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To elucidate the role of a flexible loop (residues 142-149) in the stability and function of
Escherichia coli dihydrofolate reductase, alanine-145 in this loop was substituted by
site-directed mutagenesis with ten amino acids (Glu, Phe, Gly, His, He, Leu, Arg, Ser, Thr,
and Val). The amount of three mutant proteins (A145E, A145I, and A145L) in cells was too
small to allow the measurement of circular dichroism (CD) spectra and urea unfolding. The
CD spectra of other seven mutants were identical with those of the wild-type DHFR,
indicating that the native conformation of DHFR was not affected by the mutations. The free
energy change of unfolding by urea decreased with an increase in the hydrophobicity of
amino acid residues introduced, A145T >A145R>A145G§ A145SsA145H> A145V> wild-
type SA145F. The steady-state kinetic parameters for the enzyme reaction, Km and kcat,
were only slightly influenced by the mutations. These results suggest that site 145 in the
flexible loop plays an important role in the stability but has little or no effect on the native
structure and function of this enzyme. The characteristics of the mutations are discussed in
comparison with those of mutations at site 67 [Ohmae et al. (1996) J. Biochem. 119, 703-
710] and at site 121 [Gekko et al. (1994) J. Biochem. 116,34-41] in two other flexible loops.

Key words: dihydrofolate reductase, enzyme function, point mutation, role of flexible loop,
structural stability.

Dihydrofolate reductase (DHFR) [EC 1.5.1.3] from Esche-
richia coli is a monomeric protein of 159 amino acids with
no disulfide bond or prosthetic group. The three-dimension-
al structure of the enzyme in the crystalline state was
determined for the binary DHFR-methotrexate complex
(1) and for the apoenzyme (2). The structure and prop-
erties of the enzyme in solution have been extensively
studied by many approaches: equilibrium and kinetic
unfolding-refolding analyses {3-5), NMR spectroscopy (6,
7), and enzyme kinetics (8-10). However, the conforma-
tion and function of DHFR have remained largely mysteri-
ous. For example, there seem to be at least two conformers
with different affinities for cofactor, substrate, and in-
hibitor (6-8, 10). It is very rarely the case that the Gly95-
Gly96 linkage has a cis-conformation. Such conformers
may be necessary for the flexibility of the structure to
accommodate the cofactor, NADPH, and the substrate,
dihydrofolate (H2F), since the protein is small.
1 This work was supported by a Grant-in-Aid for Scientific Research
from the Ministry of Education, Science, Sports and Culture of Japan
(No. 09261225).
2 To whom correspondence should be addressed.
Abbreviations: CD, circular dichroism; DHFR, dihydrofolate reduc-
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sulfate.
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To address the structure-function relationships of this
enzyme, many mutation studies have been performed
involving amino acid substitutions at more than 25 posi-
tions. However, most of them were related to positions
surrounding the active site, and only a limited number
concerned amino acid substitution in the flexible loops.
DHFR has several flexible loops, such as residues 9-24, 64-
72, 117-131, and 142-149, as revealed by the large B-
factor of X-ray crystallographic data (1, 2) (Fig. 1). The
B-factor of these loops largely changes when the enzyme is
bound with the inhibitor methotrexate (MTX), suggesting
some participation of the loops in the enzymatic function.
Recent findings by Sawaya and Kraut demonstrated that
these loops move actively and cooperatively on binding
NADPH and H2F (11). A matter of concern is how
mutations at loop regions affect the stability and function of
this enzyme. The answer to this question should provide a
new insight into the protein dynamics and catalytic mecha-
nism of this enzyme. In this context, Li et al. found that the
rate of hydride-transfer from NADPH to H2F decreases
markedly when four residues (Metl6-Alal9) in the most
mobile loop (residues 9-24) are replaced by a glycine (12).
Tan et al. showed that deletion of two residues (Gly45-
Lys46) from a flexible loop of human DHFR decreases the
Vmax value but has almost no effect on the Km values and pH
profile of its enzymatic activity (13). In previous studies,
we found that site-directed mutagenesis at glycines 67 and
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Fig. 1. The structure of a DHFR-MTX binary complex (B-
chain). Taken from Bolin et al. (1). Positions of Gly67, Glyl21,
Alal45, and Asp27, an active site residue, are indicated by arrows.
Side chains of Alal45 and Asp27 are shown by the ball-and-stick
model. This figure was produced using the graphics program Molscript
(50).

121 in flexible loops (residues 64-72 and 117-131, respec-
tively) significantly influences the stability and enzyme
function, although the a -carbons at these sites are respec-
tively 29 and 19 A distant from the catalytic residue Asp27
(14-16). The adiabatic compressibility, which is directly
related to the volume fluctuation, is influenced by these
mutations, depending on the stability and enzyme activity
(17). Interestingly, a recent NMR study confirmed that
these two sites have the highest order parameter in each
loop, namely, they are extremely mobile in solution (18).
These findings suggest that the flexible loops may be key
domains in determining the flexibility, stability, and func-
tion of this enzyme.

In the present study, to elucidate the role of another
flexible loop (residues 142-149) connecting the /?G and /?H
strands, we constructed ten mutants of alanine-145, one of
the most mobile residues in this loop. The effects of
mutations on the stability and function were discussed in
comparison with those of mutations at sites 67 and 121 (15,
16). The structural characteristics of this site are as
follows. The mobility (B-factor) decreases when the en-
zyme is bound with MTX, as it does for the loop 117-131,
although it increases for the loop 64-72 (I, 2). The amino
acid side chain at site 145 is exposed to the solvent,
although those at sites 67 and 121 are directed toward the
interior of the protein molecule. The a -carbon at site 145 is
only 14 A distant from the catalytic residue Asp27.

MATERIALS AND METHODS

Plasmid and Mutant Constructions—All mutant DHFR
genes were produced with plasmid pTZwtl-3 (3.7 kb) (19),
which produced 1,400-fold overexpression of the wild-type
DHFR protein. The following three oligonucleotides were
synthesized and used for site-directed mutagenesis utiliz-

ing a three-step PCR reaction: 5'AGCGAATTCCACGAT-
GCTGATNNWCAGAACTCGCATAGCTATTGTTTCGA-
AATCCTCGAG3' (A145X-N), where N is a mixture of four
bases and W a mixture of A and T; 5'GGGGATCCTTAAC-
GACGCTCGAGGATTTCGAAACAATAGCTATGCGAGT-
T3' (WT-BC); and 5'CCCGGATCCGCTCTTGACAATTA-
GTTAACTATTTG3' (P35-1). To construct the C-terminal
region of the mutant DHFR genes containing site 145, the
first PCR reaction was performed using the wild-type
DHFR template DNA obtained by BamHI digestion of
plasmid pTZwtl-3, primers A145X-N, and WT-BC. In the
second PCR, the wild-type DHFR template DNA obtained
by .BamHI digestion of plasmid pTZwtl-3, P35-1 primer,
and products of the first PCR were used to construct the
overall mutant genes. Finally, products of the second PCR
were subjected to PCR with P35-1 and WT-BC primers for
amplifying the mutant genes. The obtained mutant genes
were digested by BamHI, cloned into pUC118 (20), and
sequenced with a Pharmacia ALF DNA sequencer II to
determine the amino acid residue at site 145.

Protein Purification—The wild-type and mutant DHFR
proteins were purified as described previously (16). The
concentration of the wild-type DHFR was determined using
a molar extinction coefficient of 31,100 M'^cm"1 at 280
nm (8). The concentrations of mutant DHFRs were deter-
mined assuming the same molar extinction coefficient,
since the amino acids introduced in this study have no or
negligibly small chromophores.

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
spectropolarimeter as described previously (16). 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 kept at about 20 JJM. Each
spectrum was an average of 16 measurements.

Equilibrium Unfolding—Equilibrium unfolding of
DHFRs with urea (ultrapure product from Schwarz/Mann)
was monitored by means of CD measurements at 222 nm
and 15°C with a Jasco J-720W spectropolarimeter as
described previously (16). The solvent conditions were 10
mM potassium phosphate (pH 7.0) containing 0.1 mM
EDTA and 1.4 mM 2-mercaptoethanol. The protein con-
centration was kept at about 20 jaM. All samples were fully
equilibrated at each denaturant concentration before the
CD spectra were measured. The observed molar ellipticity
data, [d] (30-38 points), were directly fitted to the two-
state unfolding model, native (N)^unfolded (U), by means
of nonlinear least-squares regression analysis with the
SALS program (21), as follows

* ] N + [*]„ exp(-z/Gu/i?T)}/
+ exp( -AGJRT)} (1)

where AGa is the Gibbs free energy change of unfolding, R
the gas constant, T the absolute temperature, and [0]N and
[0]u the molar ellipticities of the native and unfolded
forms, respectively. [#]N and \_d~\v at a given urea concen-
tration were estimated by assuming the same linear
dependence of ellipticity in the transition region as in the
pure native (pre-transition region) and unfolded states
(post-transition region). The free energy change of unfold-
ing, AGu, in Eq. 1 was assumed to be linearly dependent on
the urea concentration (22)
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\ + m[urea] (2)

where AG\ is the free energy change of 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 mid-point of the transition (AGU =0)
was defined as C .

Steady-State Kinetics—The steady-state kinetics of the
enzyme reaction were studied spectrophotometrically
using a Jasco V-520 spectrophotometer at 25°C as de-
scribed previously (16). The concentrations of dihydro-
folate, H2F (Sigma), and NADPH (Oriental Yeast) were
determined spectrophotometrically using molar extinction
coefficients of 28,000 M^'-cm"1 at 282 nm and 6,200 M"1-
cm^1 at 339 nm, respectively. The enzyme concentrations
were determined by the methotrexate titration method
(23) to eliminate the effects of denatured species which
may be produced during storage. The buffer used was 33
mM succinic acid containing 44 mM imidazole and 44 mM
diethanolamine, whose pH was adjusted to 7.0 with acetic
acid or tetraethylammonium hydroxide. The Michaelis
constant (Km) and the rate constant of catalysis (fen) were
measured with various concentrations of H2F (0.3 to 20
ptM) at a saturated concentration of NADPH (60 juM). The
final concentrations of the enzymes were 0.5-1.5 nM. The
enzyme solutions were preincubated with NADPH for 10
min to eliminate the hysteresis effect {24), and the reaction
was started by adding H2F 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 extinction coefficient of 11,800
M^-cm"1 (25). The Km and Atat values were determined
with the following equation by nonlinear least-squares
analysis with the SALS program

-10
200 220 240 260

Wavelength (nm)

Fig. 2. Far-ultraviolet circular dichroism spectra of the wild-
type and four 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. (—) Wild-type DHFR; ( ) A145H;
(—) A145G; (•—) A145T; (—-) A145V.

(3)

where [E] is the enzyme concentration, and [S] the initial
substrate concentration.

RESULTS

Circular Dichroism Spectra—Figure 2 shows far-ultra-
violet CD spectra of the wild-type and four mutant DHFRs
(A145G, A145T, A145V, and A145H) at 15°C and pH 7.0.
Similar spectra were observed for three other mutant
DHFRs (A145R, A145S, and A145F). The spectra of these
seven mutants were clearly identical within the limits of
experimental error with that of the wild-type DHFR, which
has a negative peak of —8,500 deg'Cm2-dmol~' at 219 nm
and a positive peak of 11,200 deg-cm2-dmol~' at 196 nm
(16). This suggests that the conformation of these mutants
was not affected by the residues at site 145. These results
were quite different from those of the mutations at sites 67
and 121, since their CD spectra were clearly affected by the
mutations (14-16). Since the accumulation of three mutant
DHFRs (A145I, A145L, and A145E) in cells was very
small, they could not be purified as a single band on
SDS-PAGE, and accurate CD measurement was therefore
impossible.

Equilibrium Unfolding—Figure 3 shows typical plots of
the molar ellipticities at 222 nm of the wild-type and four
mutant DHFRs as a function of the urea concentration at
15°C. Similar transition curves were observed for three
other mutant DHFRs (A145G, A145H, and A145F). The
transition curves were obviously shifted from that of
wild-type DHFR to higher urea concentration for A145R
and to lower urea concentration for A145V. Those for the
other five mutants were almost same or slightly shifted to
lower urea concentration. These results imply that all
mutations at site 145 affected the structural stability of
DHFR.

3 4

|Urea](M)

Fig. 3. Molar ellipticity of the wild-type and four mutant
DHFRs at 222 nm as a function of the urea concentration at 15°C.
The solvent used was 10 mM potassium phosphate (pH 7.0) contain-
ing 0.1 mM EDTA and 1.4 mM 2-mercaptoethanol. (Z) Wild-type
DHFR; (•) A145R; (A) A145V; (A) A145S; (x) A145T. Solid lines
represent the theoretical fits to a two-state model with the parameter
values shown in Table I (see "MATERIALS AND METHODS"). The
inset shows the dependence of JGU on the urea concentration.
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The CD spectra of A145T at various urea concentrations
exhibited an isoellipticity point at 210 nm, and the same
transition curve was obtained at any wavelength in the
range of 200-260 nm (data not shown). This indicates that

TABLE I. Thermodynamic parameters for urea denaturation
of the wild-type and mutant DHFRs at 15'C."

DHFRs

Wild-typee

A145G
A145S
A145T
A145V
A145H
A145F
A145R

V
(ml/mol)

52.0
34.8
51.9
68.3
82.4
90.3

112.8
118.8

(kcal/mol)
0.5
0.0

- 0 . 3
0.4
1.5
0.5
2.5

-3 .0

zJGV
(kcal/mol)

6.08±0.18
7.38±0.22
7.28 + 0.26
9.13±0.26
6.45±0.20
7.25 + 0.21
5.94±0.17
8.05 + 0.23

m"
(kcal/mol-M)
-1.96±0.06
-2.42±0.07
-2.38±0.09
-2.95±0.08
-2.27±0.07
-2.44±0.07
-2.01+0.06
-2.48±0.07

(M)
3.11
3.05
3.05
3.10
2.85
2.97
2.96
3.26

aThe solvent used was 10 mM potassium phosphate (pH 7.0) contain-
ing 0.1 mM EDTA and 1.4 mM 2-mercaptoethanol. "Molar volume of
amino acids (49). cThe transfer free energy change of introduced
amino acid side chains from organic solvent to water (43). dThe
parameters AG\, m, and Cm were calculated assuming a linear re-
lationship between AGU and the urea concentration (Eq. 2). eGekko et
al. (15).

[Dihydrofolate] (pM)

Fig. 4. Initial velocity of the enzymatic reaction of the wild-
type and three mutant DHFRs as a function of the dihydrofolate
concentration at 25°C. The solvent used was 33 mM succinic acid, 44
mM imidazole, and 44 mM diethanolamine (pH 7.0), containing 60
^M NADPH. The concentrations of enzymes were 0.5-1.5 nM. (O)
Wild-type DHFR; (•) A145S; (A) A145T; (A) A145V. Solid lines
represent the theoretical fits to Eq. 3 with the parameter values
shown in Table II.

TABLE II. Steady-state kinetic parameters for the enzyme
activity of the wild-type and mutant DHFRs at 25*C.a

DHFRs
Wild-type"
A145G
A145S
A145T
A145V
A145H
A145F
A145R
A145E
A145L
A145I

Km G*M)
1.3 + 0.1
1.2±0.1
0.8±0.0
1.6 + 0.1
l.l±0.2
0.7±0.2
1.2 + 0.3
1.4±0.2
0.8±0.0
1.0±0.0
0.8 + 0.0

fc», (s'1) *
24.6±3.1
21.1±2.4
19.3±0.5
20.0±0.1
15.2 + 1.5
18.8±0.8
27.6±7.9
19.9±1.5
15.2±1.3
15.1±1.7
13.7±1.1

c.JKm CKM-'-S-1)

18.9
17.6
24.1
12.5
13.8
26.9
23.0
14.2
19.0
15.1
17.1

the unfolding of the mutant DHFRs essentially follows the
two-state transition model, as in the case of wild-type and
other mutant DHFRs (3, 26, 27). The different ellipticities
of each mutant in the absence of urea are due to small errors
in protein concentrations, but this does not affect the
thermodynamic data of the stability. Then, the free energy
change of unfolding, AGa, was calculated with Eq. 1 and
plotted against the urea concentration in the inset of Fig. 3.
The good linear relationship observed allows us to calculate
the free energy change of unfolding in water, AG\, the
slope, m, and the denaturant concentration at AGU = 0, C .
The results of the calculation are listed in Table I. Evident-
ly, these parameters are dependent on the amino acid
introduced: the stability decreased in the order of A145T >
A145R>A145GSA145S^A145H>A145V> wild-type^
A145F.

The m values of all mutant DHFRs were more negative
than that of the wild-type DHFR, indicating the enhanced
cooperativity of the transition. The m values changed
almost in parallel with AG\, as revealed by the high

N.lM

A C° „

Nmuum u,,,,,,,,,

Scheme 1

50 75 100
Volume (ml/mol)

125

"The solvent used was 33 mM succinic acid containing 44 mM imid-
azole and 44 mM diethanolamine (pH 7.0). "Ohmae et al. (16).

- 4 - 3 - 2 - 1 0 1 2 3

Hydrophobicity (kcal/mol)

Fig. 5. Plots of AAG\ against the molar volume (A) and the
hydrophobicity (B) of introduced amino acid side chains for the
wild-type and mutant DHFRs at site 145. The ddG"a values were
calculated with Eq. 5 (see "DISCUSSION"). The molar volume is
cited from Zamyatnin (49). The hydrophobicity is cited from Nozaki
and Tanford (43) • Solid lines were drawn by the least-squares method
with the exception of A145T in panel B.
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correlation coefficient between the two parameters (r =
0.967). This was also the case for mutant DHFRs at sites 67
and 121 (15, 16). On the other hand, the Cm values of all
mutants except A145R were smaller than that of the
wild-type DHFR, and there was only low correlation
between C, and AG\ (r = 0.514). These results suggest
that the structural stability of DHFR was largely affected
by the cooperativity of unfolding. A145R is the first case of
a single mutant having a larger Cm value than the wild-type
DHFR among the 25 single mutants at three flexible loops
that we have examined, although this property has been
found in two double-mutant DHFRs, G67V/G121A, and
G67V/G121Y (28).

Steady-State Kinetics—Figure 4 shows typical plots of
the initial velocity of the enzyme reaction as a function of
the substrate concentration (H2F). Similar hyperbolic
curves were observed for other mutant DHFRs. The
Michaelis constant, Km, and the rate constant of catalysis,
Atat, were calculated using Eq. 3 and listed in Table II. The
Km and fcat values of the wild-type DHFR were consistent
with the data reported by another group (9), although the
feu values seemed slightly smaller. The Km values of the
mutant DHFRs varied in the range of 0.8 //M (A145E and
A145I) to 1.6 /(M (A145T), and the feat values varied in the
range of 13.7 s~! (A145I) to 27.6 s"1 (A145F). Considering
the limits of experimental error, these values are not
greatly different from those of the wild-type DHFR. These
results are very similar to those for mutations at site 67
(26), but greatly different from those for mutations at site
121, which showed a large decrease in fe,t and an almost
constant Km value (15). Thus the mutations at site 145 did
not have so large an effect on the enzyme function of DHFR
as those at site 121, even though site 145 iscloser (14 A) to
catalytic residue Asp27 than site 121 (19 A).

DISCUSSION

As shown in this study, amino acid substitution at site 145
brought about considerably large changes in the stability,
but only small or no changes in the enzyme function and
secondary structure of DHFR. These results demonstrate
the importance of this site as well as sites 67 and 121 for
DHFR, although they are located in flexible loops far from
the active site. A matter of concern is how such a local
change in the primary structure of a flexible loop is coupled
to the stability and function of the overall protein structure.
This problem will be discussed below on the basis of
statistical analyses of the results for mutations at site 145
in comparison with those for mutations at sites 67 and 121
(15, 16).

Structure of Mutant DHFRs—As shown in Fig. 2, the CD
spectra of mutant DHFRs overlapped that of the wild-type
DHFR within the limits of experimental error, indicating
that the secondary structure of DHFR was not modified by
mutations at site 145. This result is interesting, since we
found that the CD spectrum of DHFR was generally influ-
enced by mutations at sites 67 and 121 (15, 16), and other
groups have reported similar findings (5, 29). An important
characteristic of site 145 different from sites 67 and 121 is
the orientation of the side chain: the side chain of Alal45 is
exposed to the solvent (Fig. 1), but those of Gly67 and
Glyl21 are buried in the protein molecule. Computer
simulation predicts that, unlike Gly67 and Glyl21, Alal45

can be substituted with any other amino acid except
threonine without accompanying movements of the back-
bone polypeptide chain (Segawa, S., personal communica-
tion). Therefore, it is probable that mutations at site 145 do
not largely disturb the conformation of the protein to
modify the CD spectrum, although in the case of Gly67 and
Glyl21 the conformational change due to overcrowding of
the bulky side chain may affect the exciton pair of two
aromatic residues, Trp47 and Trp74, leading to modifica-
tion of the peptide CD (5).

Structural Stability—As shown in Table I, the free
energy change of unfolding in water, AG°U, was markedly
influenced by mutations at site 145. Considerably large
changes in AG°U were also observed for mutations at sites
67 and 121 (15, 16). A noticeable difference is that most
mutants at site 145 have a larger AG\ value than the
wild-type DHFR, while most mutants at sites 67 and 121
have a lower value. In either case, it is of interest that the
highly mobile sites located in the flexible loops play an
important role in the structural stability of DHFR. Recent-
ly, it has been found that an identical substitution, for
example, from valine to alanine at the different sites, does
not necessarily .have the same effects on the structural
stability or the enzyme activity of small globular proteins
(30-33). These results indicate that the position and
surrounding structure of the substituted residue are the
important factors for the stability and function of proteins.
Our results demonstrate that not only the a -helices and /?-
sheets but also the flexible loops can influence the stability
and function of the enzymes.

The mutation effects on the stability can be quantitative-
ly analyzed with the free energy diagram, where N and U
are the native and unfolded states, respectively, and
AG°muuN and Z/G°mut,u denote the free energy changes of
mutation (amino acid substitution) in the native and
unfolded states, respectively. According to this diagram,

AAG°U — ^/G°u,muiant ~ AG°u.wiid = ^G°m u t ,u — AG°mut.N (5)

Many experimental data show proportionality between
AAG°U and the hydrophobicity of introduced amino acid
side chains (34-37), and this is consistent with the consen-
sus that the hydrophobic interaction is the dominant
stabilizing force for the native protein structure (38).
However, some discrepancies have been found with A.
repressor protein (39), staphylococcal nuclease (29, 30,
40), and DHFR (3). It is known that the protein structure
is destabilized by introducing nonpolar residues to a surface
amino acid of X-Cro protein (41) and cytochrome c (42).
These results indicate that the effects of mutations are
highly site-dependent. It is a priori difficult from thermo-
dynamics to determine which of the native and unfolded
structures predominantly contributes to the modified
stability of mutants, since /JGc

mui,s and AG°mMM or the
corresponding heat capacity changes are generally un-
known. However, the stabilizing mechanism may be partly
understood through the correlation of AAG\ with struc-
tural parameters of the amino acid residues introduced.

Figure 5 shows plots of the AAG\ values, which were
calculated from the results in Table I, as a function of the
molar volume (V) and the hydrophobicity (Ag\r) estimated
by Nozaki and Tanford (43) of introduced amino acid side
chains at site 145. As shown in Fig. 5A, there is no
correlation between AAG°U and V (correlation coefficient,
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r = 0.051), suggesting that the bulkiness of the side chains
at site 145 is not responsible for stability of the mutants.
This is consistent with the side chain at this site being
exposed to the solvent. In this context, it is noteworthy that
a distinctly negative correlation was found between the two
parameters for mutants at site 67 and 121 whose side
chains are buried in the protein molecule (1, 2). A possible
explanation for the latter case is that overcrowding of the
bulky side chain at sites 67 and 121 may strain the
backbone chain conformation of the native structure, lead-
ing to increased flexibility or decreased stability of the
overall structure (15, 16). A similar overcrowding effect
was found for the stability of mutant DHFRs at Val88, the
central residue in the hinge region (residues 85-91) (29). In
fact, there is a considerable body of experimental evidence
(NMR, X-ray, and compressibility) showing that the
flexibility or rigidity of the native structure is an important
determining factor of protein stability (44-46). However,
the lack of correlation between AAG°U and V suggests that
the effect of mutations at site 145 on the stability could not
be explained by such a flexibility-mediated mechanism,
which is dominantly ascribed to the native structure.

As shown in Fig. 5B, on the other hand, there is a good
correlation between AAG°U and Ag°\x except for A145T (r =
0.864), indicating that the structure is destabilized with
increasing the hydrophobicity of the side chains. A similar
but less distinct correlation between these two parameters
was also found for mutants at sites 67 and 121 (15, 16). A
possible explanation for such a reverse hydrophobic effect
is that the nonpolar side chains introduced are less exposed
to the solvent in the unfolded state than in the native state,
since most polar and charged side chains introduced would
be exposed to the solvent in both the native and unfolded
states. This means that AG°muuu is smaller than AG°mm,N
because of the depressed free energy increase in the
unfolded state, leading to the decrease in AAG°U. This may
be possible for a mutation at a hyper or highly exposed
position, although there is no direct experimental evidence
supporting this idea. Pakula and Sauer proposed that this is
the case for mutations at the hyperexposed site 26 of X - Cro
protein (41). Bowler et al. also found that a surface amino
acid not hyperexposed has a similar reverse hydrophobic
effect on the stability of cytochrome c (42). Therefore, it
may be possible that the reverse hydrophobic effect ob-
served here is mainly caused by the modification of the
unfolded state. If this is the case, the question arises of to
what extent the nonpolar surface is buried in the unfolded
protein molecule relative to the native state. No estimate is
presently available, but the slope of AAG\ vs. Ag\r plots
may be a measure of this value when the side chains in the
native state are assumed to be completely exposed to the
solvent, that is, AG°m[n,N = Ag\T. Thus, we may tentatively
predict that at most 40% of the side chains at site 145 would
be buried in the protein molecule as a result of the unfolding
process.

As shown in Fig. 5B, the AAG\ value of A145T deviates
greatly from the regression line. This is not caused by
experimental artifacts, since the value is an average of four
individual experiments and the experimental error is
sufficiently small. Thus we may expect some special stabi-
lizing mechanism for A145T different from other mutants.
One speculation is that the side chain of this mutant may
form hydrogen bonds with groups surrounding this posi-

tion, although detailed understanding of the structure must
await X-ray or NMR analyses.

A noticeable characteristic of the mutations at site 145 is
that AG°U increases in proportion to the m value, while it is
not dependent on Cm (Table I). Similar results were
obtained for the mutants at site 67 (r- 0.795 and 0.001 for
m and Cm, respectively) and site 121 (r=0.72 and 0.40 for
m and Cm, respectively) (15, 16). Although interpretation
of the m value remains controversial (47, 48), these results
might constitute evidence that the stability of these
mutants at the flexible sites is predominantly determined
by the modified cooperativity of unfolding. A definite
correlation between AG°U and m was also found for many
mutants of staphylococcal nuclease (30, 31, 40).

Enzyme Function—As shown in Table II, the kinetic
parameters of mutant DHFRs at site 145 were not marked-
ly different from those of the wild-type DHFR. Considering
the large decrease in the km values for site 121 mutants, it
is interesting that the enzyme activity was not greatly
influenced by mutations at site 145, although this site is
nearer to the active site residue, Asp27, than site 121.
Bystroff and Kraut suggested, from the X-ray crystal
structure, that the Met20 loop (residues 9-24) folds over
the binding sites for the pteridine and nicotinamide
mononucleotide moieties, and two loops, 117-131 and 142-
149, perform supporting roles of this conformational
change (2). Recently, Sawaya and Kraut showed that the
Met20 loop interacts with Aspl22 in the "closed" and
"open" conformations, and with Serl48 in the "occluded"
conformation of the ligand-induced loop movements in a
catalytic cycle of DHFR (11). As shown by CD spectra in
Fig. 2, the mutations at Alal45 did not affect the native
structure of DHFR, and thus the Met20 loop could interact
with both loops for site 145 mutants as well as the wild-type
DHFR, with only little effect on the enzyme activity. As
described above, however, Glyl21 cannot be substituted
with any other amino acid without causing movement of the
backbone polypeptide chain, and thus the interaction of
Aspl22 with the Met20 loop may be disrupted, thereby
decreasing the enzymatic activity of DHFR. This presump-
tion may be supported by the fact that the depressed
activity of G121L can be recovered by introducing a second
mutation at site 122 (the double mutant G121L/D122E)
(our unpublished data). An interesting question is whether
a mutation at site 145 can also restore the decreased
enzymatic activity of the mutant DHFRs at site 121. The
double-mutation study at sites 121 and 145 is now in
progress in our laboratory.

As demonstrated in this study, site-directed mutagenesis
of alanine at site 145, located in a flexible loop (residues
142-149), has a large effect on the stability, but little or no
effect on the structure and enzymatic activity of E. coli
DHFR. The reverse hydrophobic effect on the stability
suggests that the main effect of this mutation is modifica-
tion of the unfolded structure, as was expected from the
exposed orientation of the side chain at this site. The
minimal effect on the enzymatic activity suggests that the
interactions between three loops (residues 9-24, 117-131,
and 142-149) in a catalytic cycle of this enzyme are not
essentially affected by mutation at site 145.
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