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Single Amino Acid Substitutions in Flexible Loops Can Induce Large
Compressibility Changes in Dihydrofolate Reductase1
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To address the effects of single amino acid substitutions on the flexibility of Escherichia
coli dihydrofolate reductase (DHFR), the partial specific volume (v°) and adiabatic com-
pressibility (/5,°) were determined for a series of mutants with amino acid replacements
at Gly67 (7 mutants), Glyl21 (6 mutants), and Ala 145 (5 mutants) located in three flexible
loops, by means of precise sound velocity and density measurements at 15*C. These
mutations induced large changes in v° (0.710-0.733 cm'-g"1) and ft" (-1.8 x 10"6-5.5 x
10"* bar"1) from the corresponding values for the wild-type enzyme (v° = 0.723 cm'-g"'.
/3,° = 1.7 x 10~* bar"1), probably due to modifications of internal cavities. The £,° value
increased with increasing V, but showed a decreasing tendency with the volume of the
amino acid introduced. There was no significant correlation between /9,° and the overall
stability of the mutants determined from urea denaturation experiments. However, a
mutant with a large /5,° value showed high enzyme activity mainly due to an enhanced
catalytic reaction rate (&„,,) and in part due to increased affinity for the substrate (Km),
despite the fact that the mutation sites are far from the catalytic site. These results dem-
onstrate that the flexibility of the DHFR molecule is dramatically influenced by a single
amino acid substitution in one of these loops and that the flexible loops of this protein
play important roles in determining the enzyme function.

Key words: amino acid substitution, compressibility, dihydrofolate reductase, flexible
loops, structural flexibility.

How does a single amino acid substitution in a protein
affect the flexibility or fluctuation of its structure? This is a
basic problem in understanding the structure-function rela-
tionship of enzymes, but information in this area is limited
despite many mutation studies (2-5). Among various exper-
imental techniques related to the magnitude and time scale
of protein structure fluctuation (4—7), compressibility is a
novel measure of structural flexibility in solution since it is
directly linked to volume fluctuation (8). Although volume
fluctuation is a thermodynamic quantity involving the
effects of internal cavities and surface hydration, the par-
tial specific adiabatic compressibility, J3,°, is known to reflect
sensitively the structural characteristics of native proteins
(9-11), the conformational changes caused by denaturation
(12-14), and the effect of ligand binding (15-17). So far,
however, because of technical difficulties, only a prelimi-
nary study has been reported concerning the compressibil-
ity of mutants of two Escherichia coli proteins, dihydro-
folate reductase and aspartate aminotransferase (18).

Dihydrofolate reductase (DHFR) from E. coli is an excel-
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lent system for studying the structure-flexibility-function
relationships of enzymes. It is a monomeric protein of 159
amino acids with no disulfide bonds and catalyzes the
NADPH-linked reduction of dihydrofolate (DHF) to tetra-
hydrofolate (THF). The X-ray crystal structure of DHFR
has been determined for the apoenzyme (19) and for the
binary and ternary complexes with many ligands (20). As
shown in Fig. 1, DHFR has several flexible loops with large
B-factors, namely residues 9-24, 64-72, 117-131, and 142-
149 (20). The B-factors of these loops are remarkably
affected by the binding of the inhibitor methotrexate
(MTX), suggesting the participation of the loops in the en-
zymatic function. We found that site-directed mutagenesis
at Gly67, Glyl21, and Alal45 in the three loops exerts a
significant influence on the stability and function of the
enzyme, despite these positions being far removed from the
catalytic residue Asp27 (21-24). Interestingly, double mu-
tants at Gly67 and Glyl21, whose a-carbons are mutually
separated by 27.7 A, show nonadditive effects on the stabil-
ity and function (25). These results suggest that these
mutations alter the flexibility of the entire molecule. There-
fore, a systematic compressibility study of these mutants is
expected to shed light on the question of how a single
amino acid substitution is linked to the flexibility of this
enzyme.

From this viewpoint, we determined the partial specific
volume and adiabatic compressibility of DHFR for a series
of mutants at Gly67 (7 mutants), Glyl21 (6 mutants), and
Alal45 (5 mutants) in three different flexible loops, by
means of precise sound velocity and density measurements.
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Based on the results, the relationship between the flexibil-
ity and the structure, stability and function in the enzyme
will be discussed in terms of the internal cavity and surface
hydration.

MATERIALS AND METHODS

Materials—AH mutant DHFR genes were prepared with
plasmids pTP64-l (5.3 kb) and pTZwtl-3 (3.7 kb), which
produced 840- and 1,400-fold overexpression of the wild-
type DHFR protein, respectively (26, 27). The oligonucle-
otides used for site-directed mutagenesis and the detailed
mutant construction were described in previous papers
(22-24). The wild-type and all mutant DHFRs obtained
from E. coli strain HB101 were purified on a methotrexate-
agarose affinity column. The enzymes were fully dialyzed
against 10 mM phosphate buffer (pH 7.0) containing 0.1
mM EDTA and 0.1 mM dithiothreitol at 4*C. The dialyzed
solution thus obtained was centrifuged at 14,000 rpm for
20 min to remove the aggregates. Five or six sample solu-
tions of different enzyme concentrations (0.2-0.8%) were
prepared by diluting the dialyzed stock solution with the
dialysate.

The concentrations of all DHFRs were determined by
absorption measurements on a Shimadzu spectrophotome-
ter UV-250, after sound velocity and density measure-
ments. A molar extinction coefficient of 31,100 M^-cm"1 at
280 nm was used for the wild-type DHFR (28). For the
mutants, this coefficient was corrected using the molecular
weights and chromophores of the amino acids introduced.

Sound Velocity and Density Measurements—The partial
specific volume, V, and partial specific adiabatic compress-
ibility, 7J,°, of DHFRs were determined by sound velocity
and density measurements at 15*C. The sound velocity in

protein solutions was measured by means of a "sing-around
pulse method" at 5.9 MHz with an accuracy of 1 cms"1. The
density was measured with a precision density meter,
DMA-02C (Anton Paar, Gratz), with an accuracy of 1 X
10"6 gem"3. The temperature was controlled to an accuracy
of 0.01'C using a thermobath (Neslab RTE-111). The appa-
ratus and experimental procedures were essentially the
same as those previously used (10,12,17).

The adiabatic compressibilities of the sample solution (/3)
and solvent (/}„) were calculated with the Laplace equation,
{} = Vdu2, using the sound velocity (u) and density (d) data
set for the sample solution and solvent (u0 and d,). The par-
tial specific volume, v°, and adiabatic compressibility of the
protein, ~$°, at infinite dilution were calculated using the
following equations (9,10):

W = l inv^d - VJ/c (1)
ft - Vo) Ic (2)

0 0 (3)
where P is the pressure, Vo the apparent volume fraction of
the solvent in solution, and c the concentration of the pro-
tein in grams per milliliter of solution,

RESULTS AND DISCUSSION

The density, d, and sound velocity, u, of all DHFR solutions
increased in proportion to the protein concentration. The
density and sound velocity increments per unit protein con-
centration, Sd/Sc and SuISc, are listed in Table I. The varia-
tions of ddJSc (±4%) and SuJSc (±12%) by mutation are
beyond the limits of possible experimental error caused by
the concentration determination of each mutant, indicating
the characteristic changes in the partial specific volume
and adiabatic compressibility by mutation.

Figure 2 shows typical plots of the (1 — VJ/c and (@/f3o —

Gly67

NADPH

Gly 121

0 735 r

MTX

Asp 27

— Ala 145
Fig. 1. The structure of a DHFR-MTX-NADPH ternary com-
plex (PDB-ID: Irx3) taken from Sawaya and Kraut (20). Posi-
tions Gly67, Glyl21, Alal45, and Asp27 (a catalytic site residue) are
indicated by arrowa The side chains of Ala 145 and Asp27 are shown
by ball-and-stick models. This figure was produced using the graph-
ics program Molscnpt (38).

[DHFR] (mg/cm1)
Fig. 2. Typical plots of (1-VJ/c and (&PO- VJ/c against DHFR
concentration. Solid lines represent the least-squares linear re-
gression •, wild-type, o, G67T, A, G121C; o, A145T
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Mutation Effects on the Compressibility ofDHFR 23

VJ/c values against the concentration of the wild-type and
some mutant DHFRs. No significant concentration depen-
dence of the two parameters was observed in the protein
concentration range investigated, suggesting a negligibly
small contribution of aggregation or self-association. The U°
and /3,0 values at infinite dilution were calculated by least-
squares linear regression and the results of the calculation
are listed in the fourth and fifth columns of Table I. Inter-
estingly, a single amino acid substitution brought about
large variations in v" (0.710-0.733 cnT'-g-1) and J3,° (-1.8 X
10~6-5.5 X 10"6 bar"1) from the corresponding values for
the wild-type enzyme (v° = 0.723 cm3 g"1 and /3,° = 1.7 X
10"6 bar"1). The effects of mutation seem to be dependent
on the mutation sites: position 121 has the largest muta-
tion effects compared with positions 67 and 145. The v° and
J3,0 values for the wild-type and some mutant DHFRs at
position 121 differ considerably from those reported in a
previous paper (18). This discrepancy is ascribed to insuffi-
cient centrifugation (4,000 rpm for 15 min) of the sample
solutions. Thus the v° and /§," data previously reported for
the wild-type and some mutant DHFRs at position 121
should be corrected to the values listed m Table I, which
were obtained by carefully eliminating aggregates from the
sample solutions.

The variation of /3,° by mutation indicates that small
structural alterations around the mutation sites signifi-
cantly influence the flexibility or overall dynamics of this
enzyme. This is consistent with the findings that these
mutations bring about noticeable changes m the stability
and function of this enzyme even though the mutation sites
are far from the catalytic residue Asp27 (21-24). A matter
of concern is how a single amino acid substitution induces
the overall structure change, leading to the alterations in
flexibility, stability, and function. This problem will be dis-

cussed below through the correlation between /3,0 and some
physical quantities related to the structure, stability, and
function of the mutants.

Compressibility-Structure Relationship—The partial spe-
cific volume of a protein in water is expressed as the sum of
three contributions (29): (i) the constitutive volume esti-
mated as the sum of the constitutive atomic volumes (vj;
(ii) the cavity in the molecule due to imperfect atomic pack-
ing (.vm); (iii) the volume change due to hydration (Au^:

v° = vc + vm + Av^ (4)
where Au^ is ascribed to three types of hydration, electro-
striction around the iomc groups, hydrogen-bonded hydra-
tion around the polar groups, and hydrophobic hydration
around the nonpolar groupa Each type of hydration pro-
duces a negative volume change, so Au^ is ordinarily nega-

0 71 0 72 0 73 0.74

v° (cm3/g)
Fig 3 Plots of /3." against v° of DHFRs at 15'C. • , wild-type, o,
G67 mutants; A, G121 mutants, o, Alal45 mutants. Sohd line repre-
sents the least-squares linear regression with the correlation coeffi-
cient, r

TABLE I Partial specific volume (Jj°), adiabatic compressibility (P°), thermal stability, and enzyme
activity of DHFR mutants.*

DHFRs

wild
G67S
G67A
G67C
G67D
G67T
G67V
G67L
G121S
G121A
G121C
G121V
G121H
G121Y
A145G
A145S
A145T
A145H
A146R

SdfoX 10

2 764 ±0.007
2 740±0 006
2 796±0.008
2 760±0 026
2.685±0.0O9
2 792±O.OO6
2 762±0.0O9
2 822±0 009
2.780±0 0O6
2.901±0.009
2 741±0 002
2 653±0.006
2 786 ±0.005
2 819±0.013
2.727±0.003
2.698 ±0 004
2.714±0OO2
2.73O±0.O06
2.744±0.0Ol

Su/Sc
(m-cm'/R s)
307 7±3 1
3114±5 3
323 5±4.0
310 6± 1.1
3O9 2±3.6
295.3±2 3
318 7±2 0
321.5±9.4
3O8.5±4 5
313.5±7.8
2710±3.0
283.5 ±5.6
345.3±4 6
344.5±3.0
294.1 ±1.2
303.7±2.4
306.4±3.5
303 8±3 4
322.0±2 0

(cm'/g)
0.723±0 001
0.723±0.003
0 721±0 002
0 724±0 001
0 724±0 003
0 718 ±0.002
0 721±OOO3
0 721±0 003
0.721±0 002
0 710±0 003
0 725±0 001
0 733±0.O03
0 713+0 002
0 724 ±0.001
0.726±0.001
0.729±0.002
0 729 ±0.001
0.728±0 001
0.725±0.002

pj> X106

(I/bar)
17±03
1.9±0 8
-0 l±0.9
1.7±0.3
3 0±0 7
14±15
l.l±0.5
-0 6±14
0.7±10
-0.4±0 4
5 5±0.5
3.7 ±2.6
-1.8±0 5
-0.7±0.6
3.1±0 2
3.1 ±0.8
3.0±0.3
3 8±0.6
0 8±0.1

(kcal/mol)
608
6.15
6.60
5 72
5.94
5 87
5 14
564
6.09
6.58
6.17
509
5.97
5.88
738
7.28
9.13
7.25
8.05

On
(M)
3 11
2.82
2.82
2.79
2.62
2.62
2 89
2 83
3 03
2.86
286
2 65
2.64
2.72
3 05
3 05
3.10
2.97
3.26

m
(kcal/mol M)

-196
•2.18
-2 34
-2.05
-2.27
-2 24
-178
-199
-2 01
-2 30
-2 16
•1.92
-2.26
-2 16
-2.42
-2 38
-2 95
-2 44
-2.48

Kn
(fM)
13
1.4
1 1
12
12
18
13
1 1
18
27
15
14
22
25
12
0 8
16
0 8
14

(1/8)
24.6
26.4
20 0
24 6
20.6
26.6
19 1
22 6
5.2
8.5
8.4
0.94
4.8
4 4
212
19 3
20.0
18.8
19.9

kctJKm

(lZ/iM'S)
18.9
18 9
18 2
20.5
17.2
14 8
14 7
20 5
2.9
3.1
56
0.67
22
1.8
17 6
24.1
12.5
26 9
14.2

'Sd/Sc and SulSc represent the density and sound velocity increments per unit protein concentration, respectively.
4G°, Cm, and m are the free energy change of urea denaturation, the urea concentration at the mid point of the
transition, and the parameter reflecting the cooperativity of the unfolding transition, respectively. Km and i M

represent the Michaehs constant and the rate constant of catalysis, respectively. These parameters for the stabil-
ity and enzyme activity were taken from previous papers (22-24).
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tive. Since the constitutive atomic volume may be assumed
to be incompressible, the partial specific adiabatic com-
pressibility of a protein (ft0) is mainly determined by the
internal cavity and surface hydration as follows (9,10):

ft" = -d^o X S J c / 5 P ) = (ly^xC&^SP) + (SAvJSP)] (5)
The former contributes positively and the latter negatively
to ft0, so ft" can take a positive or negative value depending
on the magnitude of each term.

Figure 3 shows plots of ft° against v" for the wild-type
and mutant DHFRs. Evidently, the ft0 value increases with
increasing v°, as found statistically for other protein sys-
tems (10). This is evidence that the cavity contributes posi-
tively and the hydration negatively to both parameters, v°
and ft", because the change of vc by mutation is at most
0.001 cm'-g"1, which is within the experimental error of v°.
As shown in Table n, in fact, there is no correlation be-
tween U° and the volume of the amino acid residue intro-
duced (V) at any mutation site except position 67, at which
a slightly negative correlation seems to exist.

On the other hand, there is a slightly negative correla-
tion between ft0 and V at all mutation sites. Plots of ft0

against the volume change of amino acids (AV) due to
mutation (Fig. 4) suggest more clearly that the structural
flexibility is depressed by introducing a bulky amino acid
side chain in these loops. This would be possible if the
mutation exerts a dominant effect on the internal cavity or
atomic packing of the protein molecule compared with sur-
face hydration. A computer simulation predicts that Gly67
and Glyl21 cannot be replaced by any other amino acid
without accompanying movements of the backbone poly-
peptide chain due to changes m the torsion angles Xi and Xj
of the side chains being directed toward the inside of the
protein molecule (S. Segawa, personal communication).
This implies that mutations at these positions may influ-
ence not only the local atomic packing around the side
chains of the replaced amino acid residues, but also the
internal cavity throughout the protein molecule via the
long-range interaction effects.

In a previous paper (10), we analyzed statistically the
contributions of 20 different amino acid residues on ft0 of
23 globular proteins and found that four amino acid resi-
dues (Leu, Glu, Phe, and His) greatly increase ft0 and four
others (Asn, Gly, Ser, and Thr) decrease it. Such a statisti-
cal rule cannot necessarily fit the present case for DHFR:
the mutations Gly -• Leu at position 67 and Gly -• His at
position 121 decreased ft0, the opposite of the expectation.

Much more precise analysis based on the X-ray crystal
structure is necessary to predict mutation effects on ft0.

Recently, we carried out X-ray crystallographic analyses
of some DHFR mutants at positions 67 and 121, and found
that the B-factors of the main chain atoms and the cavities
at positions far from the mutation sites are influenced by
mutation without any significant change in the accessible
surface area (K Katayanagi et al., to be published). Inter-
estingly, the total cavity volume of the mutants decreased
with decreasing ft0. Therefore, we could ascribe the main
origin of the mutation-induced ft0 changes to modification
of internal cavities: overcrowding of a bulky amino acid
would not contribute to expanding the flexible loops, but
rather to packing the internal atoms more densely. It is
very possible that only a small modification of cavities
causes a large compressibility change because the apparent
compressibility of a cavity, /S^ is very large, e.g., (430-530)
x 10"8 bar"1 for bovine serum albumin at 25*C (9). Assum-
ing the negligibly small contribution of hydration, we might,
predict a smaller 0 ^ value, (160-200) X 10"6 bar"1, for the
cavities of these DHFR mutants at 15"C, based on the
slopes of the v°~fi°-v° plots (figure not shown). A similar /S^
value, (240-330) X 10~6 bar"1, was obtained from the de-
pendence of ft0 on the total cavity volume calculated from
the X-ray crystal structures of the DHFR mutants. These
fjm values are still 5-fold larger than the adiabatic com-
pressibility of free water (45 X 10~6 bar"1), enough for com-
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Fig 4 Plots of ~fl° against AV, the volume change of amino
acid side chains due to mutation of DHFR, at 15'C. Solid line
represents the least-squares linear regression.

TABLE II. Correlation coefficients (r) of C° and
activity of DHFR mutants.

for the volume of amino acid residues introduced, stability, and enzyme

O67
G121
A145

G67
G121
A145

m
(6)
(5)

(7)
(6)
(5)

Amino acidb

V

-0.36
0.18

-0.03

-0.44
-0.27
-0.44

-010
-0.79

060

-0 04
-0 31

008

Stability

cm
Correlation for W

025
- 0 08
-0.48

Correlation for ~$°
-0.23

0 16
- 0 94

m

-0.07
0.80

-0 72

-014
0.49

-0 30

K.

- 0 59
-0.70
-0.31

0 31
-0.75
- 0 54

Function

*«,

- 0 09
- 0 62=
- 0 81

0 2 3
Of

- 0 44

kJK,

0.58
-0.23"

0.25

-0.23
0 41e

056
•Numbers in parentheses are the number of mutants at eadi mutation site. "Volumes of the amino acid residues (V) used: Gly, 34.8, Ala,
52.0; Val, 82.4, Leu, 99.2; Thr, 68 3; Ser, 51 9; Asp, 65 4; His, 90 3; Tyr, 114.7; Arg,118.8; Cys, 65.0 ml/mol (39) 'Data for the wild-type
DHFR were eliminated for regression.
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pression of the protein molecule. At present, we have no X-
ray structural data for mutants at position 145, so it is
unknown whether similar overcrowding effects exist at this
position at which the side chain of alanine (wild-type) is
exposed to the solvent However, it is probable that muta-
tions at this position also influence the internal cavity
through modified flexibility of the loop or penetration of
amino acid side chains into the protein molecule. A more
detailed understanding of the mutation efiFects in the loop
regions requires information on not only the mutation sites
but also on the direction of the amino acid side chains
introduced.

Compressibility-Stability Relationship—The Gibbs free
energy change of urea denaturation, AG°, the urea concen-
tration at the mid point of the transition, Cm, and the
parameter reflecting the cooperativity of the unfolding
transition, m, for the wild-type and mutant DHFRs are
listed in Table I (22-24). Evidently, the mutations at the
three positions affect the structural stability; in most cases
the stability is decreased by mutations at positions 67 and
121 but increased by mutations at position 145. The corre-
lation coefficients of v° and /5,° with these thermodynamic
parameters were calculated by least-squares linear regres-
sion analysis for the data set at each mutation site includ-
ing those for the wild-type DHFR. The results of the cal-
culations are listed in Table II.

No significant correlation was observed between /3,0 and
AG°, although there seemed to be a slightly negative corre-
lation at position 121. This is inconsistent with the results
of statistical analysis showing that the AC per unit mass
of protein decreases with increasing ]},0 (30). Thus the sta-
bility of these DHFR mutants cannot be interpreted simply
by a general idea that a rigid protein is more stable than a
flexible one. It is not unlikely that /3,° has no correlation
with AG° because the former refers to the native state only
while the latter is the difference in the free energies of a
protein in the native and denatured states. A noticeable
characteristic observed for the stability of these mutants is
that the AC value decreases with concomitant increases in
the volume and hydrophobicity of the introduced amino
acids (22-24). This result has been explained by each of two
possible mechanisms: (i) the flexibility of the loops en-
hanced by overcrowding of the bulky side chains overcomes
the stabilizing effect of hydrophobic interaction, leading to
destabilization of the native state; and (ii) the denatured
state is more strongly stabilized by hydrophobic interac-
tions than the native state (reverse hydrophobic effect), as
proposed for mutations at hyper or highly exposed positions
(31, 32). At present, there is no direct experimental evi-
dence for either of these mechanisms. However, the first
would not be satisfactory in the present case because, as
discussed above, the compressibility is decreased oppositely
by introducing bulky amino acids into the mutation sites.
Thus the hydrophobic effect of the introduced amino acids
on the denatured state might overcome the volume effect
on the native state, leading to stabilization of the dena-
tured state.

There was also no significant correlation found between
/3,° and m, although a slightly positive correlation was
found at position 121. This suggests that the cooperativity
of unfolding is not directly linked to the flexibility of the
protein structure, probably because the parameter m is
proportional to the difference in the solvent-accessible sur-

face areas of a protein in the native and denatured states
(33, 34). Therefore, it is difficult to understand the com-
pressibility-stability relationship without considering the
mutation effects on the denatured state

Compressibility—Function Relationship—The steady-
state kinetic parameters, K^ and k^, for the enzyme reac-
tion of DHFRs are listed in Table I (22-24). The J^, is only
slightly influenced by mutations at the three positions, but
kM changes significantly, especially by mutation at position
121, resulting in a large modification of the enzyme activity
(k^JKJ. This is very interesting because it is unlikely that
the mutation sites participate directly in the enzyme reac-
tion: the a-carbons of Gly67, Glyl21, and Alal45 are sepa-
rated, respectively, by 29.3, 19.0, and 14.4 A from the
catalytic site Asp27, and are at shortest 8.5, 10.6, and 29.2
A from the NADPH molecule (20). Table II shows the corre-
lation coefficients of v° and /3,° with the kinetic parameters
at each mutation site. These correlation coefficients are
together not so large, but it is noteworthy that /5,° correlates
negatively with K^ and positively with kcm/Km at positions
121 and 145. As shown in Fig. 5a, plots of K^ against /3,°
indicate more conclusively the negative correlation (r =
—0.632) if the data points for all mutants except three,
G67T, G67L, and G121V, which have large experimental
errors of )3,° (> ±1 X 10"6 bar"1), are used. This correlation
suggests that the structural flexibility contributes favorably
to this enzyme binding the substrate, DHF, probably by
accelerating the on-rate rather than the off-rate of the sub-
strate binding reaction. Furthermore, as shown in Fig. 5b,
a positive correlation (r = 0.552) was found between
log (kcJKm) and J3,° for all the mutants except the above
three, mainly due to the similar positive correlation be-
tween kM and /3,° (r = 0.41). It is important that the flexi-
bility-mediated enhancement of the enzyme function can be
brought about by mutations in the loop regions far from the
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Fig. 5. Plots of K^ and log (kcm/Km) against ~P.° of DHFRs. Solid
lines were drawn by the least-squares linear regression method.
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catalytic site, because this provides a new standpoint for
the molecular design of functional proteins.

There is some other experimental evidence that muta-
tions of DHFR at positions not directly participating in the
catalytic reaction affect the enzyme function by modifying
the structural flexibility (1, 35, 36). We found that the rate
of hydride transfer from NADPH to DHF is influenced by
mutations at position 67 (23). Cameron and Benkovic (37)
also revealed that the rate of hydride transfer in G121V is
reduced 200-fold compared with wild-type DHFR. More
interestingly, double mutations at positions 67 and 121
show nonadditive effects on stability and function, indicat-
ing that a long-range interaction exists between these two
positions separated by 27.7 A (25). These results suggest
possible dynamic motions of the flexible regions of the
DHFR molecule that close over both the coenzyme and sub-
strate binding sites (1). The movie recently constructed by
Sawaya and Kraut (20) demonstrates how the loops are
actively and cooperatively moving to accommodate the co-
enzyme and substrate. We cannot derive such microscopic
features of the fluctuating enzyme from the compressibility
data, but comparable changes in the compressibility and
internal cavities found for the kinetic intermediates (17)
and for mutants at positions 67 and 121 (K Katayanagi et
al., to be published) predict that the fluctuation of the
DHFR molecule is basically generated through the internal
cavities, which are easily modified by mutation and ligand
binding.

As revealed by the present study, the adiabatic compress-
ibility of DHFR is sensitively influenced by single amino
acid substitutions in the flexible loops, due to large modifi-
cations of the internal cavity compared with surface hydra-
tion. The J3,0 value increases with an increase in v°, but it
shows a tendency to decrease with the volume of the amino
acid introduced. There was no significant correlation ob-
served between /3,° and the overall stability of the mutants
as determined in the urea denaturation experiments. How-
ever, a mutant with a large /3,° value shows high enzyme
activity, mainly due to an enhanced catalytic reaction rate
(h^t) and m part due to an increased affinity for the sub-
strate (K^), despite the mutations in the flexible loops being
far removed from the catalytic site. These findings demon-
strate that a small alteration in the local structure due to
mutation is dramatically magnified in the overall protein
dynamics, possibly via "stepwise atomic reconstruction or
long-range cooperative effect," and that the flexible loops of
the protein play important roles in determining the enzyme
function. Further insight into the molecular mechanism of
mutation-induced compressibility changes will be obtained
by the X-ray and high-pressure NMR analyses of these
DHFR mutants now in progress.
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