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Methionine-42, distal to the active site of Escherichia coli dihydrofolate reductase,
was substituted by site-directed mutagenesis with 14 amino acids (Ala, Cys, Glu, Gln,
Gly, His, Ile, Leu, Pro, Ser, Thr, Trp, Tyr, and Val) to elucidate its role in the stability
and function of this enzyme. Far-ultraviolet circular dichroism spectra of these
mutants showed a distinctive negative peak at around 230 nm beside 220 nm, depend-
ing on the hydrophobicity of the amino acids introduced. The fluorescence intensity
also increased in an order similar to that of the amino acids. These spectroscopic data
suggest that the mutations do not affect the secondary structure, but strongly per-
turb the exciton coupling between Trp47 and Trp74. The free energy of urea unfold-
ing, AG°,, increased with increases in the side-chain hydrophobicity in the range 2.96-
6.40 kcal-mol-}, which includes the value for the wild-type enzyme (6.08 kcal-mol™).
The steady-state kinetic parameters, K, and k_,,, also increased with increases in the
side-chain hydrophobicity, with the M42W mutant showing the largest increases in
K, (35-fold) and k., (4.3-fold) compared with the wild-type enzyme. These results
demonstrate that site 42 distal to the active site plays an important role in the stabil-
ity and function of this enzyme, and that the main effect of the mutations is to modify
of hydrophobic interactions with the residues surrounding this position.

Key words: dihydrofolate reductase, enzyme function, hydrophobic interaction,
mutation at methionine-42, structural stability.

Abbreviations: CD, circular dichroism; DHFR, dihydrofolate reductase; DHF, dihydrofolate; THF, tetrahydro-

folate; TMP, trimethoprim.

Enzyme function is intimately related to structural fluc-
tuations of a protein molecule to adopt conformations
suitable for binding the substrate and cofactor. However,
it remains unclear how local structures participate in
fluctuations of the whole protein molecule. A novel
approach to elucidate the contribution of flexibility on
protein function is to clarify the roles of residues distal to
the active site that do not participate directly in a cata-
lytic reaction. Knowledge of this contribution should pro-
vide a new paradigm for the relationship between struc-
ture and function in proteins.

Dihydrofolate reductase (DHFR) from Escherichia coli
is a typical system for studying structure—fluctuation—
function relationships of enzymes. It is a monomeric pro-
tein consisting of 159 amino acids with no disulfide
bonds, and it catalyzes the NADPH-linked reduction of
dihydrofolate (DHF) to tetrahydrofolate (THF). The
movie produced by Sawaya and Kraut (1) demonstrates
how the DHFR molecule actively and cooperatively fluc-
tuates to accommodate the coenzyme and substrate. A
high-pressure NMR study revealed the existence of
active-site hinge motion including the Met20 loop in solu-
tion, which might be directly relevant to function (2). We
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were the first to report that site-directed mutagenesis at
Gly121 in a flexible loop significantly influences the sta-
bility and function of this enzyme; in particular, the
activity of G121V is 240-fold lower than that of wild-type
DHFR, despite this position being about 19 A from the
catalytic residue, Asp27 (3, 4). Cameron and Benkovic
revealed that G121V has a 200-fold lower hydride-
transfer rate and exhibits an additional conformational
change step in the Michaelis complex preceding the
hydride-transfer step (5). Further, we found that site-
directed mutagenesis at Gly67 and Alal45 in the other
two loops also influences the stability and function of this
enzyme (6, 7), and that a double mutation at Gly67 and
Gly121, whose o-carbons are mutually separated by 27.7
A, has nonadditive effects on stability and function (8).
Single amino acid substitutions at these positions clearly
affect the adiabatic compressibility (volume fluctuation)
(9) and amide hydrogen—deuterium exchange (10). These
observations indicate that residues distal to the active
site are coupled to fluctuations of the structure in solu-
tion, a detailed knowledge of which may be crucial to
understanding reaction mechanisms.

Recently, Rajagopalan et al. showed that while the
reaction kinetics of the M42F mutant do not deviate from
the wild-type behavior, the forward hydride-transfer rate
is 41-fold lower for the M42W mutant (11). Double muta-
tions at sites 42 and 121 produced only small changes in
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Fig. 1. The overall structure (A) and an expanded picture
around Met42 (B) of a DHFR-MTX binary complex (B-chain).
Taken from Bolin et al. (35). Panel A: a-helices (red), B-strands (yel-
low), and turns (blue). Methotrexate is drawn as a stick model and
colored green. Side chains of Asp27, Met42, Trp47, and Trp74 are
drawn as ball-and-stick models. Panel B: Side chains of Met42,
Trp47, I1e50, and Trp74 are drawn as surface models.

substrate and cofactor binding but synergistically
decreased the forward hydride-transfer rates, while the
decreases in reverse rates were additive. These results
suggest that these distal residues exhibit coupled dynamic
motion, but the role of site 42 in function and protein
dynamics remains unclear because only limited mutation
studies have been preformed (11, 12). Since methionine-
42 is highly conserved and its side chain is buried in
the hydrophobic core (Fig. 1), it should be important in
protein folding as well as in enzyme catalysis. In the
present study, therefore, we constructed 14 mutants of
methionine-42 for further characterization of its role. The
effects of mutations on the structure, stability, and
enzyme activity are discussed in terms of the correlation
with the characteristics—especially hydrophobicity—of
the introduced amino acids.

MATERIALS AND METHODS

Construction of Plasmids and Mutants—The genes of
mutants were constructed by PCR mutagenesis. The
gene for wild-type DHFR was from pTZwt1-3 (13). The
following two DNA primers were commonly used to
amplify an entire gene with a ribosome binding site, over-
expression promoter, and BamHI sites at both ends: 5'-
GCGGGGATCCTCTTGACAATTAGTTAACTATTTGTTA-
TAATGTAT-3' (P35-Bam), 5'-GGGGGATCCTTAACGAC-
GCTCGAGGATTTCGAA-3' (DHFR-C). Site-directed ran-
dom mutagenesis was performed using a procedure
similar to one described previously (7) with appropriate
mixed primers for a mutagenic PCR. The resulting genes
were inserted into the BamHI site of a vector with a large
number of copies, pUC19, which was used to endow E.
coli HB101 cells with trimethoprim (TMP) resistance.
Recombinant plasmids were isolated from colonies on
agar plates containing 200 mg-ml-! ampicillin and 10
mg-ml-1 TMP. DNA sequences of the BamHI insert of the
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isolated plasmids were determined and the plasmids
with mutant sequences were selected.

Protein Purification—The wild-type and mutant DHFR
proteins were purified according to methods described
previously (6, 7). The concentration of the wild-type DHFR
was determined using a molar extinction coefficient of
31,100 Ml-cm™ at 280 nm (I4). The concentrations of
mutant DHFRs except M42Y and M42W were deter-
mined assuming the same molar extinction coefficient
since the amino acids that were introduced have either
no or negligibly small chromophores. The concentrations
of M42Y and M42W were determined using molar extinc-
tion coefficients of 32,300 and 34,100 M-1-cm™! at 280 nm,
respectively. These values were estimated from the
intrinsic fluorescence intensity of tryptophan residues in
a 5.7 M urea solution, on the assumption that the mutant
DHFRs would be fully unfolded and all tyrosine and
tryptophan side chains exposed to the solvent.

Circular Dichroism Spectra—Far-ultraviolet circular
dichroism (CD) spectra of the wild-type and mutant DHFRs
were measured at 15°C using a Jasco J-720W spectro-
polarimeter as described previously (6-8). The solvent
conditions were 10 mM potassium phosphate (pH 7.0)
containing 0.1 mM EDTA and 0.1 mM dithiothreitol. The
protein concentration was maintained at about 20 uM.

Fluorescence Spectra—Fluorescence emission spectra
of the wild-type and mutant DHFRs were measured
using a Jasco FP-750 spectrofluorometer in the wave-
length range of 300 to 450 nm at 15°C, with excitation at
290 nm and a slit width of 5 nm. The solvent conditions
were the same as those for the CD measurements. The
protein concentration was 0.7-1.0 pM.

Thermal Unfolding—Thermal unfolding of the wild-
type and M42V DHFRs was monitored by means of CD
measurements at 222 nm using a cell with a light path
length of 10 mm. The temperature was increased at a
rate of 45°C-h! using a Jasco PTC-348 Peltier-controlled
heat block and monitored by a thermistor sensor placed
directly in the sample solution. The protein concentration
was 1.0-1.5 uM and the solvent conditions were the same
as those for the isothermal measurements. The observed
molar ellipticity values, [0] (300-400 points), of M42V
DHFR were directly fitted to the two-state unfolding
model, native (N) < unfolded (U), by nonlinear least-
squares regression analysis as follows:

[e] = {[ e]N + [e]U exp (—AGu/RTY)} /
{1 +exp (-AG,/RT)} (D

where AG, is the change in Gibbs free energy with
unfolding, R is the gas constant, T is the absolute temper-
ature, and [6]y and [6]y; are the molar ellipticities of the
native and unfolded forms, respectively. [6]y and [6];; at a
given temperature were estimated by assuming the same
linear dependence of ellipticity in the transition region as
in the pure native (pretransition region) and unfolded
(posttransition region) states. The change in free energy
with unfolding at temperature T, AG,, was calculated as
follows

AGy=AH,, + AC, (T —T,) — T (AH,, / T
+AC, In (T/ T,) 2)
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where T, is the midpoint temperature of the transition,
AH_, is the change in enthalpy with unfolding at T, and
AC, is the change in heat capacity with unfolding. In this
equation, AC, is assumed to be independent of temperature.

Thermal unfolding of the M42V DHFR was also moni-
tored by fluorescence measurements as described previ-
ously (15). The solvent conditions were the same as those
for the CD measurements. The protein concentration was
0.5 uM.

Equilibrium Unfolding—Equilibrium unfolding of
DHFRs in the presence of urea (ultrapure product from
ICN Biomedicals) was monitored by means of CD meas-
urements at 222 nm and 15°C with a Jasco J-720W
spectropolarimeter as described previously (6-8). The
solvent conditions were 10 mM potassium phosphate (pH
7.0) containing 0.1 mM EDTA and 0.1 mM dithiothreitol.
The protein concentration was maintained at about 20
uM. All samples were fully equilibrated at each denatu-
rant concentration before the CD spectra were measured.
The observed molar ellipticity values, [0] (30—40 points),
were fitted directly to the two-state unfolding model as
described above (Eq. 1). The change in free energy with
unfolding, AG,, was assumed to be linearly dependent on
the urea concentration (16):

AG, = AG°, + m [urea] (3)

where AG°, is the change in free energy with unfolding in
the absence of a denaturant, and the slope, m, is a
parameter reflecting the cooperativity of the transition.
The urea concentration at the midpoint of the transition
(AG°, = 0) was defined as C,,,.

Steady-State Kinetics—The steady-state kinetics of the
enzyme reaction were studied spectrophotometrically using
a Jasco V-560 spectrophotometer at 25°C as described
previously (6—8). The concentrations of DHF (Sigma) and
NADPH (Oriental Yeast) were determined spectrophoto-
metrically using molar extinction coefficients of 28,000
M-1-cmat 282 nm and 6,200 M-1-cm™! at 339 nm, respec-
tively (17). The enzyme concentrations were determined
by the methotrexate titration method to eliminate the
effects of denatured species that may be produced during
storage. The buffer used was 33 mM succinic acid con-
taining 44 mM imidazole and 44 mM diethanolamine,
with pH adjusted to 7.0 with acetic acid or tetraethylam-
monium hydroxide. The Michaelis constant (K,) and the
rate constant of catalysis (k) were measured for various
concentrations of DHF (0.3—20 uM) at a saturated con-
centration of NADPH (60 uM). The DHF concentration
was extended to 130 uM for M42W because its K was
very high. The final concentrations of the enzymes were
0.5-1.5 nM. The enzyme solutions were preincubated
with NADPH for 8 min to eliminate the hysteresis effect
(18), and the reaction was started by adding DHF to the
preincubated mixture. The initial velocities (v) of the
enzyme reaction were calculated from the time course of
absorbance at 340 nm using a differential molar extinc-
tion coefficient of 11,800 M-1-cm™ (19). The K, and &,
values were determined using the following equation by
nonlinear least-squares analysis:

v = (ke [E] [S]) / (K, + [S]) (4)
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where [E] is the enzyme concentration and [S] is the ini-
tial substrate concentration.

Equilibrium Dissociation Constants—The equilibrium
dissociation constants, K;, between ligands (folate or
NADPH) and the wild-type or M42W DHFRs were meas-
ured by quenching the intrinsic tryptophan fluorescence
as a function of ligand concentration using a Jasco FP-
750 spectrofluorometer at 25°C. The solvent conditions
were 10 mM potassium phosphate (pH 7.0) containing
0.1 mM EDTA and 0.1 mM dithiothreitol. The protein
concentration was 3.0—4.5 uM. Observed fluorescence
intensities at 345 nm, F, were plotted against the ligand
concentrations and fitted to the following equation using
nonlinear least-squares analysis:

F=FP+AF[P+L+K))
—{(P +L + K,)? — 4PL}05] / 2 (5)

where F|, is the molar fluorescence intensity of protein
without ligand, AF' is the molar fluorescence intensity
change between the protein—ligand complex and free pro-
tein, and P and L are the concentrations of the protein
and ligand, respectively.

RESULTS

Circular Dichroism Spectra—Figure 2 shows far-ultra-
violet CD spectra of the wild-type and mutant DHFRs at
15°C and pH 7.0. The wild type exhibits a negative peak
of =8,500 deg-cm2-dmol! at around 220 nm, which is con-
sistent with previous data (6-8). However, the CD spec-
tra of all mutants (except for M42P) differ greatly from
that of the wild type: their intensities are higher at
around 230 nm and lower at around 220 nm than those of
the wild type. Nonpolar (aliphatic) amino acids signifi-
cantly increase the peak intensity at 230 nm (Fig. 2A) in
the order Pro < wild type < Gly < Ala < Leu < Val < Ile,
which is close to the orders of hydrophobicity and volume
of the side chains. Polar and acidic amino acids (Cys, Ser,
Thr, Gln, and Glu) also enhance the intensity at around
230 nm (Fig. 2B), although their effects are less than
those of the nonpolar amino acids. A similar increase in
the intensity at around 230 nm was also observed for aro-
matic amino acids (His, Trp, and Tyr), but their effects
are small despite the differing size and hydrophobicity
(Fig. 2C). These CD data suggest that the conformation of
DHFR is very sensitive to the local structure surrounding
site 42.

In order to examine the ligand binding effect on the
structure of mutants, the CD spectrum of M42I, which
has the highest CD intensity at 230 nm, was measured in
the presence of folate at 15°C and pH 7.0. As shown in
Fig. 3, increasing folate concentration increased the peak
intensity at around 220 nm and decreased it at around
230 nm, with an isoellipticity point at 224 nm. The spec-
trum for a saturated concentration of folate (100 uM) is
very close to that of the wild type. These results suggest
that the structure of M42I is shifted to that of the wild
type by folate binding.

Fluorescence Spectra—Figure 4 shows fluorescence
emission spectra of the wild-type and mutant DHFRs at
15°C and pH 7.0. All mutants except M42Q exhibited a
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Fig. 2. Far-ultraviolet circular dichroism spectra of wild-type
and mutant DHFRs at 15°C and pH 7.0. The solvent used was 10
mM potassium phosphate (pH 7.0) containing 0.1 mM EDTA and
0.1 mM dithiothreitol. Panel A: Wild type (black), M42G (red),
M42A (green), M42L (blue), M42V (cyan), M42I (magenta), and
M42P (orange). Panel B: Wild type (black), M42E (red), M42S
(green), M42T (blue), M42C (cyan), and M42Q (magenta). Panel C:
Wild type (black), M42H (red), M42W (green), and M42Y (blue).
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Fig. 3. Folate concentration dependence of the far-ultravio-
let CD spectrum of the M42I DHFR at 15°C and pH 7.0. The
solvent used was 10 mM potassium phosphate (pH 7.0) containing
0.1 mM EDTA and 0.1 mM dithiothreitol. The folate concentrations
are indicated as follows: 0 (—), 5 uM (= -), 10 uM (), 50 uM (— - —),
and 100 pM (— - —).
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Fig. 4. Fluorescence spectra of wild-type and mutant DHFRs
at 15°C and pH 7.0. The solvent used was 10 mM potassium phos-
phate (pH 7.0) containing 0.1 mM EDTA and 0.1 mM dithiothreitol.
Panel A: Wild type (black), M42G (red), M42A (green), M42L (blue),
M42V (cyan), M42I (magenta), and M42P (orange). Panel B: Wild
type (black), M42E (red), M42S (green), M42T (blue), M42C (cyan),
and M42Q (magenta). Panel C: Wild type (black), M42H (red),
M42W (green), and M42Y (blue).

large increase in fluorescence intensity, but no peak shift.
This result suggests that mutations at site 42 enhance
the quantum yield of tryptophan residues but do not
affect the polarity around them. Of the five tryptophan
residues, the most probable candidates for such large
changes in the spectrum are Trp47 and Trp74, since
Trp74 contributes most strongly to the fluorescence spec-
trum and the fluorescence of Trp47 is partly quenched in
the wild-type DHFR (15, 20). The fluorescence intensity
increases in the order wild type < Pro < Gly < Ala < Leu <
Val =Ile (Fig. 4A), which is similar to the order of increas-
ing CD intensity at 230 nm (Fig. 2A). The order of the
intensity of the polar amino acids, Gln < wild type < Glu
< Ser < Thr < Cys (Fig. 4B), is also close to that observed
for the CD intensity at around 230 nm (Fig. 2B). Aro-
matic residues also induce a large increase in fluores-
cence intensity in the order wild type < Tyr < His < Trp,
although no noticeable difference was observed in the CD
intensity (Fig. 4C). The high intensity and 2-nm blue
shift of the M42W mutant may be partly due to the intro-
duced tryptophan residue, which enhances nonpolarity of
the hydrophobic core around the mutation site.

J. Biochem.
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Fig. 5. Temperature dependence of the CD intensity at 222
nm (A) and the fluorescence intensity at 345 nm (B) of the
wild-type and M42V DHFRs at pH 7.0. The solvent used was 10
mM potassium phosphate (pH 7.0) containing 0.1 mM EDTA and
0.1 mM dithiothreitol: wild type (open circles), M42V (solid circles).
Solid lines represent the theoretical fits to a two-state unfolding
model (see “MATERIALS AND METHODS”). The inset in panel A shows
far-ultraviolet CD spectra of the wild-type and M42V DHFRs at 15
and 80°C: wild type at 15°C (eee) M42V at 15°C (bold thick line),
wild type at 80°C (- - ), M42V at 80°C (thin line).

Thermal Unfolding—Figure 5 shows the temperature
dependence of the molar ellipticity at 222 nm and the flu-
orescence intensity at 345 nm of the wild-type and M42V
DHFRs at pH 7.0. As shown in Fig. 5A, the molar elliptic-
ity of the wild type increased gradually with temperature
in the range 5-50°C and then rapidly in the range 50—
70°C to almost constant values at 70-80°C. The fluores-
cence intensity of the wild type decreased gradually in
the range 5-30°C, remained constant at 30-45°C, then
decreased again with increasing temperature (Fig. 5B).
These results are consistent with our previous conclusion
that the thermal unfolding of the wild-type DHFR follows
a three-state unfolding model with one intermediate (21).
However, the molar ellipticity of M42V showed only a
small temperature dependence in the range 5-40°C, and
then increased rapidly in the transition region at 40—
55°C to reach saturation at 55-65°C (Fig. 5A). The fluo-
rescence intensity of M42V also showed a clear transition
in the same temperature region (Fig. 5B), indicating that
the thermal unfolding of M42V essentially follows a two-
state unfolding model. The thermodynamic parameters
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Fig. 6. Plots of molar ellipticity of the wild-type and mutant
DHFRs at 222 nm as a function of urea concentration at
15°C. The solvent used was 10 mM potassium phosphate (pH 7.0)
containing 0.1 mM EDTA and 0.1 mM dithiothreitol. Panel A: Wild
type (black), M42G (red), M42A (green), M42L (blue), M42V (cyan),
M42I (magenta), and M42P (orange). Panel B: Wild type (black),
M42E (red), M42S (green), M42T (blue), M42C (cyan), and M42Q
(magenta). Panel C: Wild type (black), M42H (red), M42W (green),
and M42Y (blue). Solid lines represent the theoretical fits to a two-
state unfolding model with the parameter values listed in Table 1
(see “MATERIALS AND METHODS”).

obtained from the CD data using Eqgs. 1 and 2 were T, =
45.5 £ 0.2°C, AH,, = 70.9 + 2.4 kcal-mol-!, and AC, = 1.4 +
1.2 kecal'mol1-K-1. Although these parameters were not
obtained for the wild type, the thermal stability of M42V
is evidently lower than that of the wild type. Besides the
different thermal unfolding mechanism, the native struc-
tures of both DHFRs differ considerably in their suscepti-
bility to thermal fluctuation as revealed by the tempera-
ture dependence of molar ellipticity, although the
thermally unfolded state has an identical structure as
shown in the inset of Fig. 5A.

Equilibrium Unfolding—Figure 6 shows typical plots
of the molar ellipticities at 222 nm of the wild-type and
mutant DHFRs as a function of urea concentration at
15°C. The transition curves of mutant DHFRs were obvi-
ously shifted from that of the wild type to lower urea con-
centrations, suggesting that these mutants have a desta-
bilized structure. However, the slopes of the transition
curves are also dependent on the mutants, with gentle
slopes being observed for M42P and M42W. The unfold-
ing of the mutant DHFRs essentially follows a two-state
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Table 1. Thermodynamic parameters for urea denaturation of the wild-type and

mutant DHFRs at 15°C.2

o b c o d d d

DHFR (keal-mol-1) (ml-‘r/nolfl) (kcifrﬁolfl) (keal-mol--M-1) ?1\“/1)
Wild type © 13 124 6.08+0.18 21.96 + 0.06 3.11
MA42E 25 109 3.07 +0.28 ~1.96 +0.15 1.57
M42S 0.3 73 450 +0.29 ~1.86+0.11 2.42
M42Q ~02 114 437 +0.22 ~2.06+0.10 2.12
M42G 0 48 440 +0.50 228 +0.24 1.93
M42T 0.4 93 2.90 +0.39 _153+0.17 1.90
M42A 0.5 67 5.75 + 0.54 —9.45+0.22 2.35
M42H 05 118 3.06 + 0.43 ~1.95+0.22 157
M42P 1.0 90 478+1.10 ~1.46 +0.36 3.27
M42C 1.0 86 4.81+0.26 22.10+0.11 2.29
M42V 15 105 5.04 +0.38 22.09+0.15 2.41
M42L 1.8 124 5.34 £0.51 -2.12+0.19 2.52
M42T 18 124 5.85 + 0.58 —217+0.21 2.70
M42Y 2.3 141 6.40 + 0.48 955 +0.18 2.51
M42W 35 163 417 +0.40 _1.45+0.14 2.88

2The solvent used was 10 mM potassium phosphate (pH 7.0) containing 0.1 mM EDTA and 0.1
mM dithiothreitol. "The change in transfer free energy of introduced amino acid side chains
from organic solvent to water (33). ®Molar volume of amino acids (34). iThe parameters AG°,,
m, and C,, were calculated assuming a linear relationship between AG, and the urea concen-
tration (Eq. 3). The values are given as mean + SD. ¢Gekko et al. (4).

model, as in the case of the wild-type and other mutant
DHFRs, so the change in free energy with unfolding, AG,,
was calculated using Eq. 1. The highly linear relation-
ship observed between AG, and urea concentration (data
not shown) allows us to calculate the change in free
energy with unfolding in water, AG°,, the slope, m, and
the denaturant concentration at AG, = 0, C,,. The results
of the calculation are listed in Table 1. Evidently, the
mutations induce large variations in AG°, (2.90-6.40
keal'mol), C,, (1.57-3.27 M), and m (-1.45 to —2.55
kcal-mol-1-M™1) relative to the corresponding values for
the wild type (6.08 kcal'mol, 3.10 M, and -1.96
kcal-mol-1-M-1, respectively). These results clearly indi-
cate that position 42 plays an important role in the struc-
tural stability of the enzyme.

Table 2. Steady-state kinetic parameters of the enzyme activ-
ity of the wild-type and mutant DHFRs at 25°C.2

DHFR K, (uM) ke (57D keat/ K (WM 1571
Wild type P 1.30 £0.10 246 +3.1 18.9
M42E 5.97+0.69 159+0.4 2.7
M42S 2.27+0.16 22.6 £0.6 10.0
M42Q 2.27+0.20 24.3+0.8 10.7
M42G 1.18 £0.12 13.0£04 11.0
M42T 0.82 £ 0.07 187+ 0.4 22.8
M42A 1.30+£0.19 14.0+0.8 10.8
M42H 1.93 £ 0.32 26.6 £1.5 13.8
M42P 0.83 £0.14 24.0+1.1 28.9
M42C 1.94+0.24 30.4+£1.2 15.7
M42vV 0.91+0.14 15.7£0.7 17.3
M42L 1.12+0.13 18.9+0.6 16.9
M421 0.61+£0.11 124 +0.5 20.3
M42Y 1.78 £0.15 455+1.3 25.6
M42wW 45.0 £ 2.55 104.6 £2.3 2.3

2The solvent used was 33 mM succinic acid containing 44 mM
imidazole and 44 mM diethanolamine (pH 7.0). "Ohmae et al. (6).

Steady-State Kinetics—Figure 7 shows typical plots of
the initial velocity of the enzyme reaction as a function of
substrate concentration (DHF). Similar hyperbolic curves
were observed for other mutant DHFRs, although for
M42W, the curve saturated at a much higher substrate
concentration. The Michaelis constant, K, and the rate
constant of catalysis, &, were calculated using Eq. 4 and
are listed in Table 2. The K values of the mutants other
than M42W varied from 0.61 uM (M42I) to 5.97 uM
(M42E), and the k&, values varied from 12.4 s~ (M42I) to
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Fig. 7. Initial velocity of the enzymatic reaction of the four
mutant DHFRs as a function of dihydrofolate concentration
at 25°C and pH 7.0. The solvent used was 33 mM succinic acid, 44
mM imidazole, and 44 mM diethanolamine (pH 7.0), containing 60
uM NADPH. The concentrations of enzymes were 0.5-1.5 nM:
M42C (open circles), M42l (solid circles), M42W (open triangles),
and M42E (solid triangles). Solid lines represent the theoretical fits
to Eq. 4 with the parameter values listed in Table 2. The dotted line
indicates the theoretical values of the wild-type DHFR.
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Table 3. Equilibrium dissociation constants of NADPH and
folate from the wild-type and M42W DHFRs at 25°C and pH
7.0.2

DHFR K, (uM)

NADPH Folate
Wild type 0.1+0.0 2.0+0.1
M42W 0.5+0.1 21.8+1.3

2The solvent used was 10 mM potassium phosphate (pH 7.0) con-
taining 0.1 mM EDTA and 0.1 mM dithiothreitol.

45.5 571 (M42Y). M42W shows exceptionally high values
of K, (45.0 uM) and k&, (104.6 s71), suggesting modified
enzyme Kkinetics. These kinetic parameters for the
mutant enzymes differ considerably from the correspond-
ing values for the wild-type DHFR (1.30 uM and 18.9 s™1),
but the enzyme activity (%./K,) did not change greatly
due to compensation between %, and K, in all mutants.
Thus the mutation at site 42 has no crucial effect on the
function of the enzyme, although the rate-limiting proc-
ess might be modified (11).

Equilibrium Dissociation Constants—Figure 8 shows
the concentration dependence of NADPH and folate on
the fluorescence intensities at 345 nm of the wild-type
and M42W DHFRs at 25°C and pH 7.0. Evidently, the
introduction of a tryptophan residue at site 42 influences
the affinity for folate and NADPH. The equilibrium dis-
sociation constants of these ligands were calculated using
Eq. 5 and are listed in Table 3. The mutations induced 5-
and 11-fold increases in the K; values for NADPH and
folate, respectively. Rajagopalan et al. (11) also found
that M42W exhibits 3- and 13-fold higher K, values for
NADP+ and THEF, respectively, compared with the wild
type. These results suggest that the affinities for
coenzyme and substrate are significantly depressed in
M42W, although a direct comparison of K, values is
impossible because of the different solvent conditions and
ligands used.

DISCUSSION

The present study revealed that mutations at site 42
induce significant changes in the structure, stability, and
function of DHFR. This is in agreement with the evolu-
tional evidence that residues 41-45 (including this site)
are tightly conserved in DHFRs of many species (11). The
influence of distal yet highly conserved sites has been
demonstrated previously for sites 67 and 121, which are
located in flexible loops (4-6). It is of interest how local
structural changes at distal residues are coupled to the
overall structure, stability, and function of the protein.
This problem is discussed below in terms of the correla-
tion with the characteristics of the introduced amino acids.

Structure of Mutant DHFRs—As shown in Fig. 2, the
CD spectra of mutant DHFRs at site 42 differed signifi-
cantly from that of the wild type. To our knowledge, this
is the first observation of such a large CD change at
around 230 nm, although similar CD perturbations have
been found for some mutants at tryptophan residues,
loops, and hinge regions of DHFR (6, 15, 19, 22). It is gen-
erally thought that CD spectra in the far-ultraviolet
region reflect the secondary structure of a protein. How-
ever, the tertiary structure, especially the side chains of
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Fig. 8. NADPH (A) and folate (B) concentration dependence
of the fluorescence intensity at 345 nm of the wild-type and
M42W DHFRs at 25°C and pH 7.0. The solvent used was 10 mM
potassium phosphate (pH 7.0) containing 0.1 mM EDTA and 0.1
mM dithiothreitol: wild type (open circles) and M42W (solid circles).
Solid lines represent the theoretical fits to Eq. 5 with the parameter
values listed in Table 3.

aromatic residues, is known to influence the peptide CD
of some proteins (23, 24). A typical case is exciton cou-
pling between the Trp47 and Trp74 side chains of DHFR,
which has been predicted both experimentally and theo-
retically (20, 25). Since all the mutants examined in the
present study exhibited activities comparable to that of
the wild type (Table 2), the observed changes in CD spec-
tra could be ascribed to modifications of exciton coupling
between Trp47 and Trp74 rather than to modifications in
the secondary structure. It is possible that mutations at
site 42 influence the surroundings of the side chain of
Trp47, thereby disrupting exciton coupling with Trp74,
because the distance between the sulfur atom of Met42
and the nearest atom of Trp47 (a-carbon) is only 3.73 A,
and the side chain of Met42 is buried in the interior of the
protein molecule (Fig. 1B). Evidence for such modified
exciton coupling is provided by the CD intensity at
around 230 nm, and by the fact that the fluorescence
intensity increases with increases in the volume or
hydrophobicity of the introduced amino acids with
aliphatic side chains (Figs. 2A and 4A). Polar and acidic
side chains may also disturb the exciton coupling in a
more complicated manner, since the order of increasing
CD intensity at around 230 nm is not necessarily consist-
ent with that of the fluorescence intensity, as shown in
Figs. 2B and 4B. It is noticeable that some mutants (e.g.,
M42I and M42Q) have a clearly higher CD intensity at
around 230 nm compared with W74L, W74F, and W47L,
whose exciton coupling is broken. This suggests that the
mutants with a high CD intensity induce a new exciton
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that differs from that in the wild type. Such modified
exciton coupling returns to the state in the wild type by
binding a substrate, folate, as demonstrated for M42I
(Fig. 3). The symmetric change in the CD intensities
centered at about 225 nm as shown in Fig. 3 is further
evidence for the modification of exciton coupling. On the
other hand, three mutants with aromatic side chains
(M42H, M42Y, and M42W) exhibit CD spectra resem-
bling those of W74L, W74F, and W47L (Fig. 2C). The high
fluorescence intensity of these mutants (Fig. 4C) sug-
gests that the fluorescence of Trp47, which is quenched
in the wild type, is released by introducing these aro-
matic side chains into site 42 to disrupt the exciton cou-
pling between Trp47 and Trp74.

The disruption of exciton coupling between Trp47 and
Trp74 has also been observed in the acid and thermal
unfolding intermediate of the wild type (21). It is proba-
ble that M42V and maybe some other mutant DHFRs in
which exciton coupling is disrupted have structures simi-
lar to that of the thermal unfolding intermediate of the
wild type, and that the increased fluorescence in the
intermediate is derived from Trp47.

In contrast to other mutants, M42P exhibits a blue-
shifted CD spectrum with a low intensity and without a
detectable band at 230 nm compared with the wild type
(Fig. 2A). Some conformational change might occur by
introducing a proline residue, since site 42 is located in a
short B-strand and the solubility of this mutant is very
low compared with that of the other mutants. Although
elucidation of the detailed structural changes must await
X-ray or NMR analyses of the mutant enzymes, the
present spectroscopic data reveal that mutations at site
42 have little effect on the secondary structure, but
strongly perturb the tertiary structure of DHFR.

Structural Stability—As indicated in Table 1, the AG®,
values of all mutants except M42Y are lower than that of
the wild type, indicating that mutations at site 42 mainly
destabilize the structure of DHFR. This is consistent
with the comparable decrease in the C,, values (correla-
tion coefficient, r, between AG°, and C,, is 0.672). From
thermodynamics, it is difficult to determine a priori
which of the native and unfolded structures modifies the
stability of mutants. However, a linear correlation between
AG°, and m (r = —0.565) suggests that the cooperativity of
unfolding or the flexibility of the native structure may
also be related to the stability of the protein, although
interpretations of the m value remain controversial (26,
27). The CD data in Figs. 2, 5, and 6 clearly indicate that
the mutations affect the native structure more than the
unfolded structure.

The stabilizing mechanism of a protein can be partly
understood through the correlation of AG°, with struc-
tural parameters of the introduced amino acid residues.
Many experimental data indicate that AG°, increases
with increases in the hydrophobicity of introduced amino
acid side chains (28-31), leading to a consensus that
hydrophobic interactions represent the dominant stabi-
lizing force of protein structure (32). This is also expected
for the mutants in the present study since the side chain
of Met42 (wild type) is buried in the interior of the pro-
tein molecule. Therefore, the AG°, values in Table 1 are
plotted in Fig. 9A as a function of the hydrophobicity
(Ag®,,) of the introduced amino acid side chains, as esti-
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Fig. 9. Plots of AG°, (A) and Cm (B) against the hydrophobic-
ity (Ag°,) of introduced amino acid side chains for the wild-
type and mutant DHFRs. The hydrophobicity values are from
Nozaki and Tanford (33). Amino acid residues at site 42 are indi-
cated as one-letter codes. Solid lines represent linear regressions.

mated by Nozaki and Tanford (33). Evidently, AG°, is an
increasing function of Ag°,, although the correlation is
not high (r = 0.518). As shown in Fig. 9B, a stronger posi-
tive correlation is observed between C,, and Ag°, (r =
0.647). Therefore, the mutation effects on stability can be
attributed mainly to enhanced hydrophobic interactions
in the native structure. The side chains with high hydro-
phobicity concomitantly have large molar volumes, so a
packing effect of the side chains may be also related to
the stability of the mutants. However, there is no signifi-
cant correlation between the molar volume of the intro-
duced amino acid residues (V) and AG°, (r = 0.135) or C,
(r = 0.285) (data not shown), although overcrowding of
side chains dominantly contributes to the stability of
mutants at sites 67 and 121 in loop regions, whose side
chains are also buried in the protein molecule (4, 6).
Therefore, atomic packing of the side chains is not so sig-
nificant as overcoming the effect of hydrophobicity on the
stability of mutants at site 42.

The thermal stability of DHFR is also influenced by
mutations at site 42, as demonstrated for M42V in Fig. 5.
The stability change is mainly attributable to the modi-
fied native structure. It is possible that the thermal sta-
bility of other mutants is influenced by the hydrophobic-
ity of the introduced amino acids as in the case of urea
denaturation, although confirmation of this awaits
detailed thermodynamic analyses.

Enzyme Function—As indicated in Table 2, the steady-
state kinetic parameters of mutant DHFRs at site 42 dif-
fer considerably from those of the wild type, especially
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NADPH NADP+
E DHF < > E THF

NADP+

NADPH NADPH

E 47—> ETHF <T>

NADPH

E THF

Scheme 1.

M42W, which has significantly higher K, and k&, values.
This is interesting because the mutation site is far (14 A)
from the active site (Asp27) and hence has no direct con-
tact with either the substrate or cofactor. DHFR cata-
lyzes the NADPH-linked reduction of DHF to THF
through a cyclic reaction pathway consisting of five inter-
mediates (DHFR-NADPH, DHFR-NADPH-DHF, DHFR-
NADP+-THF, DHFR-THF, and DHFR-NADPH-THF),
and involves some equilibrium states such as DHFR-
NADP+ (Scheme 1) (14).

In the cycle shown in Scheme 1, the ternary complex
DHFR-NADPH-DHF exists only transiently because the
hydride transfer from NADPH to DHF is very rapid. The
movie produced by Sawaya and Kraut (1) indicates that
DHFR actively and cooperatively fluctuates in the bind-
ing and releasing of these ligands. For the wild type, the
rate-limiting step in this cycle is the release of a product,
THF (14), so we cannot explain the mutation effects on
the total enzyme kinetics by considering only the K, and
k.o values. However, it is possible to predict the charac-
teristics of mutations at site 42 from the correlation of
these kinetic parameters with the nature of the amino
acids introduced.

Figure 10 shows plots of K, k., and log (&.,/K,) as a
function of the hydrophobicity (Ag®,) of the introduced
amino acid side chains. Except for M42W, it appears that
K, decreases (r = —0.804) and %, increases (r = 0.351)
with increasing Ag®;, resulting in the increase in k /K,
(r = 0.885). The large reduction (seven-fold) in enzyme
activity (k./K,,) of M42E may be attributable to its side
chain having the highest polarity, which may be exposed
with a negative charge to the solvent. As shown in Fig.
1B, the side chain of Met42 is close to that of Ile50, which
comes directly into contact with the p-aminobenzoyl moi-
ety of the substrate. So it is possible that the introduction
of a hydrophilic side chain into site 42 disrupts the hydro-
phobic interaction with the side chain of Ile50, conse-
quently decreasing the affinity for the substrate. Thus
the side-chain hydrophobicity at site 42 would enhance
the enzyme function mainly by increasing the affinity for
the substrate.

However, M42W shows exceptionally low activity (8.2-
fold) comparable to that of M42E, although its side chain
is the most hydrophobic of all the amino acids. Such
depressed activity is mainly attributable to the reduced
substrate binding (35-fold increase in K, ) overcoming the
decrease in the turnover reaction rate (4.3-fold increase
in k). This is supported by the equilibrium dissociation
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Fig. 10. Plots of K, (A), k_,, (B), and log k /K, (C) against the
hydrophobicity (Ag®,) of introduced amino acid side chains
for the wild-type and mutant DHFRs. The hydrophobicity val-
ues are from Nozaki and Tanford (33). Amino acid residues at site
42 are indicated as one-letter codes. Solid lines represent linear
regressions, except for the M42W mutant.

constant of folate for M42W being 11-fold higher than
that of the wild type (Table 3). On the other hand, Rajag-
opalan et al. (11) found that the dissociation constants of
M42W and M42F for the substrate (DHF) and coenzyme
(NADPH) are comparable to those of the wild type, but
that the forward hydride-transfer rate of M42W was
reduced 41-fold while the reaction kinetics of the M42F
mutant did not deviate from the wild-type behavior. Fur-
thermore, in the M42W mutant, the dissociation rate of
THF from the reduced ternary complex (DHFR-NADPH-
THF) increased 13-fold relative to the wild type, and
hydride transfer was likely to be the rate-limiting step.
They also predicted that the kinetically significant con-
formational-change step would precede the chemical step
between DHFR-NADPH-DHF and DHFR-NADP+THF
(Scheme 1) in M42W, resembling that previously
observed for G121V (5). Thus, on scaling with side-chain
hydrophobicity, M42W has specific enzyme kinetics that
differ from those of the wild-type and other mutant
DHFRs.

As revealed by the present study, site 42 distal to the
active site plays an important role in the stability and
function of DHFR. The main effect of the mutations is the
modification of hydrophobic interactions with residues
surrounding this position, as expected from the wide-type
side chain being buried in the hydrophobic core. We are
currently using mass spectrometry to investigate the
hydrogen—deuterium exchange of these mutants coupled
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with protease digestion, which should provide further
insight into the role of site 42 in the structure—fluctua-
tion—function relationship.

10.

11.

12.
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14.
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