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The antifolate methotrexate (MTX; 8-amino-10-meth-
ylpteryolglutamic acid) is a potent weapon in the
chemotherapeutic arsenal against acute lymphoblastic
leukemia and non-Hodgkin’'s lymphoma, as well as a
variety of other tumors. Its primary mode of action is
associated with the inhibition of dihydrofolate reductase
(DHFR) and thus de novo thymidine and purine bio-
synthesis. Unfortunately, the therapeutic utility of
MTX has been limited due to its toxicity toward normal
proliferative tissues, such as the gastrointestinal tract
and bone marrow. One approach that may overcome
this drawback would be to render normal tissues MTX-
resistant by introduction of a drug-resistant DHFR gene
generated by site-directed mutagenesis.1=>

Recently, our laboratory has generated a series of
MTX-resistant murine DHFRs by PCR-assisted satura-
tion mutagenesis at phenylalanine-31.6 Substitution at
this position with serine resulted in a 5—6-fold increase
in the 1Csg of methotrexate, while a 4-fold increase in
the activity of the mutant enzyme relative to wild-type
was observed.® In contrast, substitution at position 31
with tryptophan resulted in a 20-fold increase in the
ICso of methotrexate and 7-fold decrease in DHFR
activity.5” In addition, mice transplated with bone
marrow from transgenic mice expressing the Trp-31
mutant were effectively protected from the administra-
tion of low doses of MTX, which proved to be lethal for
animals receiving normal marrow.? As a result, in an
effort to delineate the parameters governing the impact
of DHFR point site mutations on in vitro and in vivo
drug resistance, we have chosen to contrast and com-
pare the catalytic and ligand binding characteristics of
the Ser-31 and Trp-31 mutant murine DHFRs relative
to the wild-type enzyme.

DNA encoding the wild-type and mutant DHFRs was
excised from the corresponding mammalian expression
plasmids, pSV-DHFRwt, pSV-DHFRSer31, and pSV-
DHFRTrp31, and subcloned into the cytoplasmic bacte-
rial expression plasmid, pET22b(+). Transformed BL21
(DE 3) cells were grown in culture, and protein expres-
sion was induced with 1 mM IPTG, followed by an
additional 3 h incubation. Typically, 2—3 g of cells was
obtained. The wild-type and Trp-31 mutant DHFRs
were purified by methotrexate affinity chromatography.®
SDS—PAGE analysis of cell-free extracts demonstrated
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that greater than 10% of the cytoplasmic protein
consisted of recombinant DHFR, whether wild-type or
mutant enzyme.

Unfortunately, less than 1% of the Ser-31 enzyme was
obtainable by the standard affinity purification protocol.
Consequently, DNA encoding the mutant was subcloned
into the novel expression plasmid, pPH70-d (Koning, K.
R.; Bergstrom, C. P.; Hanna, P. E.; Wagner, C. R,,
manuscript in preparation), and expressed as a fusion
protein to the L54F mutant Escherichia coli DHFR,
which binds tightly to MTX.10. The recombinant fusion
protein was subsequently purified by methotrexate
affinity chromatography and the fusion protein eluted
by raising the buffer pH from 6.0 to 9.0. Purified Ser-
31 was obtained after thrombin digestion of the fusion
protein followed by an additional passage over the
affinity column at pH 6.0. Because Ser-31 does not bind
to the affinity column, the bulk of the mutant DHFR
was collected in the void volume, while the E. coli
mutant remained bound to the MTX-resin. Trace
amounts of bound folate or nucleotides was removed by
anion-exchange chromatography and the purity of the
protein demonstrated by SDS—PAGE and Immunoblot
analysis.

Kinetic Characterization

The complete kinetic mechanism for murine DHFR
has been elucidated and shown to contain the following
key features: (1) H4F release limits steady-state turn-
over at neutral pH; (2) the preferred pathway for HsF
release is from the mixed ternary E-NH-H4F complex;
(3) the overall reaction strongly favors HsF formation
due in part to the high value associated with the
internal equilibrium (Kj, = 100) for the reactive ternary
complexes; (4) unlike the bacterial enzyme, the steady
state kinetics are defined by two Ks for NADPH; and
(5) the observed apparent pK, for the enzyme results
from the intersection of the pH-independent rate of H4F
release and the pH-dependent rate of hydride transfer,
while the intrinsic pK, for the enzyme active site is
coincident with the pK, for hydride transfer.l There-
fore, upon analysis by steady state and pre steady state
kinetic experiments, the impact of mutant DHFRs on
turnover can be attributed to the perturbation of one
or more steps within the kinetic mechanism.?

Unexpectedly, significant differences were found to
exist between the observed kinetic and thermodynamic
parameters for wild-type mouse DHFR and previously
reported results for this enzyme, despite identical buffer
conditions.’* The value of the k4t was found to be nearly
7-fold lower, and only one K, was observable for
NADPH. Moreover, the apparent pK, of the enzyme
was 0.5 unit lower, while the intrinsic pK; was 1.2 units
higher than previously observed. Surprisingly, only a
modest intrinsic isotope effect was detectable at both
low and high pH. At neutral pH the rate of hydride
transfer was slightly lower than that previously ob-
served, but still high enough (i.e., 1400 s1) not to be
considered rate-limiting given a turnover number of 4.1
s

Previously, the dissociation rate constant for HsF from
the E-NADPH-H4F complex (i.e., 40 s71) was found to
be rate-limiting for the kinetic mechanism of mouse
DHFR.1* However, our observation of a dissociation
rate constant of 38.0 + 0.3 s™! for H4F release, given a
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Table 1. Steady State and Pre Steady State Parameters for
Murine Wild-Type and Mutant Dihydrofolate Reductases

wild type?  wild type F31S F31wW

Keat (572) 28+2 41+05 12.4+04 08+0.1

Km(H2F) M)  09+03 04+01 12+02 05+0.1

Kn(NH) (M) 62+10 12.6+28 37.0+46 13.4+20
49 4 4

Keat/Km (uM~1s71) 31 103+13 103+17 1.6+£0.3

pKa (V) 9.46 +£0.05 89+01 7.5+0056.7+0.2

pKa, P 644+005 76+£02 72+02 74+02

D(v) pH 6.0¢ 1.0+012 06+02 10+01 1.2+01
(pH 8.5)

D(v) pH 9.0¢ 334+025 16+01 22406 1.2+01
(pH 10)

Knyarige (PH 7.0) 2000 1400 + 400 270 + 10 900 + 200

a Parameters were taken from ref 11.° Intrinsic pKa values
(pKa,,,) Were determined as described in ref 12. ¢ °D(v) = Keat/KeatP.

Keat Of 4.1 s71, argues that the E-NADPH-H4F complex
is not a Kinetically relevant species for the mouse
DHFR. Therefore, the steady state and pre steady state
kinetic results imply that a product release step other
than H4F from E-NADPH-H4F or a kinetically signifi-
cant conformational change that occurs prior to or after
hydride transfer is probably rate-limiting and not hy-
dride transfer.

Repeated sequencing of the wild-type and mutant
DHFRs confirmed that the amino acid sequence of the
enzyme was identical to that previously reported.1® At
least two isozymes of mouse DHFR have been reported
and may account for the kinetic differences.* Ongoing
rapid kinetic analysis of the wild-type and mutant
enzymes should further clarify the rate-limiting step or
steps in the kinetic mechanism of this mouse isozyme
(Wagner, C. R.; Adams, J.; Evenson, D. A.; Mclvor, R.
S., manuscript in preparation).

Replacement of phenylalanine-31 with serine resulted
in a 3-fold increase in the pH independent kg and
Km(H2F). As a consequence, the value of ke./Kn was
unchanged (Table 1). The observed steady state kinetic
deuterium isotope effects (i.e., D(V) = Kcat™/Keat®) on Keat
for the mutant exhibited a small increase at both low
and high pH. Because the maximal isotope effect on
Keat (i.e., D(v) ~ 3.0) was not observed for either the Ser-
31 or wild-type DHFR, the hydride transfer step can
only be modestly rate limiting at low and high pH.
Moreover, the intrinsic pK, of the mutant is nearly
identical to the apparent pK, for catalysis. Taken
together, the small isotope effect on k¢,t at low and high
pH, a nearly coincident intrinsic and apparent pK,, and
the reduction in the rate of hydride transfer by less than
an order of magnitude implys that a step along the
kinetic pathway other than hydride transfer is likely
to be rate-limiting.

Determination of ke and Ky, at neutral pH by varying
the NADPH concentration (1—1000 M) at a fixed H,F
concentration (100 M) revealed a 3-fold increase in the
Km(NH) relative to wild-type and the same kc,: observed
for the Ser-31 mutant under varying H,F and fixed
NADPH conditions. In contrast to previous observa-
tions for wild-type and mutant murine DHFR, varying
the NADPH concentration did not reveal nonlinearity
in the double-reciprocal plot resulting from two Kps for
the cofactor.>1! In addition, the 28-fold increase and
6.5-fold decrease in the thermodynamic dissociation
constants of the Ser-31 mutant for NADPH and HF,
respectively, argues that the residue substitution results
in perturbation of the folate and NADPH binding sites.
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Substitution of phenylalanine-31 with tryptophan
resulted in a 5-fold decrease in the pH independent Kgat
and little effect on Kn(H2F) (Table 1). Consequently,
the 6.4-fold reduction in Kea/Kn is largely the result of
the reduced turnover number of the enzyme. The Kcat
and K, determined by varying the NADPH concentra-
tion (1—1000 xM) with a fixed H,F concentration (100
uM) at neutral pH was shown to be nearly identical to
the value obtained for wild-type. As shown for the wild-
type and the Ser-31 mutant, nonlinearity for the double-
reciprocal plots under variable cofactor conditions was
not observed. Therefore, because the dissociation con-
stant and K, for NADPH and H,F and Trp-31 remained
essentially unchanged when compared to the wild-type
enzyme, the active site surface is only minimally
perturbed by substitution for Phe-31 with the larger
indolyl side chain.

As observed for the Ser-31 mutant, the steady state
kinetic deuterium isotope effects (i.e., Kcat™/Keat®) 0N Keat
for the Trp-31 mutant at low and high pH remained
close to unity. Similar to the wild-type enzyme and Ser-
31 mutant, the intrinsic pK, of the active site for Trp-
31 is reasonably close to the apparent pK, for catalysis,
while the rate of hydride transfer is reduced by 1.4-fold.
As a consequence, the pH rate profile for Trp-31, as
observed for Ser-31, is likely to result from the pH
dependence of an as yet to be determined conformational
change or product release step and not hydride transfer.

Effects on Inhibitor Binding

X-ray crystallographic and mutagenic studies of mu-
rine DHFR have revealed that position 31 is part of an
ensemble of amino acid side chains that comprise the
hydrophobic surface of the active site responsible for
folate and methotrexate binding.451516 Specifically, the
phenylalanine side chain at this position provides an
aromatic—aromatic interaction with the p-aminobenzoyl
moiety of MTX. Interestingly, the active sites of the
murine and human enzymes are nearly identical, as
revealed by close inspection of the refined structures of
the murine and human DHFRs containing MTX and the
cofactor NADPH. In both cases, Phe-31 provides an
important hydrophobic contact to the p-aminobenzoyl
group of the bound antifolate.'>17 Nevertheless, differ-
ences between the two mammalian enzymes, particu-
larly with respect to the conformation of the bound
inhibitor and Phe-31, are apparent.l” In contrast to our
observations with regard to the effect of substitutions
at position 31 on drug resistance in transfected Chinese
hamster ovary (CHO) cells, Blakely and co-workers have
concluded from a comparison of mutants of the human
enzyme that a reduction in the size of the amino acid
side chain at position 31 was required in order to
decrease the affinity of the enzyme for MTX.2 To
address the issue of side-chain bulk on MTX binding
we determined the inhibition constants (K;) and dis-
sociation constants (Kq) for MTX and our mouse mutant
DHFRs.

The K; values for MTX and murine wild-type and
mutant DHFRs were determined by Dixon plot analysis
and are given in Table 2. For Ser-31, the K; for MTX
was modestly increased by 4.8-fold relative to the K; for
wild-type, which was similar to the increase observed
for the I1Cso value. In contrast, a 1100-fold increase in
the K; was previously reported for this mutant, and an



Communications to the Editor

Journal of Medicinal Chemistry, 1996, Vol. 39, No. 9 1765

Table 2. Thermodynamic Dissociation Constants, Kg (M) and Inhibitor Constants for Various Ligands to Mutant and Wild-Type

DHFRs
constant humana WTP wT hF31s2 F31s° F31S F31W

Ka(NH) 40 1.85+0.16 0.05 + 0.02 25 14+02 0.6 + 0.07
Ky(DHF) 50 0.81 + 0.07 13402 5 0.2 4+ 0.09 14405
Ka(NP) 3.7140.22
Ka(MTX) 0.0048 10.0 +0.7 0.443 220+ 6 100+0.3
Ki(MTX) 0.00344 0.004¢ 0.027 + 0.005 0.289¢ 4.4 0.130 + 0.007 35+0.1
ICso(MTX) 4.5¢ 20¢ 100¢
Ka/Ki 1.29 370 153 1690 2.85
Ki(Keat/Kim) x 103 0.31 0.12 0.28 3.82 1.34 5.60

aTaken from ref 19. ® Taken from ref 11. ¢ Taken from ref 4. d Taken from ref 2. ¢ Taken from ref 6.

85-fold increase in the K; for MTX was reported for the
human Ser-31.24 As was observed for the 1Csq values,
the Trp-31 mutant had a larger effect on inhibitor
binding resulting in a 130-fold increase in the K; for
MTX. In contrast to previous mutagenic analyses of the
role of position 31 for MTX binding to human DHFR,
these results argue that for mouse DHFR an increase
in the surface area of the side chain at position 31 is
partially responsible for a decrease in the affinity of the
binary E-NADPH complex for MTX, which is consistent
with the substantial increase in the K; previously
observed for the mouse DHFR Arg-31 mutant.*

Surprisingly, while there is a substantial difference
between the Kjs for wild-type and the Trp-31 mutant,
little difference exists between the respective dissocia-
tion constants of these enzymes for MTX. In contrast,
a 22-fold increase in the Ky for MTX was observed for
the Ser-31 mutant, which is consistent with the effect
imparted by the same mutation in the human enzyme
and is consistent with the failure of MTX affinity
chromatography to purify this mutant (Table 2). Con-
sequently, destabilization of MTX binding to E is
enhanced by a smaller amino acid side chain at position
31.

Because the affinity of the enzymes for MTX by the
ternary and binary complexes is a reflection of the K;
and Ky values, respectively, the role of NADPH on MTX
binding can be assessed (Table 2). With the exception
of human DHFR, enhancement of MTX binding to
DHFR by NADPH has been previously demonstrated
for mammalian and bacterial enzymes.'® For the mouse
enzyme, inhibitor binding to the mouse E-NADPH
complex was enhanced 370-fold by NADPH. As a result,
the active site surface of mouse DHFR is able to increase
the effect of the cofactor stabilization of MTX binding
by 287-fold over the effect observed for human DHFR,
despite their high degree of sequence and structural
similarity. This result may be partially due to the
ability of mouse DHFR to stablize NADPH binding
nearly 800-fold better than human DHFR.®

Comparison of the ratio, Ky/K;, for the human and
mouse Ser-31 mutants revealed that whereas the wild-
type and mutant human DHFRs exhibited no synergis-
tic effect of NADPH on MTX binding, the mouse Ser-31
mutant was able to further enhance this effect nearly
5-fold above that observed for wild-type and over 1100-
fold above that observed for human Ser-31. The Trp-
31 mutant, however, reduced by approximately 130-fold
the enhancement of inhibitor binding by the cofactor.
An increase in the synergistic effect could not be
correlated with further stabilization of cofactor binding,
since the dissociation constant for NADPH was in-
creased by 28-fold and 12-fold for Ser-31 and Trp-31,
respectively. Therefore, accommodation of the larger

indolyl side chain at position 31 by the active site
resulted in destabilization of the ternary inhibitor
complex and not the binary complex, while accommoda-
tion of the smaller methylene hydroxyl side chain of Ser-
31 by the DHFR active site resulted in further stabili-
zation of the ternary inhibitor complex relative to the
binary complex.

Recently, the expression Ki(keat/Km) has been used to
describe the combination of the effects of a mutation on
inhibitor binding (K;) and catalytic efficiency (Kcat/Km)?
(Table 2). Within this context, the Ser-31 and Trp-31
mutants are 4.8 and 20 times better at conferring
resistance than the wild-type enzyme, respectively. If
the effect of the substitutions on the K; and Kea/Km
values are compared, it is apparent that a significant
reduction in the affinity of the E-NH complex for MTX
is associated with a reduction in enzyme catalytic
efficency for the Trp-31 mutant but not the Ser-31
mutant. A similar trend is observed when the 1Cso and
keat/Km values are compared, thus indicating that the
E-NH complex was the predominant physiological spe-
cies in MTX-resistant CHO transfectants.6 In contrast,
although substitution of position 31 with serine in
human DHFR enhances by 12-fold the enzyme’s ability
to confer resistance, the value of kea/Kn was reduced
5.8-fold.?

Summary

Steady state and preliminary pre steady state studies
of the mouse DHFR indicate that the wild-type enzyme
used for our mutagenic studies follows a significantly
different in vitro Kinetic pathway than previously
reported.>!1 In particular, turnover does not appear to
be governed by H4F release from the E-NADPH com-
plex. The discrepancies in catalysis and binding be-
havior of the mouse DHFRs maybe due to the isomeric
nature of the DHFRs studied.

The enhanced ability of the two mutations at position
31 to confer resistance to MTX, as expected, decreased
the affinity of the enzyme for the inhibitor. A correla-
tion between the increased size of the side chain at
position 31 and decreased inhibitor affinity was ob-
served. This findings is consistent with previous mu-
tagenesis studies of mouse DHFR but is at odds with
conclusions drawn from an analysis of the role of the
position in inhibitor binding to human DHFR.24

It is generally agreed that a highly efficient enzyme
is desired for most cellular metabolic functions; however,
because substitution of position 31 with tryptophan
impairs catalytic efficiency, it appears that there exists
a high physiological tolerance for significantly impaired
DHFR. Indeed, mice who have recieved transplants of
bone marrow expressing the Trp-31 mutant or the
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severely impaired Arg-22 mutant are capable of surviv-
ing lethal doses of MTX.10 Nevertheless, the conse-
quences in vivo of a reduction in the observed in vitro
catalytic effectiveness of DHFR remain to be deter-
mined. Additional mutagenic studies attempting to
select catalytically silent mutations that reduce inhibi-
tor binding may further enhance the therapeutic po-
tential of drug-resistant DHFR genes for improved
folate antagonist mediated antitumor activity.
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