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ABSTRACT: A mutant of Lactobacillus casei dihydrofolate reductase, D26N, in which the active site aspartic
acid residue has been replaced by asparagine by oligonucleotide-directed mutagenesis has been studied
by NMR and optical spectroscopy and its kinetic behavior characterized in detail. On the basis of
comparisons of a large number of chemical shifts and NOEs, it is clear that there are only very slight
structural differences between the methotrexate complexes of the wild-type and mutant enzymes and that
these are restricted to the immediate environment of the substitution. The data suggest a slight difference
in orientation of the pteridine ring in the binding site in the mutant enzyme. Both NMR and UV
spectroscopy show that methotrexate is protonated on N1 when bound to the wild-type enzyme but not
when bound to the mutant. Binding constant measurements by fluorescence quenching and steady-state
kinetic measurements of dihydrofolate (FH,) and folate reduction show that the substitution has little or
no effect on substrate, coenzyme, and inhibitor binding (<7-fold increase in K3) and only a modest effect
on ke (up to a factor of 9 for FH; and 25 for folate) and kc./Kwm (up to a factor of 13 for FH; and 14 for
folate). Measurements of deuterium isotope effects and direct measurements of hydride ion transfer and
product release by stopped-flow methods revealed that for the mutant enzyme hydride ion transfer is
rate-limiting across the pH range 5—8. This allowed a direct comparison of the rate of hydride ion transfer
in the wild-type and mutant enzymes; the asparagine substitution was found to decrease this rate by 62-
fold at pH 5.5 and 9-fold at pH 7.5. This effect is much smaller than that seen for the corresponding
mutant of Escherichia coli dihydrofolate reductase [Howell, E. E., Villafranca, J. E., Warren, M. S,
Oatley, S. J., & Kraut, J. (1986) Science 231, 1123—1128], estimated as a 1000-fold decrease in the rate
of hydride ion transfer. The change in pH dependence of &, resulting from the substitution is consistent
with, but does not prove, the idea that the group of pK 6.0 which must be protonated for hydride ion
transfer to occur is Asp26. For folate reduction, the pH dependence of k. is determined by two pKs, one
of which, pK 5, disappears in the mutant enzyme, suggesting that it may correspond to ionization of
Asp26. The second pK, 7.3 in both wild-type and 6.9 in the mutant enzyme, may be an ionization of the
folate molecule. The small effect of the Asp26 — Asn substitution in L. casei dihydrofolate reductase
makes it unlikely that this group acts as an essential proton donor in catalysis. The possible roles of
Asp26 and Asn26 in catalysis are discussed.

Dihydrofolate reductase (dhfr) catalyzes the reduction of
dihydrofolate (and, less effectively, folate) to tetrahydrofolate,
using NADPH as coenzyme. It has been studied extensively
over the years, both as a small dehydrogenase convenient
for study by crystallography and NMR spectroscopy and as
the target for a number of clinically important drugs such as
methotrexate and trimethoprim. High-resolution crystal
structures have been determined for dhfr from prokaryotic
and eukaryotic organisms in a number of complexes with
substrates and inhibitors such as methotrexate and trimetho-
prim (Bolin et al., 1982; Filman et al., 1982; Volz et al.,
1982; Matthews et al., 1985a,b; Stammers et al., 1987,
Oefner et al., 1988; Bystroff et al., 1990; McTigue et al.,
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1992, 1993). Building on this structural information, and
that obtained by NMR spectroscopy [see, e.g., Roberts
(1990a,b) and Feeney (1990)], and on the knowledge of the
kinetic mechanism of the enzyme (Fierke et al, 1987
Andrews et al.,, 1989; Thillet et al., 1990), site-directed
mutagenesis has been extensively used to elucidate the roles
of individual amino-acid residues in substrate and inhibitor
binding and catalysis (Villafranca et al., 1983; Chen et al.,
1985, 1987; Howell et al., 1986, 1987; Benkovic et al., 1988;
Prendergast et al., 1988, 1989; Birdsall er al., 1989a;
Andrews et al., 1989; Jimenez et al., 1989; Warren et al.,
1991; David et al., 1992; Li et al., 1992; Wagner et al., 1992;
Dion et al, 1993; Thomas et al., 1994).

One residue which has attracted particular attention is the
conserved carboxyl-containing residue in the active
site—aspartic acid in all known bacterial dhfrs (Asp26 in
the Lactobacillus casei enzyme') and either aspartic acid

! Unless otherwise noted, all residue numbers are those for L. casei
dihydrofolate reductase.
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or glutamic acid in all other known dhfrs. Spectroscopic
studies have shown that 2,4-diaminopteridine and 24-
diaminopyrimidine inhibitors of dhfr are protonated on N1
when bound to the enzyme (Hood & Roberts, 1978; Cocco
et al., 1981; Roberts et al., 1981; Birdsall et al., 1989), and
it is clear from the crystal structures of inhibitor complexes
that there is an ion pair between N1 and the 2-amino group
of the bound inhibitor and the carboxylate of this aspartate
or glutamate [e.g., Bolin er al. (1982)].

The substrates dihydrofolate (FH,) and folate bind in a
different orientation from the inhibitors (Hitchings & Roth,
1980; Charlton et al., 1979, 1985), with N3 rather than N1
being close to the essential carboxylate (Oefner et al., 1988;
Bystroff et al., 1990). It is widely assumed that the reduction
of the N5—C6 bond of FH; is promoted by transfer of a
proton to N5 (Huennekens & Scrimgeour, 1964; Gready,
1985). The pH dependence of hydride ion transfer indicates
that it requires that a group with a pK of 6.0—6.5 be in the
protonated state (Fierke et al., 1987; Andrews et al., 1989;
Thillet et al., 1990); this has been proposed to be the active-
site carboxyl, since this is the only ionizable group of the
enzyme close to the pteridine ring in the active site. The
observation that substitution of Asp27 by asparagine in
Escherichia coli dhfr leads to a 300-fold decrease in k., with
little or no structural perturbation (Howell et al., 1986) is
entirely consistent with this idea. It has been further
suggested (Matthews et al., 1977; Hitchings & Roth, 1980;
Freisheim & Matthews, 1984) that this carboxyl is the source
of the proton which is transferred to N5 of FH,. However,
the mode of binding of folate (Oefner et al., 1988; Bystroff
et al., 1990) and that proposed for FH;, binding (Bolin et
al., 1982; Qefner et al., 1988; Bystroff et al., 1990) are such
that direct proton transfer from the carboxyl to N5 of FH,
cannot occur. Among the possible routes which have been
proposed are proton transfer via bound water molecules and
transient protonation of O4 (Bolin er al., 1982; Gready,
1985). An alternative is that the proton comes from the
solvent and the carboxyl remains in the protonated state
(Taira et al., 1987; Uchimaru et al., 1989; Bystroff et al.,
1990; Brown & Kraut, 1992).

We have earlier reported the preparation of the mutant of
L. casei dhfr in which the aspartic acid at position 26 is
replaced by asparagine (dhfr D26N? ) and shown that this
substitution abolishes the pH dependence of a conformational
equilibrium in the enzyme—folate—NADP* complex (Jime-
nez et al., 1989). We now describe the kinetic properties
of this mutant; to understand these, it is important to know
any structural consequences of the substitution, and we also
describe a qualitative structural characterization of the mutant
by NMR spectroscopy. The effect of this substitution on
catalysis is found to be much less than that of the cor-
responding substitution of the E. coli enzyme, and the
possible roles of Asp26 in catalysis are discussed in the light
of this observation.

MATERIALS AND METHODS

Substrates, Coenzymes, and Inhibitors. Folic acid, 7,8-
dihydrofolate (FH,), 5,6,7,8-tetrahydrofolate (FH4), meth-

2 The nomenclature used is that commonly employed, in which the
mutant enzyme is named by using the one-letter code for amino acids;
thus dhfr in which aspartic acid 26 has been replaced by asparagine is
denoted dhfr D26N. Dhfr without qualification refers to the wild-type
enzyme. Unless specifically stated, the L. casei enzyme is referred to
in all cases.
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otrexate, and trimethoprim (Sigma Chemical Co.) were of
the highest purity commercially available and used without
further purification. Concentrations were determined from
absorbance measurements using the following extinction
coefficients: folic acid, 27 600 M~! cm™! at 282 nm, pH
7.0 (Rabinowitz, 1960); FH;, 28 000 M~ cm™! at 282 nm,
pH 7.4 (Dawson et al., 1969); FH,, 28 000 M~! cm™! at 297
nm, pH 7.5 (Kallen & Jencks, 1966); and methotrexate,
22 100 Mt ecm™! at 302 nm, in 0.1 M KOH (Seeger et al.,
1949).

NADP* and NADPH were obtained from Sigma Chemical
Co. NADPH was purified prior to use by anion exchange
(Orr & Blanchard, 1984), using FPLC with a Pharmacia
Mono Q column, to remove a breakdown product that is a
potent inhibitor of dhfr activity at low pH. The deuterated
coenzyme NADPD [(4R)-[?HINADPH] was prepared by
reducing NADP™ using alcohol dehydrogenase in the pres-
ence of [*Hg]ethanol (Stone & Morrison, 1982) and purified
in the same way. NADPH concentration was determined
using an extinction coefficient of 6200 M~ cm™! at 340 nm,
pH 7.5.

Protein Expression and Purification. The gene for the
mutant of L. casei dhfr in which Asp26 is replaced by Asn
was constructed by oligonucleotide-directed mutagenesis
(Jimenez et al., 1989). Both wild-type and mutant proteins
were expressed in E. coli using a pMACS-14 vector
(Andrews et al., 1991) in which expression is under the
control of a temperature-sensitive A repressor. Cells were
grown on a 12 L scale in an LH Fermenter and induction
was at 40 °C for 6 h. The enzyme was purified as described
by Dann et al. (1976). Protein purity was checked by
running native, SDS, and isoelectric focusing polyacrylamide
gels. Enzyme concentrations were determined by absorbance
spectroscopy (using €25 = 30 500 M~! cm™!; Andrews et
al., 1989) and fluorescence titration with methotrexate (Dann
et al., 1976). '

Equilibrium Binding Constants. The equilibrium binding
constants of substrates, inhibitors, and coenzyme dhfr and
to dhfr D26N were measured fluorimetrically using the
methods previously described (Dunn ef al., 1978; Birdsall
et al, 1980). Ligand binding was measured by following
the quenching of protein fluorescence using a Perkin-Elmer
LS-5 luminescence spectrometer. Experiments were carried
out at 25 °C using a buffer containing 50 mM potassium
phosphate, pH 6.5, 500 mM KCl, 1% lactose. To correct
for absorption of the excitation light by the ligand, a
tryptophan solution was titrated under the same conditions
as used for the protein titration (Birdsall et al., 1983).

Steady-State Kinetics. All measurements over the pH
range 5—9 were performed at 25 °C in KMB buffer (25 mM
tris(hydroxymethyl)aminomethane, 25 mM ethanolamine, 50
mM 4-morpholinoethanesulfonic acid, 500 mM KCl). The
ionic strength of this buffer remains constant over this pH
range (Ellis & Morrison, 1982). Measurements between pH
4.5 and 5 were performed using 15 mM sodium acetate/500
mM KClI buffer.

Enzyme and NADPH were pre-equilibrated at 25 °C, and
the reaction was initiated by the addition of FH,. Initial
velocities were measured by monitoring the change in
absorbance at 340 nm that accompanies the reaction (Ae =
11800 M~! c¢cm™!; Stone & Morrison, 1982). For ke
measurements, substrate concentrations of 50 uM NADPH
and 50 uM FH; were used. At low pH, the coenzyme is
oxidized at a measurable rate in the absence of enzyme, and
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this rate was measured and subtracted from that of the
enzyme-catalyzed reaction. Measurements of folate reduc-
tion were carried out in a similar way; the concentration of
folate was 100—300 4M, and the Ae value used was 18 900
M~ cm™! (Matthews & Huennekens, 1963). The k., values
for NADPH and NADPD as the coenzyme were determined
for the pH range 5—8.5, and the kinetic isotope effect
[kcanapprykcavanpp)] Was calculated for each pH value.

Pre-Steady-State Kinetics. Pre-steady-state kinetic mea-
surements were made using an Applied Photophysics (model
SF.17MV) stopped-flow spectrometer operating in either a
fluorescence or an absorbance mode, with a 1 mm sample
cell. Atleast four runs were averaged for each set of solution
conditions, and the data was analyzed by using an iterative
nonlinear regression package supplied by Applied Photo-
physics.

The rate constant for hydride ion transfer from NADPH
to FH; was determined from the initial rate of product
formation after rapidly mixing the enzyme—NADPH com-
plex with FH,. Dhfr or dhfr D26N (1 uM) was preincubated
with NADPH (20 4M); the reaction was initiated by mixing
with an equal volume of FH, (50 uM) and monitored by
measuring the decrease in absorbance at 340 nm.

The rate constant for the dissociation of FH; from the
enzyme—NADPH—FH, ternary complex was measured by
competition experiments using fluorescence detection (ex-
citation at 290 nm, emission measured using a 350 nm
interference filter). The enzyme concentration was 1 uM,
with 5 uM NADPH, 5§ uM FH,, and 20 uM methotrexate as
the competing ligand. The observed rate of fluorescence
change, kqs, Was confirmed to be equal to the dissociation
rate constant for FH, by showing that ks was independent
of the concentration of methotrexate.

NMR Spectroscopy. The binary methotrexate complexes
of the wild-type and mutant enzymes were obtained by
eluting the enzyme from the affinity column with 2 mL of
5 mM methotrexate, pH 8.5. The eluent was dialyzed against
50 mM phosphate, 200 mM KCl, pH 6.5, to change the
buffer and remove excess methotrexate. The volume was
reduced to 0.4 mL and 0.05 mL of 2H,0 added to give a
final enzyme concentration of ~5 mM for dhfr and 1—2 mM
for dhfr D26N.

'H NMR spectra were recorded at 600 MHz on a Bruker
AMX-600 spectrometer at 308 K. Typical parameters
included 512 #, points, 4096 points in #,, a spectral width of
8475 Hz, and a relaxation delay of 1.2 s. Data sets were
zero-filled to 2048 in #; and multiplied by a phase-shifted
sine-bell-squared function in both dimensions prior to
transformation. Chemical shift values are reported relative
to DSS. Two-dimensional NOESY (100 ms mixing time)
and DQF-COSY spectra were recorded using the methods
of Bodenhausen et al. (1984) and Rance et al. (1983),
respectively. In both experiments a 60 ms SCUBA sequence
was inserted immediately after the presaturation period and,
in the case of NOESY, during the mixing time (Brown et
al., 1988). When the labile protons were to be observed, a
jump-return observe pulse (Plateau & Gueron, 1982) was
incorporated into the standard sequences; these spectra were
recorded at 280 K using a spectral width of 18 519 Hz. A
delay of 33 us was used for the jump-return sequence to
optimize detectability of signals at ~17 ppm. Cross-peak
intensities were determined by nonlinear curve fitting in two
dimensions using the program NDVOL (Sze et al., 1995).
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RESULTS AND DISCUSSION

Purity of the Mutant Enzyme. In the heterologous expres-
sion system used to produce the Asp26 — Asn mutant of L.
casei dhfr (dhfr D26N), the host (E. coli) dhfr is readily and
completely separated from L. casei dhfr at the anion
exchange step of the purification procedure, facilitating the
preparation of pure mutant enzyme. The purified dhfr D26N
gave a single band on native, SDS, and isoelectric focusing
polyacrylamide gels. The single charge difference between
the mutant and wild-type enzymes leads to a change in the
isoelectric point from 6.25 (£0.1) in the wild-type [see also
Dann et al. (1976)] to 6.9 (£0.1) in the mutant, and
isoelectric focusing thus affords a simple and powerful
method for detecting any deamidation of dhfr D26N to wild-
type enzyme. No such deamidation was detected during the
work reported here [in agreement with the results obtained
by Howell et al. (1986) with the corresponding mutant of
E. coli dhfr].

Structural Comparisons: Methotrexate Binding. In order
to identify any structural consequences of the substitution
of Asp26, we have compared the ultraviolet and 'H NMR
spectra of the methotrexate complexes of the wild-type and
mutant enzymes. This complex was chosen since its 'H
NMR spectrum has been almost completely assigned for the
wild-type enzyme (Birdsall et al., 1990; Carr et al., 1991;
Soteriou et al., 1993), enabling a detailed comparison to be
made.

Charge State of Bound Methotrexate. It is known from
'H NMR and ultraviolet difference spectroscopy that when
methotrexate or trimethoprim are bound to dhfr they are
protonated on N1 (Hood & Roberts, 1978; Cocco et al., 1981;
Roberts et al., 1981; Birdsall et al., 1989). This implies a
considerable increase in the pK, value for this protonation
on binding which, from the crystal structure, is due to the
formation of an ion pair between the protonated pteridine
and the Asp 26 carboxylate (Bolin e7 al., 1982). The binding
of the inhibitor methotrexate to both the wild-type and mutant
enzymes was too tight to be measured accurately by
fluorescence quenching. We therefore examined the binding
of the o,y-diamide analogue of methotrexate, which binds
less tightly (Antonjuk et al., 1984). As can be seen from
Table 4, the binding of this methotrexate analogue is only
4-fold weaker to dhfr D26N than to the wild-type enzyme
at pH 6.5. Given the apparent importance of the ion pair
between the pteridine and Asp26 in the binding of methotr-
exate and related inhibitors, it is at first glance surprising
that the asparagine substitution has such a small effect on
the binding of methotrexate o, y-diamide. However, this is
not a simple comparison.

Ultraviolet difference spectroscopy (data not shown®)
demonstrated that, while the difference spectrum for binding
to dhfr bears a clear resemblance to that between neutral
and protonated methotrexate (Hood & Roberts, 1978), there
is no such resemblance for the difference spectrum generated
on binding to dhfr D26N. This indicates that methotrexate
is not protonated on N1 when bound to dhfr D26N. A
similar conclusion was drawn from the ultraviolet difference

3 The ultraviolet difference spectrum generated on methotrexate
binding to L. casei dhfr D26N is closely similar to that reported for
the E. coli dhfr D27N mutant (Howell et al., 1986).
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assign the resonance at 17 ppm in panel b to the N1 proton of
bound methotrexate.
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spectra generated on methotrexate binding to E. coli dhfr
D27N (Howell et al., 1986).

Further evidence that methotrexate is not protonated in
its complex with dhfr D26N was obtained from 'H NMR.
In the spectrum of the dhfr-methotrexate complex in H,O,
the N1 proton resonance is observed at very low field, 17
ppm (Figure 1b). The assignment of this resonance is based
on a NOESY experiment (Figure 1c), which shows key
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NOE:s to the 2-amino protons as well as to the protons of a
number of neighboring amino-acid residues. In the spectrum
of the dhfr D26N—methotrexate complex, this low-field
resonance is absent (Figure 1a), consistent with the conclu-
sion that in this complex the ligand is not protonated on N1.

The modest, 4-fold, effect of the mutation on the binding
of methotrexate ¢,y-diamide (which is similar in magnitude
to the 27-fold decrease in affinity for methotrexate reported
for the E. coli D27N mutant; Howell et al., 1986) cannot
therefore be used to assess the contribution of the ion pair
with Asp26 to binding, since methotrexate is in the neutral
(high-pH) state in the complex, but the asparagine residue
“mimics” the protonated (low-pH) form of aspartic acid.

Changes in the Structure of the Complex. Illustrative
comparisons of the NMR spectra of dhfr and dhfr D26N are
shown in Figures 2 and 3, from which it is clear that the
substitution has very limited effects on the spectrum of the
enzyme—methotrexate complex, indicating that there is very
little overall change in the protein structure. The observed
chemical shift differences of protein resonances of greater
than 0.10 ppm are summarized in Table 1; these involve only
13 residues. The most pronounced effects on chemical shift
are on the protons of Trp 21; crystallographic data has shown
the indole proton of this residue to be an integral part of a
conserved hydrogen-bonding network involving the inhibitor,
Asp 26, and a bound water molecule (Bolin er al., 1982;
Figure 4).

The chemical shifts of the protons of the pteridine ring of
free and bound methotrexate (except the N1 proton, which
has been discussed above) are summarized in Table 2. The
individual protons of the 2- and 4-amino groups have not
been separately assigned in free methotrexate (indeed only
one average signal is seen for the 4-amino protons), so that
exact values for the change in chemical shift of these protons
on binding cannot be calculated. We can, however, compare
the shift difference between neutral and protonated free
methotrexate with that between methotrexate bound to wild-
type and mutant dhfrs. For the 4-amino protons, the shift
difference has the same sign in both cases, although the
difference between the enzyme complexes is greater than
that between the two charge states of the free ligand. For

L 4 X
3 ° B - P 0
(e
D26N °° @ g o ' o
°® ° e A6' g
o o OWSH° . o
Y., W5 | 7
° o To e o he ”2 &
+ o .

M-!-I‘X' war, w21: e A

] + o \. < q : M ‘bl‘ LO
® 4 * o N
° L4 'Y 3
@ i o o o © ° L) ll:l ’ dq =

MTX o MTX °
we © - il °
. o Ope A°
1y ' @©
110 10,5 10.0 s 9.0 8.5
(w2 ) (ppam)

FIGURE 2: Part of the NOESY spectrum of the methotrexate complex of dhfr D26N. Crosses and primed residue names indicate the
position in the spectrum of the complex of the wild-type enzyme of cross-peaks which differ notably in position between the mutant and

wild-type enzymes.
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methotrexate complexes of (a) dhfr and (b) dhfr D26N. Cross-peaks
between a 2-amino proton of methotrexate and the S-protons of
Asn26 are highlighted in the spectrum of the mutant complex.

Table 1: 'H NMR Chemical Shift Differences between Wild-Type
dhfr and the D26N Mutant®

residue 6 dhfr® 0 D26N¢ A
Leud CH 2.31 2.43 0.12
Trp5 CqH 5.51 5.65 0.14
Alaé NH 8.57 8.27 -0.30
Leul2 C.H 4.35 447 0.12
Ile13 NH 8.94 8.81 —-0.13
Lys15 CgH; 1.68 1.56 —0.12
CsHjy 1.67 1.57 -0.10
Asplé NH 10.13 9.97 —-0.16
Trp21 CgH; 2.87 243 —0.44
CsHa 2.48 2.37 -0.11
CaH 9.69 9.12 -0.57
CaH 6.00 6.12 0.12
Leu23 CsH3 0.04 0.22 0.18
Tyr29 CsH 792 7.80 -0.12
Phe30 CsH 6.71 6.57 -0.14
Leull8 CsHa -0.55 -0.39 0.16
Lys127 NH 8.76 8.64 —-0.12

@ All assigned proton resonances for which the chemical shift
difference (Ad) is greater than +0.10 ppm are included. ? Chemical
shift (ppm) in the methotrexate complex of wild-type dhfr. ¢ Chemical
shift (ppm) in the methotrexate complex of dhfr D26N. ¢ Chemical
shift difference between wild-type and mutant enzymes; positive values
indicate the resonance is further downfield in the mutant.

the 2-amino protons, on the other hand, the signals in the
complex with dhfr D26N are downfield of those in the wild-
type complex, the opposite direction to that expected on the
basis of the difference in charge state alone. This amino
group, of course, is involved in a hydrogen-bonding interac-
tion to Asp26 in the wild-type enzyme and probably to Asn26
in the mutant (Figure 4), and thus its environment differs
significantly in the two complexes.

All the protons which show chemical shift differences
between the wild-type and mutant enzymes are within 8 A
of residue 26 in the crystal structure of the enzyme—
methotrexate—NADPH complex. On this basis, we made a
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quantitative comparison of the intensities of the NOE cross-
peaks (see Figure 3) of residues within an 8 A sphere
centered on the site of mutation. In order to calculate the
scaling factor between the intensities in the two NOESY
spectra and to estimate the precision of the measurements,
we compared the intensities of the NOE cross-peaks between
neighboring protons on the aromatic rings, where the
interproton distance is constant. The correlation between
the intensities of these reference cross-peaks in the spectra
of dhfr and dhfr D26N is shown in Figure 5a, in which the
intensities are plotted as their sixth roots to allow an
estimation of the deviations in terms of interproton distances.
After scaling, all the deviations for the reference cross-peaks
are well within a £10% distance variation. A total of 132
cross-peaks from residues in the 8 A sphere around residue
26 could be unambiguously assigned in both the dhfr and
dhfr D26N spectra, and a comparison of their intensities is
presented in Figure 5b. The deviation is clearly greater than
for the reference cross-peaks, indicating that there are real
intensity, and hence interproton distance, differences. These
differences are all within +£20% in terms of distance,
corresponding to an upper limit of 0.5—1 A to the difference
in interproton distances.

The only new cross-peaks to appear in the spectrum of
the mutant which could be unambiguously assigned were
due to cross-relaxation between a 2-amino proton of meth-
otrexate and the B-protons of Asn26. The corresponding
cross-peak to the side chain of Asp26 in the wild-type was
not observed (see Figure 3). In the crystal structure of the
enzyme—NADPH—methotrexate complex, the distance be-
tween these protons is ~§ A, close to the threshold value
for observation of NOEs under these experimental conditions,
and only a modest decrease in the interproton distance in
dhfr D26N would be required to generate an observable
cross-peak. The other NOE cross-peaks whose intensities
have changed by a least a factor of 2 are listed in Table 3.

Combining the information from chemical shift and NOE
changes, we can identify regions of the structure which differ
between the wild-type and mutant enzymes:

(a) Around the 2-amino group of methotrexate. In addition
to the new NOE between a 2-amino proton and Asn26 itself
noted above, there is a decrease in intensity of the NOE
cross-peak between the 2-amino group and Ala6. The NH
of Ala6 shows a significant change in chemical shift, and
there are large changes in the shift of the protons of the
2-amino group itself.



Role of Aspartate 26 in Dihydrofolate Reductase

Biochemistry, Vol. 34, No. 9, 1995 2877

Table 2: 'H NMR Chemical Shifts of the Pteridine Protons of Methotrexate, Free and in Its Binary Complexes with Wild-Type dhfr and the

D26N Mutant
0 0
neutral protonated AJ, neutral — dhfr D26N~ Ad, dhfr D26N —
proton MTX MTX protonated dhfr—-MTX MTX dhfr
2-NH, 7.60 8.10 -0.50 10.40 1121 0.81
7.34 7.90 —-0.56 6.64 7.34 0.70
4-NH, 6.30 6.96 —0.66 9.89 8.65 -1.24
8.55 7.74 —0.81
C7-H 8.57 8.61 —0.04 7.86 7.74 -0.12
080 7 Table 3: Assigned NOEs Differing by a Factor of 2 or More in
~1/6 ’ Intensity between the Methotrexate Complexes of Wild-Type dhfr
(Ipaen) a L’ and the D26N Mutant
7 .’ intensity ratio,
e residue proton residue proton D26N/wt?
.’ Leud CsH;  Leud CoH 0.6
0.40 — L. Leud CsiHs Trp5 NH 0.7
- Leu4 Ces2Hs Phe30 CsH 0.5
,® Trp5 C.H MTX? C4-NH; 23
4 #- Trp5 NH Vallls C,.H; 0.5
pat Ala6 CsHs MTX? C2-NH, 0.5
, Asp8 CpH Phel22 CsH 2.9
’ Leul9 CsH; MTX? N1-H 03
0.20 Leu23 Cs2Hs Leull8 Cs1Ha 03
0.20 Leu23 CazH:; Leul51 CazH; 0.5
Pro24 CsH His28 CaH 03
Tyr29 Cs:H Phe30 NH 04
0.60 Phe30 CsH Arg3l C.H 21
Ve Phe30 CH Thr34 C,H; 0.25
(ID26N )— Leull8 Cs2H; Phel22 CH 0.5
] Leull8 CsoH3 Phel22 CH 29
Phel22 CsH Phel22 C.H 35
Vall44 C,2H: Tyr155 CsH 0.6
Tyrl5s C.H Tyrl55 CsH 2.6
040 4 = Ratio of the cross-peak intensity in the spectrum of the dhfr D26N—
methotrexate complex to that in the spectrum of the dhfr—methotrexate
complex. ¢ Methotrexate.
There are changes in NOEs involving Leul9 in this loop
020 and Leul18, a close neighbor of Trp 21.
' ' | -7 It is thus clear that the substitution of Asp26 by Asn has
0.20 040 (L )"/6 0.60 only very local effects on the structure of the enzyme—

FiGURE 5: Comparisons of the intensities of selected NOE cross-
peaks (measured using NDVOL; Sze et al., 1995) in the spectra of
the methotrexate complexes of dhfr and dhfr D26N. The sixth root
of the intensity is plotted, so that the comparisons are approximately
comparisons of interproton distances. (a) Comparison of reference
cross-peaks, corresponding to intraresidue interactions between
neighboring protons on aromatic rings. (b) Comparison of 132 NOE
cross-peaks involving residues within 8 A of Asp26. The dashed
lines correspond to perfect agreement and the solid lines to
differences of £10%.

(b) Around the 4-amino group of methotrexate. There are
changes in chemical shift and NOEs of protons of Leu4,
whose carbonyl group hydrogen-bonds to the 4-amino group,
and its neighbors Trp5 and Phe30, as well as changes in
shift of the 4-amino protons.

(c) Trp21 and the loop between BA and aB. The chemical
shift changes of the protons of Trp21 have already been
noted, and a number of other residues in the SA—oB loop
show modest but significant differences in chemical shift
between the methotrexate complexes of dhfr and dhfr D26N;
the exact conformation of this flexible loop appears to differ
in different complexes of both L. casei and E. coli dhfr, and
it has been proposed to play a role in ligand binding and
catalysis [e.g., Bystroff et al. (1990) and Li et al. (1992)].

methotrexate complex of L. casei dhfr, as has been shown
crystallographically for this complex of the corresponding
D27N mutant of the E. coli enzyme (Howell et al., 1986).
The only crystal structure available for L. casei dhfr is that
of the ternary enzyme—methotrexate—NADPH complex
(Bolin et al., 1982), so that a detailed analysis of the
structural effects of the substitution in the binary complex
must await completion of calculations of the solution
structure of this complex which are in progress (I. L.
Barsukov, K.-H. Sze, M. G. Casarotto, B. Birdsall, V. L.
Polshakov, J. Feeney, and G. C. K. Roberts, unpublished
work). Some qualitative effects are, however, clear. The fact
that methotrexate is unprotonated in the complex with the
mutant implies that it is likely to be the NH; of the amide
group of Asn26 which hydrogen-bonds to N1 of methotrexate
[see also Howell ef al. (1986)]; this in turn would imply a
reorientation of the water molecule which lies between
residue 26 and Trp21 (see Figure 4). This may result in
breaking the hydrogen bond between this water and the
indole NH of Trp21 and a slight reorientation of the indole
ring. At the same time, the changes around the 2- and
4-amino groups of methotrexate imply a slight reorientation
of the pteridine ring of the bound inhibitor; the changed
charge state of this ring will result in changes in electron
distribution and perhaps in the relative strengths of the
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Table 4: Equilibrium Dissociation Constants for Ligands Binding to
Wild-Type dhfr and the D26N Mutant

Ki (uM)
ligand dhfr dhfr D26N
FH, 0.24 (£0.02) 1.6 (£0.06)
folate 7.8 (£0.3) 10.0 (+0.8)
NADPH 0.01 (£0.001) 0.01 (£0.001)
methotrexate o,y-diamide 0.15 (£0.004) 0.6 (£0.06)

Table 5: Steady-State Kinetic Parameters of Wild-Type dhfr and
the D26N Mutant

kinetic dhfr dhfr D26N
parameter pHS.5 pH75 pHS5.5 pH75
FH,
Kv (uM) 1.0(£0.5) 1.0(£0.5) 1.6(£0.3) 1.4(£0.2)
kear (371 25(+0.8) 10(£0.5) 5.5(£0.1) 1.1(0.02)
kea/Knm 25x 107 1.0 x 107 34x105 79 x10°
Mts™h
Folate
Km (uM) 0.6 (£0.1) 29(*4) 0.6 (£0.1) 16(£2)
keat (s™1) nd¢ 0.06 nd 0.0024
(£0.003) (£0.0001)
kea/Km nd 2 x 10° nd 1.5 x 102
M-t

4 nd: not determined.

hydrogen bonds involving these amino groups. In the
crystallographic study of the E. coli mutant, an upper limit
to atomic movements of 0.2 A was estimated (Howell ef
al., 1986). Given the great sensitivity of NOEs to changes
in interproton distances, there is no reason, pending the
results of the detailed calculations, to suggest that the local
structural changes in the L. casei enzyme are much greater
than this.

Ligand Binding. The binding of substrates, inhibitors, and
coenzyme to dhfr can readily be measured by following the
quenching of the intrinsic fluorescence of the protein which
accompanies ligand binding (Birdsall et al., 1980). Equi-
librium dissociation constants for substrates, coenzyme, and
inhibitor binding to dhfr and dhfr D26N determined in this
way are given in Table 4. The substitution has no effect on
the binding of the coenzyme NADPH and the poor substrate
folate and only a small, 7-fold, effect on the binding of the
better substrate FH,.

Kinetics of Reduction of FH,. Steady-State Kinetics. The
steady-state kinetic parameters for FH; reduction by dhfr and
dhfr D26N are summarized in Table 5. It is apparent that
the effects of replacing the active-site carboxylate by a
carboxamide are relatively modest. There is only a minimal
effect on the Ky for FHj, in line with the small increase in
K4 (Table 4). The values of k., are decreased by no more
than a factor of 9 and those of kc,/Kym by no more than a
factor of 13. This is in marked contrast to the effects of the
corresponding substitution (D27N) in E. coli dhfr, which
leads to decreases of a factor of 300 in k. and a factor of
1.1 x 10* in k../Ky for FH, at pH 7 (Howell et al., 1986).

The pH dependence of k., with FH; as substrate for dhfr
and dhfr D26N is shown in Figure 6a. The decrease in kcy
with increasing pH for the wild-type enzyme can be fitted
to a single apparent pX, of 7.3 (Andrews et al., 1989). There
is a change in the rate-limiting step with pH, from product
(FH.) release at low pH to hydride ion transfer at high pH
(Andrews et al., 1989), as reflected in the pH dependence
of the deuterium isotope effect on k., when NADPD is used
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FIGURE 6: (a) pH dependence of k. for FH, reduction catalyzed
by dhfr (crosses) and dhfr D26N (solid circles). (b) pH dependence
of the deuterium isotope effect on Key [kearvappuykcarnapep)] for
FH, reduction catalyzed by dhfr (crosses) and by dhfr D26N
(solid circles).

as coenzyme (Figure 6b). The true pX of the group which
must be protonated for catalysis to occur (Stone & Morrison,
1984) has been determined to be 6.0 (Andrews et al., 1989),
and as noted above, it is widely assumed that this group is
Asp26.

The pH dependence of k., for dhfr D26N is quite different
from that of the wild-type enzyme, showing simply a gradual,
almost linear, increase in k., with decreasing pH (Figure 6a).
This is very similar to the behavior reported for E. coli dhfr
D27N (Howell et al., 1986) and is consistent with, though
it does not prove, the suggestion that Asp26 is indeed the
group with a pK of 6.0 which determines the pH dependence
of k.. In the case of the E. coli dhfr D27N mutant, Howell
et al. [1986; see also Warren ef al. (1991)] proposed that
the pH dependence of k..: could be accounted for by a model
involving binding of FH; protonated on N5 (pK, = 2.9;
Mabharaj et al., 1990). This model does not fit the data for
L. casei dhfr D26N well, since it predicts a much steeper
increase in ke with decreasing pH than is actually observed;
a similar discrepancy exists for the E. coli mutant (Howell
et al., 1986; Warren et al., 1991).
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Table 6: Rate Constants for Dissociation of FH, from the
Enzyme—FH,—NADPH Complexes of Wild-Type dhfr and the
D26N Mutant

dissociation rate constant (s~1)

pH dhfr dhfr D26N
55 29 (£0.8) 112 (£2)
6.0 44 (1) 174 (£5)
7.0 97 (4) 162 (£4)
8.0 76 (£2) 121 (£2)
9.0 73 (£2) 132 (£2)

There is also a marked difference in the pH dependence
of the kinetic deuterium isotope effect, which for dhfr D26N
is approximately 2.7 across the whole pH range from 5.0 to
8.0 (Figure 6b). This indicates that the rate-limiting step
for catalysis in dhfr D26N differs from that in the wild-type
enzyme, with hydride ion transfer being rate-limiting from
pH 5 to 8.

Pre-Steady-State Kinetics. The two contributions to the
rate-limiting step in catalysis, hydride ion transfer and FH,
release, can be measured individually by stopped-flow
methods. The rate of hydride ion transfer (kyya) in the wild-
type enzyme has been measured from the “burst” of product
formation which is equivalent to the first turnover of the
enzyme (Andrews et al., 1989). Equivalent experiments with
dhfr D26N at several pH values, under conditions where the
first turnover could readily be measured, showed no evidence
for a “burst” of product formation; rather a linear rate was
observed. This provides confirmation that the hydride ion
transfer is the rate-limiting step in catalysis by this mutant.

The kinetically important pathway for FH, release involves
dissociation of NADP* from the enzyme—FH,—NADP™*
complex followed by binding of NADPH and then dissocia-
tion of FHy; due to negative cooperativity between FH4 and
NADPH, dissociation of FH, is fastest from the enzyme—
FH,—NADPH complex (Andrews et al., 1989). The rate
constants for dissociation of FH4 from the enzyme—FH,—
NADPH complex for dhfr and dhfr D26N are shown in Table
6. Across the pH range studied, product release is 1.6—4-
fold faster in the mutant than in the wild-type enzyme and
much faster than k.; for example, at pH 5.5, key is 5.5 s71
and the rate of product release is 112 s~1.

Thus, the combination of the deuterium isotope effect and
the pre-steady-state kinetic measurements demonstrates
clearly that, across the whole pH range 5—8, the rate-limiting
step for FH; reduction by dhfr D26N is hydride ion transfer,
and the rate of hydride transfer is thus equal to the steady-
state k. In order to make a meaningful comparison between
the wild-type and mutant enzyme, we must compare like
with like that is, we must compare the rates of hydride ion
transfer, not simply the k., values. At pH 5.5, the rates of
hydride ion transfer are 340 and 5.5 s™! for dhfr and dhfr
D26N, respectively, a 62-fold decrease due to the substitution
(significantly greater than its effect on k). At pH 7.5, the
substitution leads to a decrease in hydride transfer rate by
only a factor of 9.

Similar comparisons can be made for E. coli dhfr and the
D27N mutant using estimates from published data. The
values given by Farnum et al. (1991) were obtained by fitting
the experimental data for the mutant as a function of pH to
the model of Howell er al. (1986) and extrapolating to low
pH (fuily protonated FH»). In view of the uncertainty, noted
above, as to whether this model fits the data adequately, we
have sought to make the comparison on the basis of data
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measured at individual pH values. At pH 5.5 the rate of
hydride ion transfer is approximately 750 s~! for the wild-
type enzyme (Fierke et al., 1987). At this pH, k., for the
D27N mutant is 0.5 s~!; a direct measure of knya has not
been reported, but the deuterium isotope effect on kg, has
been reported to be 2.2 (Howell ez al., 1986). The magnitude
of this isotope effect, compared to that of 3.0 on the hydride
transfer step (Fierke et al., 1987), indicates that hydride ion
transfer may be only partly rate-limiting for E. coli dhfr
D27N at this pH and suggests roughly equal contributions
of hydride ion transfer and product dissociation (1 s~} each).
In the wild-type enzyme, the rate of product dissociation is
12 s~! (Fietke et al., 1987), and this would imply a decrease,
rather than the increase reported here for the L. casei enzyme,
in the rate of product dissociation (there is no direct
information on this rate for the D27N mutant). Taking this
estimate of knya = 1 571 for the E. coli mutant at pH 5.5, we
conclude that the D27N substitution leads to a 750-fold
decrease in kuyg. At pH 7.0, the measured values of k., are
30 s7! for the wild-type and 0.1 s~! for the D27N mutant
(Howell et al., 1986); for product dissociation to contribute
to this rate in the mutant, it would need to have decreased
1000-fold. Assuming kea = knyg for the mutant at pH 7.0,
and taking knyq for the wild-type enzyme from Fierke et al.
(1987), we estimate that the D27N substitution leads to a
2000-fold decrease in knyg at pH 7.0. Thus, substitution of
the active site aspartate residue in E. ¢oli dhfr by asparagine
decreases the rate of hydride ion transfer by about 1000-
fold, in marked contrast to the 9—62-fold decrease seen for
the L. casei enzyme.

Kinetics of Reduction of Folate. The steady-state kinetic
parameters for folate reduction by dbfr and dhfr D26N are
given in Table 5, and the pH dependence of k.. is shown in
Figure 7. Unlike that for FH,, the Ky for folate is pH
dependent, increasing almost 50-fold between pH 5.5 and
7.5, but as for FH,, the D26N mutation has very little effect
on Ky at either pH, in line with the lack of effect on Ky
(Table 4). Folate is a much poorer substrate for the enzyme
than FHj (ke is 700—800 times lower), but the magnitude
of the effects of the D26N mutation on k., and k../Kwu are
similar to those seen for FH,. Measurements of the
deuterium isotope effect with NADPD indicate that hydride
ion transfer is rate-limiting across the pH range both for the
wild-type enzyme (Andrews et al., 1989) and for the mutant
(data not shown), and the effect of the substitution on the
rate of hydride ion transfer at pH 7.5 is therefore rather
greater for folate reduction (25-fold) than for FH; reduction
(9-fold). A quantitative comparison with the effects of the
corresponding substitution in E. coli dhfr is not possible,
since folate is a very poor substrate for the E. coli enzyme,
and folate reduction by the D27N mutant was not detectable
(Howell et al., 1986).

The pH dependence of k.., for folate reduction by the wild-
type enzyme (Figure 7) is satisfactorily described by two
pKas, of 5 (£0.36) and 7.3 (£0.2), with k.. being maximal
when both groups are protonated. (In an earlier report, the
pH dependence was characterized by a single pK of 6.9, on
the basis of data which did not extend as far to low pH;
Andrews et al., 1989.) The k., profile of dhfr D26N, by
contrast, can be fitted to a single pK, of 6.9 (£0.1). This
suggests the simple explanation that the group with a pK of
5is Asp26. (This should be a true pX value for this residue,
since hydride ion transfer is rate-limiting across the pH
range.) The identity of the group with a pK of 6.9—7.3 is
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FIGURE 7: pH dependence of k. for folate reduction catalyzed by
(a) dhfr and (b) dhfr D26N. The lines represent the best fit to two
and one pKs, respectively, as discussed in the text.

less clear at present. An understanding of the pH dependence
of reduction of folate is complicated by the existence of a
pH dependent conformational equilibrium in the enzyme—
folate and enzyme—folate—NADP* complexes, in which
only one conformer has folate bound in the correct orientation
for reduction to occur (Birdsall ez al., 1982, 1987, 1989b;
Cheung et al., 1993); it is not known whether a similar
equilibrium exists in the catalytically functional enzyme—
folate—NADPH complex. However, we have earlier shown
that the pH dependence of this equilibrium is abolished in
dhfr D26N (Jimenez et al., 1989), so that the ionization with
a pK ~ 7 cannot be associated with this conformational
effect. As noted above, Asp26 is the only ionizable group
on the protein which is close to the pteridine ring in the active
site of the enzyme. However, the pK for deprotonation of
N3 of the pteridine ring in the normal, keto, tautomer of
free folate is 8.3 (Poe, 1977), raising the possibility that the
pK ~ 7 which is seen in the pH dependence of k.
corresponds to this ionization in bound folate; a second
possibility is that it corresponds to the deprotonation of N8
(Davies et al., 1990; see below). Cheung et al. (1993) have
recently used *C NMR of labeled folate to study the
tautomeric and ionization states of folate in the different
conformational states of the enzyme—folate and enzyme—
folate—NADP* complexes. They concluded that, in the
conformation where folate is bound in the correct orientation
for reduction, it is present as the keto tautomer, but up to
pH 7.3 there were no changes in chemical shift of C2 or C4
which might indicate an ionization of N3. In the case of
human dhfr, N NMR studies (Blakley et al., 1993) have
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FIGURE 8: Possible roles of Asp26 and Asn26 in keto—enol
tautomerism of FH,.

recently shown that N3 remains protonated across the whole
pH range in the enzyme—folate and enzyme—folate—NADP*
complexes. Studies of a better model of the enzyme—
folate—NADPH complex will be required to fully understand
the origins of the pH dependence of folate reduction.

Role of Asp26 and Asn26 in Catalysis. The observation
that in L. casei dhfr substitution of Asp26 by Asn leads to
a decrease in the rate of hydride ion transfer from NADPH
to FH; by only a factor of 62 at pH 5.5 and a factor of 9 at
pH 7.5 does not suggest a uniquely essential role for this
residue in catalysis. Comparable effects have been seen for
substitutions of a number of other residues around the active
site, such as the conserved tryptophan (W21 in L. casei dhft;
Thillet et al., 1988; Andrews et al., 1989; Warren et al.,
1991). In particular, this rather modest decrease is not readily
compatible with mechanisms which involve an essential
proton transfer from the carboxyl of Asp26 to bound water
molecules and/or 04 of FH, and thence to N5 of the
substrate.

However, a mechanism in which Asp26 remains in the
protonated state throughout the catalytic cycle (Taira et al.,
1987; Uchimaru et al., 1989; Bystroff et al., 1990; Brown
& Kraut, 1992) is more easily reconciled with the relatively
high catalytic activity of the Asn26 enzyme, as illustrated
in Figure 8. In this mechanism, the carboxyl of Asp26 and
a crystallographically observed bound water molecule act
to assist the transfer of a proton from N3 to O4 of FH;, that
is, the tautomerization from the keto to the enol form. The
proton on O4 is then transferred, perhaps via another water
molecule (Brown & Kraut, 1992), to NS; this would promote
hydride ion transfer to C6 (Gready, 1985). The NS5-
protonated species could be either the keto or enol tautomer.
In this scheme, Asp26 will assist the tautomerization of the
bound substrate, but it is not clear to what extent it will act
to favor the enol over the normal keto tautomer. It has been
suggested that long-range electrostatic effects may have
significant effects on the electron distribution in the pteridine
ring (Bajorath et al., 1991) and perhaps on the tautomeric
equilibrium, but the calculation of these effects has been
found to be critically dependent on the exact disposition of
the water molecules around the active site (M. J. Suicliffe,
personal communication).
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When the aspartic acid side chain is replaced by an
asparagine, the same assistance in proton transfer in the
keto—enol tautomerization is not possible, since an -NH,
replaces an -OH. However, the asparagine can still serve
to orient the substrate in essentially the same way as the
aspartic acid. In particular, the Asn side chain can clearly
interact more favorably with the enol than with the keto
tautomer of the substrate. If the enolization of FH; is
important for catalysis, then the Asp — Asn substitution
would be, to this extent, a favorable one. On the other hand,
only a small fraction of FH; exists in the enol form in free
solution, and probably most important, the orientation of at
least one of the crucial bound water molecules would have
to be different in the mutant, and perhaps less favorable for
proton transfer to N5 via O4. It may be that the balance
between these factors determines the catalytic activity of the
asparagine mutant. The marked difference in the effects of
this substitution on the L. casei and E. coli enzymes, which
are kinetically extremely similar (Andrews etz al., 1989),
could then result from even small differences in the location
and/or orientation of the bound water molecules in the
substrate complex, or from differences in the position of the
equilibrium between keto and enol tautomers of the bound
substrate on the two enzymes.

Further insight into the mechanism will depend upon direct
measurements of the charge state of Asp26 and the tauto-
meric and charge states of FH, in complexes as close as
possible to the catalytically functional enzyme—FH,—
NADPH complex. Thus, we have recently prepared selec-
tively [y-13C]Asp-labeled dhfr (Badii et al., 1995), and NMR
measurements of the pK of Asp26 in various complexes are
in progress. An important step toward direct determination
of the relevant charge states has recently been taken by Chen
et al. (1994), who have reported difference Raman spec-
troscopy measurements of the pX of N5 of FH, when bound
to E. coli dhfr. They report that this pX is less than 4.0 in
the enzyme—FH, complex and the enzyme—FH;—tetrahy-
droNADPH* complex but that N5 has a pK of 6.5 in the
enzyme—FH,—NADP™* complex. This dramatic increase in
pK is dependent on the presence of the active-site carboxyl,
since it was not seen with the D27S mutant. Chen et al.
(1994) propose that the group which determines the pH
dependence of ., for FH; is not Asp27 (E. coli numbering)
but N5 of the substrate, the active-site carboxylate (unpro-
tonated) acting to stabilize the protonated state of the
dihydropteridine ring (Gready, 1985). However, the obser-
vation reported here that substitution of Asp26 with Asn has
a relatively small effect on the rate of hydride transfer is
hard to reconcile with an essential role for the negatively
charged carboxylate, at least in the L. casei enzyme.

The mechanism of reduction of folate by dhfr remains still
less well understood. Reduction of the 7,8-double bond
should be promoted by protonation of N8 (Gready, 1985).
A hydrogen bond to the backbone carbonyl of Ile5 (Bystroff
et al., 1990; E. coli numbering) might stabilize a protonated
N8 of folate. Support for this comes from studies of the
complex of human dhfr with 5-deazafolate, a tightly binding
inhibitor which is protonated on N8 when bound to the

4 TetrahydroNADPH is 1.4,5,6-tetrahydronicotinamide adenine di-
nucleotide phosphate.

5 The conclusion that the pK of NS is elevated in the catalytically
functional enzyme—FH,;—~NADPH complex depends on the assumption
that the enzyme—FH;—NADP™ complex is a better model of the active
complex than is the enzyme—FH,—tetrahydroNADPH complex.
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enzyme (Davies et al., 1990; Williams & Morrison, 1992),
the protonated N8 of the inhibitor forming a hydrogen bond
to the backbone carbonyl of Ile7 (Davies et al., 1990; this
residue is equivalent to Ile5 of E. coli dhfr). Davies et al.
(1990) used the structure of this complex to construct a model
of a proposed transition state for folate reduction by dhfr, in
which N8 is protonated. However, it is not clear that the
5-deazafolate complex is a good model for the transition state
(Williams & Morrison, 1992), and importantly, there is no
obvious route by which a proton could be transferred to N8
from the solvent (Davies et al., 1990). There is good NMR
evidence that in the catalytically relevant conformation of
the enzyme—folate and enzyme—folate—NADP* complexes,
the substrate exists in the keto tautomer and is not protonated
on N5 (Selinsky et al., 1990; Cheung et al., 1993; Blakley
etal., 1993). In any case, it is not clear that either enolization
or protonation on N5 would promote reduction of the 7,8-
bond. It may be that the apparently strained interactions
discussed by Bystroff et al. (1990) and Davies et al. (1990)
on the basis of the E. coli dhfr—folate—NADP* and human
dhfr—folate and dhfr—5-deazafolate complexes are the
principal sources of the rate acceleration for this substrate.
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