extension steps were carried out at 94°C, 50°C and
72°C for one minute each, respectively for 30 cycles, and the final extension step was carried
out for 7 min at 72°C for one cycle. Specific mutations in the DNA sequence were introduced
by incorporating nucleotide changes into the overlapping oligo primers.

DNA sequence analysis
Multiple positive pBlueScript clones containing bovine liver DHFR cDNA inserts were
sequenced using an ABI PRISM automated sequencer from Roswell Park Cancer Institute
Biopolymer Facility (Buffalo, New York). T7 forward and M13 reverse primers of the vector
were used to sequence and confirm the isolation of the full length bovine liver DHFR cDNA.
The bovine liver DHFR cDNA sequence was compared with known DHFR sequences from
different species using BLAST web services from National Center of Biotechnology
Information (NCBI). Protein sequence alignment with other known DHFR species was
performed using T-Coffee for multiple alignment [20] and ProtParam [21] to calculate the pI
for these enzymes based on their amino acid sequences (Table 1).

Construction of Plasmid for Expression of SUMO-bovine DHFR
A Sumo (Small Ubiquitin-like Modifier) Tag was used to express the target protein in E.
coli cells. The cDNA for the Sumo (1–99 aa, yeast) was cloned by PCR with 5’-NcoI and 3’-
NdeI at the ends (Fig. 1). For the convenience of protein purification, a His6 tag
(MSYSHHHHHH) was added to the N-terminal end of the Sumo cDNA that was inserted into
the T-easy vector (Promega) and then subcloned into pETduet (Novagen) vector by using NcoI
and NdeI. The cDNA for bDHFR was then inserted into pETduet-Sumo vector by using NdeI
and XhoI. The final plasmid (pETduet-sumo-DHFR) was transformed into E. coli Rossetta
competent cells for expression (Fig.1).

Expression and Purification of SUMO-bDHFR and bDHFR
One single clone was picked to inoculate an overnight starter culture (100 ml) of LB media
supplemented with 100 µg/ml ampicillin and 35 µg/ml chloramphenicol. Subsequently, 20 ml
of culture was added to 1 L of LB media (supplemented with 100 µg/ml ampicillin and 35 µg/
ml chloramphenicol) in a 2L shaker flask. The cells were cultured at 37°C for 3–4 hours. The
temperature for the shaker was then changed to 20°C when the OD600 reached to 0.6–0.8. A
preliminary test of protein expression induced by the addition of 1.0 mM IPTG (isopropyl β-
D-thiogalactopyranoside) for 4 hours at 30°C revealed reduced expression so that the final
expression was carried out overnight at 20°C. The cells were harvested by centrifugation at
6000 g for 15 minutes, and the cell paste was frozen and stored at −80°C.

For protein purification, the cell pellets from 2L cell cultures was re-suspended in 150 ml His
Tag binding buffer (25mM NaH2PO4, pH 7.0, 500 mM NaCl, 10 mM imidazole). The cells
were broken by using a microfluidizer M-110EH (Microfluidics Corp., Newton, MA). The
whole cell lysate was centrifuged at 35000× g for 1 hr. The supernatant was mixed with 10 ml
Ni-NTA His beads equilibrated with His Tag binding buffer. The Ni-NTA His beads were
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harvested by centrifugation at 700 rpm for 5 minutes. The harvested His beads were loaded
into an empty column and then rinsed by 10 column volumes (CV) of the His binding buffer.
The Sumo-bDHFR was eluted from the Ni-NTA His beads by using 2 CV of His Tag elution
buffer (25 mM NaH2PO4, pH 7.0, 500 mM NaCl, 500 mM imidazole). The eluted protein was
dialyzed in the buffer (50 mM Tris, pH8.0, 500 mM NaCl, 1mM DTT) to remove the imidazole.
In order to remove the Sumo Tag from the fusion protein, sumo protease (Ulp1) [22] was then
added to the protein solution at the ratio (1:100) and incubated at 4°C for 2 hours. SDS-PAGE
was used to examine the completeness of digestion. The proteins His6-Ulp1 and His-Sumo
were removed by passing through Ni-NTA His column (Fig. 2). The flow through solution
containing the target protein was collected and concentrated to ~18 mg/ml. Based on the pellet
from 1L of cell growth, lane 2 represents about 30–40 mg of His-SUMO-bDHFR, lane 3 shows
about 15–18 mg of bDHFR and lanes 4–6 show 13 mg of purified bDHFR. A 5% glycerol
stock was added to the protein buffer. The final bDHFR sample was divided into small aliquots
(100 µl/tube) and then stored at −80°C.

Size Exclusion of bDHFR
A superdex 75 high resolution gel filtration column was used to examine the size of bDHFR.
The buffer used for gel filtration is 50mM Tris, pH8.0, 500mM NaCl, 1mM DTT, 1mM EDTA.
100 µl of bDHFR (1 mg/ml) was loaded to the column and eluted with 1.5 column volumes of
buffer. The flow rate was set at 0.5 ml/min and the pressure limit was 1.5 Mpa.

Enzyme and inhibitor assay
The activities of the recombinant bovine liver DHFR was measured spectrophotometrically
for the decrease in absorbance at 340 nm that occurs when NADPH and dihydrofolate are
converted to NADP+ and tetrahydrofolate; the assay also contained saturating concentrations
of substrate (18–90 µM dihydrofolic acid (DHFA)) and cofactor (117 µM NADPH), with 150
mM KCl, as previously described [2325]. Assays contained sufficient DHFR protein to produce
a change in substrate concentration of 2.5 µM/min. Assays were performed either at 37°C or
at 30°C, as noted in the tables.

Km values were calculated based upon the Michaelis-Menton equation, using Prism 4.0
(GraphPad. Inc.). Catalytic efficiency is the ratio of the rate constant kcat divided by the Km
of the enzyme for DHFA, and thus has the units of s−1 µM−1. IC50 curves were performed for
each inhibitor at several different concentrations of the substrate DHFA, using concentrations
of inhibitor to produce rates ranging from 5 to 95% of control uninhibited rates. Ki values were
calculated from these data, using the model for competitive inhibition for TMP (this inhibitor
affects only Km and not Vmax); for methotrexate (MTX), the model for a tight binding inhibitor
was used [26].

Crystallization Trials
Crystallization trials were submitted to the high throughput HWI robot facility in which 1536
different conditions were screened [27]. Crystallization experiments were set up using the
microbatch-under-oil technique [28] with a Robbins Scientific Tango liquid handling system.
Each of the 1536 experiments contained 200 nL of crystallization cocktail solution combined
with 200 nL of protein solution un USP grade mineral oil contained in a 1536-well plate. The
experimental plate was stored and imaged at 23°C. Images were recorded 24 hours after set
up and thereafter weekly for 4 weeks. Images were manually reviewed for crystals.
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RESULTS AND DISCUSSION
Conformation of the cDNA sequence for bDHFR

To carry out the 19 specific amino acid substitutions needed to convert murine DHFR to bovine
DHFR, we designed 14 primers that were predicted to insert the required codon changes to
convert the cDNA for murine DHFR to cDNA that would encode bovine DHFR (Table 2). A
series of nested PCR reactions (Table 3,Table 4) accomplished the conversion and produced
a cDNA product that was the correct size. The sequence of this cDNA product was compared
with known DHFR sequences from different species using BLAST web services from National
Center of Biotechnology Information (NCBI). The translated sequence perfectly matched the
reported sequence of bovine DHFR, thus confirming that the mutations were successfully
inserted.

Conformation of physical properties for bDHFR
Native bovine DHFR has a molecular weight of 22.1 kDa based on equilibrium sedimentation
[29]. Expressed recombinant protein contains the 187 amino acids found in the native protein.
In size exclusion chromatography bDHFR eluted as a single peak that verified the expected
molecular weight of the monomeric enzyme (~22 kDa) which agrees with the predicted
molecular weight for the recombinant protein of 21,604 based on amino acid sequence.

Prior work has shown two forms of bDHFR in a ratio of 20:1, with pIs of 7.15 and 5.94 and
identical specific activities with dihydrofolate and folate [30]. There is an indication that
bDHFR can form a dimer with molecular weights 23 and 46 kDa. We saw no evidence of dimer
formation in either size exclusion chromatography or PAGE (Fig. 2). Fluorescence data shows
a slow conformational change in bDHFR induced by NADPH binding [23,24]. This
interconversion between two protein conformers shows an increase in the apparent rate of
enzymatic reaction catalyzed by DHFR. Our assay conditions include preincubation of the
DHFR with NADPH in KCl buffer before addition of substrate or inhibitor and substrate; thus,
pre-activation by NADPH is built into the standard assay and is not visible as a separate process.

Expression of catalytically active bDHFR
Bovine DHFR prepared and purified as described here was catalytically active and could be
characterized kinetically. Using enzyme concentrations determined by titration with MTX
[30,31], kcat and catalytic efficiency could also be determined and the values compared to
those calculated by the same methods for related recombinant DHFR (Table 5). The results
show that bovine and murine DHFR had similar Km values for substrate and cofactor, as well
as kcat and catalytic efficiency. Human DHFR showed a slightly higher Km for DHFA and a
resultant lower catalytic efficiency.

The recombinant bDHFR was also assayed at 30°C to facilitate comparison of the recombinant
protein to the native protein that had been studied previously. Under these conditions, the
recombinant bDHFR showed a specific activity of 65 ± 5 µmoles DHFA/min/mg protein,
which compares favorably to the value of 29.6 reported by Bauman and Wilson [29] for the
native enzyme. Kaufman and Kemerer [31] reported a turnover number of 578 moles DHFA/
min/mole enzyme for the native enzyme assayed at 28°C, which also compares well with the
value of 1350 ± 107 moles DHFA/min/mole enzyme we determined for recombinant bDHFR
assayed at 30°C.

Inhibition of bDHFR enzymatic activity
Recombinant bovine liver DHFR was tested for inhibition by several compounds that had
previously been tested with native bovine DHFR. Methotrexate represents a classical ptertidine
analogue, and trimethoprim is a lipophilic 2,4-diaminopyrimidine analogue. Gulli et al [32]
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determined Ki values by calorimetry for MTX and TMP, using native bovine DHFR purified
by affinity chromatography (Table 6). Both Ki values determined for recombinant bDHFR
were similar to those reported by Gilli et al [32].

The tricyclic antidepressants represent an unusual class of compounds reported to be inhibitory
to native bDHFR, although the potency was low [33]. We tested the inhibitory properties of
the most potent compound, nortriptyline, from the series tested by Blake et al [33] (Table 7).
Our results with recombinant protein confirmed the ability of the tricyclic antidepressant
nortriptyline to inhibit bDHFR, but the Ki values for the recombinant protein were nearly two
orders of magnitude lower than those reported for the native protein. These differences may
be related to differences in assay conditions as well as methods to measure Ki.

The ability of EGCG to inhibit bDHFR was also measured with the recombinant bovine DHFR.
In our hands a 70 minute preincubation with 0.68 mM EGCG in 1 mM ascorbate, followed by
dilution and assay at 37°C with 117 µM NADPH and 10 µM DHFA and 100 µM NaCl,
produced 26% inhibition compared to a sample preincubated in the same way but without
EGCG. This inhibition is less than the 82% inhibition reported by Navarro-Peran [18] following
a 70 minute preincubation at 25°C with 40 µM EGCG in 1 mM ascorbate and subsequent assay
at 25°C. Thus, our conditions differed only in temperature and in having a higher concentration
of EGCG in the preincubation.

Preincubation and assay of native rat liver DHFR under the same conditions showed this
enzyme to be unstable; assay without preincubation failed to show inhibition by EGCG. Mouse
DHFR assayed in the presence of 122 µM EGCG showed less than 10% inhibition when the
DHFA concentration was 90 µM: inhibition increased to 18% when the DHFA concentration
was reduced to 45 µM. When these assays were followed for 30 minutes, no change in inhibition
over time was noted. Subsequent experiments showed no additional inhibition was gained at
lower substrate concentrations. Experiments using E. coli DHFR, recombinant Pneumocystis
carinii DHFR, native Toxoplasma gondii DHFR, and native Mycobacterium avium DHFR
failed to show inhibition by EGCG over a 3 or 30 minute time course. We conclude that in our
hands EGCG is a weak inhibitor with activity under our conditions only demonstrable for
murine DHFR and bovine DHFR.

Proof of the mechanism of action of EGCG will come from structural studies showing how
the compounds bind to bDHFR. As illustrated in Fig. 3, five crystallization conditions produced
crystals from solutions of bDHFR incubated with NADPH and MTX. Further studies are aimed
at producing crystals with EGCG with or without NADPH.

SUMMARY
Recombinant bovine liver DHFR shows predicted physical properties when expressed in E.
coli and purified by affinity chromatography. The kinetic characterization showed that the
recombinant protein is generally more catalytically active than the native preparations. The
recombinant bDHFR resembles the murine DHFR in kinetic properties but both differ from
human DHFR in having a lower Km for DHFA. The recombinant bDHFR, like the native
bDHFR, is sensitive to inhibition by trimethoprim, methotrexate, nortriptyline, and to a lesser
extent, EGCG. Ki values for the first three of these compounds were lower for recombinant
bDHFR than the values previously reported for native bDHFR.
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Fig. 1.
Plasmid map for the pET-duet Sumo-bDHFR contstruct.
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Figure 2.
SDS-PAGE for the purification of bovine DHFR. Lane 1: Protein Marker (Invitrogen, SeeBlue
Plus2); lane 2, whole cell lysate, lane 3: digest with Sumo protease (Ulp1) at 4°C for 1 hour,
lane 4: elution from Ni-NTA 5ml HisTrap, lanes 5 and 6: flow through by using Ni-NTA His
tag second time.
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Fig. 3.
Examples of hits from the HWI crystal screening robot for bDHFR in complex with NADPH
and methotrexate.
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Table 1
Sequence alignment of mammalian DHFRs.

CLUSTAL FORMAT for T-COFFEE Version_5.13 [http://www.tcoffee.org ],CPU=0.49 sec, SCORE=88, Nseq=7, Len=190

bovine MVRPLNCIVAVSQNMGIGKNGDLPWPPLRNEFQYFQRMTTVSSVEGKQNLVIMGRKTWFS
hamster MVRPLNCIVAVSQNMGIGKNGDFPWPMLRNEFKYFQRMTTTSSVEGKQNLVIMGRKTWFS
human MVGSLNCIVAVSQNMGIGKNGDLPWPPLRNEFRYFQRMTTTSSVEGKQNLVIMGKKTWFS
murine MVRPLNCIVAVSQNMGIGKNGDLPWPPLRNEFKYFQRMTTTSSVEGKQNLVIMGRKTWFS
pig MVRPLNCIVAVSQNMGIGKNGDLPWPPLRNEYKYFQRMTTTSSVEGKQNLVIMGRKTWFS
rat MVRPLNCIVAVSQNMGIGKNGDLPWPLLRNEFKYFQRMTTTSSVEGKQNLVIMGRKTWFS
chicken MVRSLNSIVAVCQNMGIGKDGNLPWPPLRNEYKYFQRMTSTSHVEGKQNAVIMGKKTWFS
bovine IPEKNRPLKDRINIVLSRELKEPPKGAHFLAKSLDDALELIEDPELTNKVDVVWIVGGSS
hamster IPEKNRPLKDRINIVLSRELKEPPQGAHFLAKSLDDALKLIEQPELADKVDMVWIVGGSS
human IPEKNRPLKGRINLVLSRELKEPPQGAHFLSRSLDDALKLTEQPELANKVDMVWIVGGSS
murine IPEKNRPLKDRINIVLSRELKEPPRGAHFLAKSLDDALRLIEQPELASKVDMVWIVGGSS
pig IPEKNRPLKDRINIVLSRELKEPPQGAHFLAKSLDDALKLTEQPELKDKVDMVWIVGGSS
rat IPEKNRPLKDRINIVLSRELKEPPQGAHFLAKSLDDALKLIEQPELASKVDMVWVVGGSS
chicken IPEKNRPLKDRINIVLSRELKEAPKGAHYLSKSLDDALALLDSPELKSKVDMVWIVGGTA
bovine VYKEAMNKPGHVRLFVTRIMQEFESDAFFPEIDFEKYKLLPEYPGVPLDVQEEKGIKYKF
hamster VYKEAMNQPGHLRLFVTRIMQEFESDTFFPEIDLEKYKLLPEYPGVLSEVQEEKGIKYKF
human VYKEAMNHPGHLKLFVTRIMQDFESDTFFPEIDLEKYKLLPEYPGVLSDVQEEKGIKYKF
murine VYQEAMNQPGHLRLFVTRIMQEFESDTFFPEIDLGKYKLLPEYPGVLSEVQEEKGIKYKF
pig VYKEAMNKPGHIRLFVTRIMKEFESDTFFPEIDLEKYKLLSECSGVPSDVQEEKGIKYKF
rat VYQEAMNQPGHLRLFVTRIMQEFESDTFFPEIDLEKYKLLPEYPGVLSEIQEEKGIKYKF
chicken VYKAAMEKPINHRLFVTRILHEFESDTFFPEIDYKDFKLLTEYPGVPADIQEEDGIQYKF
bovine EVYEKNN---
hamster EVYEKKG---
human EVYEKND---
murine EVYEKKD---
pig EVYEKNN---
rat EVYEKKD---
chicken EVYQKSVLAQ

The pIs for these DHFRs are: 6.20, 7.76, 6.85, 8.60, 8.73, 6.77, and 7.78, respectively.
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Table 2
Sequence alignment of murine and bovine DHFR. Sequence differences are
highlighted in red and underlined.

Protein Expr Purif. Author manuscript; available in PMC 2009 November 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Cody et al. Page 14

Table 3
Oligonucleotides used to incorporate the 19 residue changes in the protein sequence of murine and bovine DHFR as
shown in Table 2

1. AAG(K)33CAA(Q)
2. ACC(T)41GTG(V)
3. CGA(R)85AAA(K)
4. AGA (R)99 GAA (E)
5. CAA (Q) 103 GAC (D)
6. GCA (A) 107 ACA (T)
7. AGA (S) 108 AAT (N)
8. ATG (M) 112 GTT (V)
9. CAG (Q) 123 AAA (K)
10. CAA (Q) 128 AAA (K)
11. CTC (L) 132 GTT (V)
12. ACG (T) 147 GCA (A)
13. TTG (L) 154 TTC(F)
14. GGG (G) 155 GAG (E)
15. CTC (L) 167 CCG (P)
16. TCT (S) 168 CTC (L)
17. GAG (E) 169 GAC (D)
18. AAA (K) 186 AAC (N)
19. GAC (D) 187 AAC (N)
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Table 4
Primers used to generate the nested PCR reactions to transform murine DHFR

cDNA to bovine DHFR cDNA.

Primer 1: DHFR NdeI (forward primer):
CAT ATG GTT CGA CCA TTG AAC TGC
Primer2: DHFR XhoI : (for mutation 18,19, reverse primer)
CTC GAG TTA GTT GTT CTT CTC GTA GAC TTC AAA CTT ATA C
Primer 3: DHFR 002F (for mutations 1,2, forward primer)
tac ttc caa aga atg acc aca gtg tct tca gtg gaa ggt aaa cag
Primer 4: DHFR 002R (for mutations 1,2, reverse primer)
tgt ggt cat tct ttg gaa gta ttg gaa ctc gtt cct gag cgg
Primer 5: DHFR 001F: (for mutation 3, forward primer)
CCA CCA AAA GGA GCT CAT TTT CTT GCC
Primer 6: DHFR 001R (for mutation 4, reverse primer):
ATG AGC TCC TTT TGG TGG TCC TTT GAG TTC TCT
Primer 7: DHFR 003F (for mutations 4,5,6,7, forward primer):
GAA GAC CCG GAA TTG ACA AAT AAA GTA GAC ATG GTT TGG ATA GTC
Primer 8: DHFR 003R (for mutations 4,5,6,7, reverse primer):
ATT TGT CAA TTC CGG GTC TTC AAT AAG TTC TAA GGC ATC ATC CAAACT TTT G
Primer 9: DHFR008FM2V (for mutation 8, forward primer)
AAA GTA GAC GTT GTT TGG ATA GTC
Primer 10: DHFR008RM2V (for mutation 8, reverse primer)
GAC TAT CCA AAC AAC GTC TAC TTT
Primer 11: DHFR 004F(for mutations 9,10,11, forward primer):
GCC ATG AAT AAA CCA GGC CAC GTG AGA CTC TTT GTG ACA AGG ATC ATG
Primer 12: DHFR 004R(for mutations 9,10,11, reverse primer):
GTG GCC TGG TTT ATT CAT GGC TTC TTT GTA AAC AGA ACT GCC TCC GAC
Primer 13: DHFR006lastF: (for mutation 12 to 17, forward primer)
AAA TAT AAA CTT CTC CCA GAA TAC CCA GGC GTC CCG CTC GAC GTC CAG GAG GAA AAA GG
Primer 14: DHFR006lastR (for mutations 12–17, reverse primer):
TTC TGG GAG AAG TTT ATA TTT CTC GAA ATC AAT TTC TGG GAA AAA TGC GTC ACT TTC
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Table 5
Kinetic characterization of bDHFR

Enzyme Km DHFA µM Km NADPH µM kcat s−1 Catalytic efficiency s−1 µM−1

bDHFR 0.35 ± 0.13 3.2 ± 0.6 24 ± 7 68
mDHFR 0.32 ± 0. 05 2.4 ± 0.5 29 ± 5 92
hDHFR 2.7 ± 0.5 5.7 ± 0.9 40 ± 2 15
All assays were conducted at 37°C with KCl in the assay, as described in methods.

b = bovine DHFR; m = murine DHFR; h = human DHFR.
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Table 6
Ki values for mammalian DHFR

Enzyme Source Ki TMP µM Ki MTX pM
bDHFR This study 0.19 ± 0.01 8.9 ± 0.6
bDHFR Gilli (1990) (32) 0.33 33
mDHFR This study 0.5 2.9 ± 0.1
hDHFR This study 5.2 ± 0.7 93.3 ± 21
All assays were conducted at 37°C.
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Table 7
Ki values for Nortriptyline with bDHFR

Enzyme Source Ki Nortriptline µM
bDHFR This study 0.84 ± 0.25
bDHFR Blake & Gould (1985) (33) 45 ± 15, 70 ± 17
All assays were conducted at 30°C.
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