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The acid and thermal unfolding of Escherichia coli dihydrofolate reductase (DHFR) were
studied by means of circular dichroism (CD) and fluorescence spectroscopy. There existed
at least one intermediate around pH 4 in the acid unfolding process at 15*C, in which the
tertiary structure was disrupted before unfolding of the secondary structure. The fluores-
cence energy transfer from intrinsic tryptophan residues to l-anilinonaphthalene-8-sul-
fonate suggested the disruption of the tertiary structure around some tryptophan residues
of the intermediate. The thermal unfolding process at pH 7.0 also involved at least one
intermediate having a disrupted tertiary structure and a folded secondary structure. The
three-state thermodynamic analysis showed that the intermediate in thermal unfolding
was less stable by 1.8 kcal/mol than the native state. The similarity of the far-ultraviolet
CD spectra of acid and thermally unfolded forms suggests that both types of unfolding
produce the same structure, which may be a molten globule intermediate such as that in the
folding kinetics of DHFR. The acid and thermal unfolding were depressed in the presence
of KC1 due to stabilization of the native form.

Key words: acid unfolding, dihydrofolate reductase, intermediate, molten globule, thermal
unfolding.

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 recently for the apoenzyme (2). The structural
characteristics of the enzyme in solution have been exten-
sively studied by many approaches: equilibrium and
kinetic unfolding-refolding analyses (3-5), two-dimension-
al NMR spectroscopy (6, 7), and enzyme kinetics (8-10).
However, the conformation of DHFR has remained largely
mysterious, e.g., there seem to be at least two conformers
with different affinities for cofactor, substrate, and inhibi-
tor (6-8, 10). The refolding kinetics from the urea-unfold-
ed state consists of at least six phases including one burst
phase (two-types of intermediates and four native or
native-like conformers) (11, 12). The existence of various
conformers and intermediates may be due to the extremely
flexible structure of this enzyme as revealed by its large
adiabatic compressibility (23). Despite the complexity of
the refolding kinetics, the equilibrium urea unfolding of
DHFR follows a two-state transition model, as revealed by
spectroscopic studies such as UV absorption, circular
dichroism (CD), and fluorescence spectra (14). This is also
the case for many mutant DHFRs (3, 4, 15-20), although
two exceptions are known, V75Y and L28R/E139K (3, 4).
1 To whom correspondence should be addressed.
Abbreviations: ANS, l-anilinonaphthalene-8-sulfonate; CD, circular
dichroism; DSC, differential scanning calorimetry; DHFR, dihydro-
folate reductase.

When guanidine hydrochloride was used as a denaturant,
however, the free energy of unfolding was considerably
larger than that obtained for urea unfolding, suggesting the
binding of chloride ions to DHFR (18).

The acid and thermal unfolding of DHFR have been
scarcely studied although they are very important for
understanding the structural characteristics, stability, and
function of this enzyme. Uedaira et al. (21) and Gekko et
al. (18, 19) showed by differential scanning calorimetry
(DSC) that the thermal unfolding of wild-type and some
mutant DHFRs follows the three-state model. However,
this result was based on irreversible thermograms; and a
spectroscopic study under reversible conditions is required
for the thermodynamic analysis of thermal unfolding and
the characterization of thermally unfolded structure. On
the other hand, there is no report on acid unfolding of
DHFR. Matters of concern are whether the acid-unfolded
structure is same as thermally unfolded one, as found for
a'-lactalbumin and myoglobin (22, 23), and whether the
equilibrium molten globule exists in both types of unfolding
of DHFR, as found for many small globular proteins (22-
26). From these viewpoints, we have studied the acid and
thermal unfolding of DHFR by means of CD and fluores-
cence spectroscopy. The structural characteristics of the
unfolded and intermediate forms will be discussed in
comparison with the refolding kinetic intermediates.

MATERIALS AND METHODS

Protein Purification—DHFR was obtained from E. coli
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strain HB101 containing the plasmid pTP64-l, which was
840-fold overexpressed compared to the case of non-
plasmid cells for the wild-type protein (27). The DHFK
protein was purified with a methotrexate-agarose affinity
column according to the procedures described previously
(20). Protein concentration was determined spectrophoto-
metrically using a molar extinction coefficient of 31,100
M-'-cm"1 a t280nm (8).

Acid Unfolding—Acid unfolding of DHFK was monitored
by circular dichroism (CD) with a Jasco J-720W spectro-
polarimeter. Temperature of the sample was controlled at
15±0.1"C with a thermobath circulator (NESLAB RTE-
110). The protein solution was fully dialyzed against 0.1
mM sodium acetate (pH 8.5) and centrifuged at 14,000
rpm for 20 min to remove the aggregates. The sample
solutions with different pHs were prepared by adding a
given amount of HC1 at a protein concentration of about 20
//M. The pH value of each sample was measured on a pH
meter after the spectroscopic measurements.

Acid unfolding was also studied by fluorescence spectros-
copy with a Jasco FP-770 spectrofluorometer. The emission
spectra on excitation at 290 nm were measured at 300-450
nm and 15±0.1'C at a protein concentration of about 0.5
//M. The width of both the excitation and emission slits was
10 nm. To test the pH dependence of the fluorescence
intensity of tryptophan and tyrosine residues, the emission
spectra of a mixture of iV-acetyl-L-tryptophan ethyl ester
and iV-acetyl-L-tyrosine ethyl ester (Aldrich) were mea-
sured at various pHs. The molar mixing ratio of two esters
was adjusted to 5:4, since a DHFR molecule has five
tryptophan and four tyrosine residues. The concentrations
of iV-acetyl-L-tryptophan ethyl ester and N-acetyl-L-tyro-
sine ethyl ester were determined using a molar extinction
coefficient of 5,550 M"1 -cm"1 at 278 nm and 1,340 M"1-
cm"1 at 274.5 nm in 0.1 M HC1, respectively {28). Binding
of l-anilinonaphthalene-8-sulfonate (ANS) to acid-unfold-
ed DHFR was examined by the fluorescence energy transfer
from intrinsic tryptophan residues of DHFR to ANS
(excitation at 290 nm and emission at 400-550 nm). The
ANS concentration was determined using a molar extinc-
tion coefficient of 6,800 M"'-cm"1 at 370 nm in methanol
(12). Final concentrations of DHFR and ANS were 1.5 and
1.0//M, respectively.

Thermal Unfolding—Thermal unfolding of DHFR was
monitored by CD spectra with a Jasco J-720W and a Jasco
J-40A spectropolarimeters. Protein concentration was kept
at about 5 //M for the CD measurement at 222 nm and
about 20 /zM for that at 290 nm. The buffer used was 10
mM potassium phosphate (pH 7.0) containing 0.1 mM
dithiothreitol and 0.1 mM EDTA. For comparison, the
temperature dependence of CD and fluorescence was also
examined at pH 2.5, employing a buffer of 0.1 mM sodium
acetate and HC1. The pH values of the sample solutions
were adjusted at 25"C before heating. The sample solution
was introduced into a quartz cell with 5-mm light path and
the temperature was elevated in steps of about 2'C by
circulating water of a given temperature through the cell
housing with a thermobath circulator (NESLAB RTE-110).
The temperature of the sample was measured within an
accuracy of ±0.1"C using a digital thermometer (Takara
Kogyo, D221), which was connected to a sensor set in the
top part of the sample solution. The ellipticity at each
temperature was read as an equilibrium value 15 min after

each temperature change. To protect the protein from
ultraviolet irradiation, the slit on the polarimeter was
closed during the intervals of temperature changing, and
opened for 60-90 s to read the ellipticity at each tempera-
ture (29).

Thermal unfolding of DHFR was also monitored by
fluorescence spectra with a Jasco FP-770 spectrofluorom-
eter. The emission spectra at 300-450 nm on exciting at
290 nm was measured as a function of temperature. The
sample conditions were same as those for CD measure-
ments except for the protein concentration, 0.5 //M.

Effect of KCl—To investigate the salt-binding effect on
the DHFR stability, various concentrations of KCl were
added to the sample solutions. The conditions of spectro-
scopic measurements were same as described above.

RESULTS

Acid Unfolding—Figure 1 shows the far-ultraviolet CD
and fluorescence spectra of DHFR at various pHs and 15*C.
As shown in Fig. 1A, the CD spectra of DHFR at pH 5.7 and
4.1 were almost same as that at pH 7.0, although the molar
ellipticity was slightly smaller around 230 nm and larger
around 210 nm. On the other hand, the CD spectra largely
changed at pH 3.1 and 2.5, indicating that the secondary
structure of DHFR was unfolded under acidic conditions.
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Fig. 1. Circular dichroism (A) and fluorescence (B) spectra of
DHFR at 15'C and various pH. The solvent was 0.1 mM sodium
acetate and pH was adjusted with HC1. (A) (—, a) pH 7.0; (—, b) pH
5.7; ( , c) pH4.1; ( -, d) pH3.1; (—-, e) pH2.5; ( , f) 6M
urea at pH 7.0. (B) (—, a) pH 7.0; (—, b) pH 4.8; ( , c) pH 4.1;
( , d) pH 3.0; (—, e) pH 2.5.
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However, the fact that the molar ellipticity at 222 nm and
pH 2.5, —4,500 deg'cm2'dmol~', is obviously smaller than
that in 6M urea solution, -1,600 deg-cm2-dmol"1 (20),
means that there exists some residual secondary structure
in the acid-unfolded form of DHFR. The near-ultraviolet
CD spectrum of acid-unfolded form was not successfully
measured because of its low solubility. Then the tertiary
structure at low pH was studied by fluorescence spectroa-
copy.

As shown in Fig. IB, the pH dependence of the fluores-
cence spectra is not simple. The fluorescence intensity
decreased on decreasing pH from 7.0 to 4.8, followed by an
increase at pH 4.1, then again decreased in the lower pH
region where the large CD change was observed. The peak
wavelengths of the spectra were 345, 345, 346, 349, and
353 nm at pH7.0, 4.8, 4.1, 3.0, and 2.5, respectively.
These results suggest that the tertiary structure of DHFR
may loosen before the secondary structure unfolds in the
low pH region. The peak wavelength at pH 2.5, 353 nm, is
considerably lower than that for the mixture of iV-acetyl-
L-tryptophan ethyl ester and iV-acetyl-L-tyrosine ethyl
ester, 365 nm, at pH 2.5-7.0 (data not shown). This result
suggests that the aromatic amino acid residues are not
completely exposed to the solvent, as expected by the
residual secondary structure.

Figure 2 shows the pH dependence of the molar ellipticity
at 222 nm and the fluorescence intensity at 345 nm of
DHFR at 15*C. As revealed by the ellipticity data, the
secondary structure starts unfolding around pH 3.5 and the
most unfolded state appears at pH 2.5-2.8. Lowering pH
below 2.5 brought about refolding of the secondary struc-
ture, probably due to the increased chloride ions in the
medium, as discussed below. Interestingly, the fluores-
cence intensity increased remarkably in the pH range of 5
to 4, where the secondary structure remains folded. This
fluorescence change is not due to the aggregation of DHFR,
its isoelectric point being 4.7, because the normalized
intensity did not depend on the DHFR concentration. Since
the fluorescence intensity of the mixture of N-acetyl-
L-tryptophan ethyl ester and N-acetyl-L-tyrosine ethyl
ester was constant in the pH range of 7 to 3, the pH effects

3.0 4.0

PH

5.0 6.0

Fig. 2. pH dependence of the CD and fluorescence intensity of
DHFR at 15'C. The solvent was 0.1 mM sodium acetate and pH was
adjusted with HC1. The molar ellipticity (•) was monitored at 222 nm
and the fluorescence intensity (Z) was monitored at 345 nm on
excitation at 290 nm. The lines were drawn by inspection.

on the tryptophan and tyrosine fluorescence can be neglect-
ed. Thus the enhanced fluorescence of DHFR around pH 4
could be ascribed to the conformational change of DHFR
associated with the exposure of a part of these residues to
the solvent.

To confirm this, we measured the energy transfer from
the tryptophan residues of DHFR to 1-anilinonaphthalene-
8-sulfonate (ANS). Figure 3 shows the fluorescence emis-
sion spectra of ANS at 15"C, which were induced by its
binding to DHFR at pH 6.1, 3.9, and 2.4. There was no
detectable spectrum in the wavelength region of 450 to 500
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Fig. 3. l-Anilinonaphthalene-8-sulfonate (ANS) emission
spectra induced by the binding to DHFR at 15'C. The excitation
wavelength was 290 nm. The solvent was 0.1 mM sodium acetate and
pH was adjusted with HC1. The concentrations of DHFR and ANS
were 1.5 and 1.0 //M, respectively. (—, a) pH 6.1; (---, b) pH 3.9;
( • • , c) pH 2.5.
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Fig. 4. Temperature dependence of the far-ultraviolet CD
spectra of DHFR at pH 7.0 (A) and 2.5 (B). (A) The solvent was 10
mM potassium phosphate (pH 7.0) containing 0.1 mM EDTA and 0.1
mM dithiothreitol. The spectra from bottom to top refer to the
temperatures 9.4, 18.4, 27.1, 35.9, 44.7, 52.3, 61.9, 70.2, and
80.5'C. A broken line indicates a spectrum in 6 M urea solution at
15'C. (B) The solvent was 0.1 mM sodium acetate containing HC1 (pH
2.5). The spectra were measured at 12.8,18.4, 26.5,34.5, 43.7,53.0,
61.6, 70.7, and 78.1C
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nm at pH 6.1, indicating that the tryptophan residues of
native DHFR were essentially not exposed to the solvent.
When the ANS concentration was increased to 50 ^M,
however, a small emission spectrum having a peak at 474
nm appeared at pH 6.1 (data not shown). Therefore, ANS
could weakly bind to the native form of DHFR, as suggested
by Jones et al. {12). On the other hand, a large emission
spectrum with a peak at 472 nm was observed at pH 3.9,
suggesting that ANS would bind to the hydrophobic site
near some tryptophan residues partly exposed to the
solvent. A small emission spectrum was also observed at
pH 2.4 but its peak wavelength, 485 nm, was considerably
higher than that at pH 3.9. This indicates that ANS could
bind to the acid-unfolded DHFR but the binding sites may
be more solvent-accessible as compared with those at pH
3.9.

Thermal Unfolding—Figure 4 shows the far-ultraviolet
CD spectra of DHFR at various temperatures at pH 7.0 (A)
and 2.5 (B). These spectra demonstrate that the thermal
unfolding is induced at pH 7.0 but not at pH 2.5, where the
spectra are almost independent of temperature. The molar
ellipticity at 222 nm, -4,500 deg-cm2-dmol-\ at pH 7.0
and 80°C, was smaller than that in 6 M urea solution,

Temperature (°C)
Fig. 5. Temperature dependence of the CD at 222 nm (A) and
290 nm (B), and fluorescence intensity (C) of DHFR at pH 7.0 and
2.5. The solvents used were 10 mM potassium phosphate (pH 7.0)
containing 0.1 mM EDTA and 0.1 mM dithiothreitol, and 0.1 mM
sodium acetate containing HC1 (pH 2.5). (A) (•) pH 7.0; (C) pH 2.5.
The solid line attached to closed circles represents the theoretical fits
to the three-state model. The line attached to open circles was drawn
by inspection. (B) pH 7.0. The solid line represents the theoretical fits
to the three-state model. (C) (•) pH 7.0; (O) pH 2.5. Each solid line
was drawn by inspection.

indicating the residual secondary structure in the thermally
unfolded form as well as the acid-unfolded form of DHFR.
This is supported by the findings that the fluorescence peak
wavelength, 352 nm, at pH 7.0 and 80'C, is shorter than
that of the mixture of N-acetyl-L-tryptophan ethyl ester
and N-acetyl-L-tyrosine ethyl ester, 365 nm. A noteworthy
point is that the CD spectra and the fluorescence peak
wavelength at pH 7.0 and 80*C are essentially same as
those of the acid-unfolded form at pH 2.5 and 15'C. These
results strongly suggest that the acid and thermally unfold-
ed forms of DHFR have the same structure, as found for
some other proteins (22, 23).

Figure 5 shows the temperature dependence of the molar
ellipticity at 222 nm (A) and 290 nm (B), and the fluores-
cence intensity at 344 nm (C) of DHFR at pH 7.0 and 2.5.
Evidently, there was no thermal transition at pH 2.5, as
revealed by a monotonous decrease in the CD and fluores-
cence intensities (Fig. 5, A and C). A considerably large
decrease in fluorescence intensity with temperature was
not due to the structural change of DHFR but due to the
temperature dependence of the tryptophan and tyrosine
fluorescence (30). As shown in Fig. 5A, on the other hand,
a thermal unfolding of the secondary structure occurred at
pH 7.0 in the temperature range of 30-70'C, which in-
volved the major transition in the range of 45 to 60"C. The
CD at 290 nm (Fig. 5B) and the fluorescence intensity (Fig.
5C) also showed the thermal transition or the disruption of
tertiary structure in the same temperature region. How-
ever, both figures obviously show the two-phase transition
in the temperature regions of 20-50 and 50-70°C. The
second transition at higher temperature seems to corre-
spond to the major transition observed by the CD at 222 nm
(Fig. 5A). The peak wavelengths of the fluorescence spectra
were 345, 346, and 352 nm at 15,45, and 80"C, respectively
(data not shown). These results indicate that the tertiary
structure disrupts at the lower temperature region prior to
the global unfolding of the secondary structure, and at least
one intermediate with a native-like secondary structure
and a disrupted tertiary structure exists in the thermal
unfolding process of DHFR at pH 7.0. The existence of the
intermediate was also suggested by DSC in the previous
studies (18, 21).

The reversibility of thermal unfolding was more than
95% under these experimental conditions, judging from the
recovery of the molar ellipticity after cooling. This allows
us to evaluate the thermodynamic parameters for unfold-
ing. The observed molar ellipticity data, [0], were fitted to
the three-state unfolding model, native (N) ̂  intermediate
(I) ^ unfolded (U), by means of a nonlinear least-squares

TABLE I
of DHFR

AC at
T CC)d

. Thermodynamic
at pH 7.0."

15'C (kcal/mol)

parameters

1.8
45.0

for thermal

1.9
53.0

3.
49.

unfolding

T
4 (49.3°)

•The solvent used was 10 mM potassium phosphate containing 0.1
mM EDTA and 0.1 mM dithiothreitol. The thermodynamic parame-
ters were calculated using the [8] data points at 222 and 290 nm (see
the text for details). "N, I, and U represent the native, intermediate,
and unfolded form, respectively. The AC value for N^U was
calculated as the sum of the AC values for N^I and fc^U. dMid-point
temperature of each transition at which AC = 0. "The value in
parenthesis shows the result of DSC {18).
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regression analysis with a SALS program (31), as follows

where [0]N, [0]i, and [0]u are the molar ellipticities of the
native, intermediate, and unfolded forms, respectively,
and /N, f,, and fu the population of each form. [ 0] N, [ 6],, and
[0]u at a given temperature were estimated by assuming
them to be linearly temperature-dependent. The popula-
tions, fN, ft, and fu were calculated as follows

(2a)

(2b)

«) (2c)

where K, and K2 are the equilibrium constants for the
reactions N ^ I and I^U, respectively. Ki and K2 were
calculated from the Gibbs free energy change correspond-

—̂- 200 220 240 200 220 240 200 220 240 260

Wavelength (nm)
Fig. 6. Effect of KCl on the far-ultraviolet CD spectra of DHFR
at pH 5.7 (A), 3.1 (B), and 2.5 (C). The solvent was 0.1 mM sodium
acetate and pH was adjusted with HC1. (A) (—) without KCl; (—-)
0.08 M KCl; (••• •) 0.3 M KCl. (B) (—) without KCl; (—-) 0.08 M
KCl. (C) (—) without KCl; (—-) 0.08 M KCl; ( ) 0.2 M KCl.

ing to each reaction as follows

where n is 1 or 2, R the gas constant, and T the absolute
temperature. Finally, the temperature dependence of the
free energies was estimated assuming the following equa-
tion with the fitting parameters a*, bn, and cn.

The Gibbs free energy change between the native and
unfolded forms, AG\, was calculated as the summation of
AG\ and AG\ at a given temperature. The transition
temperatures of each unfolding process, Tn, were calcu-
lated as the solution of AG'n = 0.

Table I shows the Gibbs free energy change of unfolding,
AG'n, at 15"C and the corresponding transition tempera-
ture, Tn. These results were calculated by fitting simultane-
ously the [0] data points at 222 and 290 nm to the above
equations. The fluorescence data were not used for fitting
because the temperature dependence of the base-line
seemed not to be linearly dependent on the temperature.
Although the calculation errors of fitting parameters were
large, the transition temperature from native to unfolded
form, 49.4"C, is consistent with that obtained by the DSC
experiment, 49.3'C (18). The Gibbs free energy change
from native to unfolded form, 3.7 kcal/mol, is also reason-
able, considering that the AG° value for urea unfolding is
6.08 kcal/mol at this temperature (19) and the thermally
unfolded form has more residual structure than the urea-
unfolded one.

Effect of KCl—Figure 6 shows the far-ultraviolet CD
spectra at pH 5.7 (A), 3.1 (B), and 2.5 (C) in the presence
or absence of KCl. As shown in Fig. 6A, the spectrum was
only slightly modified by adding KCl at neutral pH. But the
spectra at pH 3.1 and 2.5 recovered in the presence of KCl
to that of the native state at pH 5.7 (Fig. 6, B and C). These
results clearly indicate that DHFR was refolded by addition
of KCl under the acidic conditions.

Figure 7 shows the pH dependence of the intrinsic
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Fig. 7. Effect of KCl on the fluorescence intensity at 15'C. The
fluorescence intensity was monitored at 345 nm on exciting at 290
nm. The solvent was 0.1 mM sodium acetate and pH was adjusted
with HC1. (•) without KCl; (O) 0.04 M KCl; (A) 0.10 M KCl. The
solid lines were drawn by inspection.
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Temperature
Fig. 8. Effect of KCl on the CD at 222 nm and pH 7.0. The solvent
was 10 mM potassium phosphate containing 0.1 mM EDTA and 0.1
mM dithiothreitol. (Z) without KCl; (•) 0.01 M KCl; (A) 0.05 M
KCl; (A) 0.10 M KCl; (x) 0.42 M KCl. The solid lines attached to
each symbol were drawn by the least-squares methods assuming the
three-state model.
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tryptophan fluorescence monitored at 345 nm in the pres-
ence or absence of KC1. The large peak intensity at pH 3.5-
4.0 without KC1, caused by the acid-unfolding intermedi-
ate, was depressed by addition of KC1, suggesting that the
population of the intermediate decreases and the native
form is stabilized in the presence of KC1.

Figure 8 shows the temperature dependence of the molar
ellipticity at 222 nm of DHFR at various concentrations of
KC1. As the KC1 concentration was increased, the transition
temperature was elevated and the cooperativity of the
transition was enhanced. The transition curve essentially
followed the two-state model at 0.10 and 0.42 M KC1.
These results also demonstrate that the native form was
stabilized by addition of KC1.

DISCUSSION

Structure of Acid and Thermally Unfolded Forms—The
acid unfolding of DHFR was investigated for the first time
in the present study. The structure of the acid-unfolded
form has a considerable amount of residual secondary
structure as revealed by the molar ellipticity of —4,500
deg-cm2'dmol~' at 222 nm. This is also supported by a
fluorescence spectroscopy: the peak wavelength, 353 nm, is
lower than that for the urea-unfolded form, 365 nm, and
only small fluorescence is induced by binding ANS. These
results are very similar to those found for the thermally
unfolded DHFR, indicating that the acid and thermally
unfolded forms have the same secondary and tertiary
structures. That the acid-unfolded DHFR shows no struc-
tural change on heating (Figs. 4B and 5C) suggests the
absence of cooperative heat absorption in DSC experiment,
which is one of the typical characteristics of a molten
globule (22, 23, 32, 33). Therefore, the acid and thermally
unfolded forms of DHFR could be regarded as having the
molten globule structure. Equilibrium molten globules
have been detected for many proteins under acidic condi-
tions (22, 23, 25, 26).

It is interesting that the structures of the acid and
thermally unfolded forms are identical even though the
driving force of the unfolding is different. Acid unfolding is
caused by the electrostatic repulsion of the positively
charged groups due to proton binding to the carboxyl
groups. On the other hand, thermal unfolding is mainly
induced by the enhanced thermal fluctuation overcoming
the stabilizing forces such as hydrogen bonds and van der
Waals interaction. The fact that these different sources
produce the same unfolded form means that this form is one
of the energetically minimum structures of DHFR, whose
formation does not depend on the pathway.

Structure of Intermediates in Acid and Thermal Unfold-
ing—The acid-unfolding process of DHFR involves at least
one intermediate in which the secondary structure remains
native but the tertiary structure is disrupted, as revealed
by the absence of a detectable CD change at 222 nm and the
largely induced fluorescence (Figs. 1 and 2). The ANS
binding to the intermediate also supported the exposure of
some hydrophobic surface accompanying a disruption of the
tertiary structure (Fig. 3). Since we measured the energy
transfer from the intrinsic tryptophan residues to ANS,
this disruption may include a structural change around
some tryptophan residues. A possibility is the breakdown
of the exciton pair of tryptophan-47 and tryptophan-74.

Kuwajima et al. (5) reported that these tryptophans make
an exciton coupling in the native DHFR and the disruption
of this exciton causes the approximately equivalent in-
crease and decrease in CD intensity at 220 and 230 nm,
respectively. This feature was observed for the CD spectra
on changing pH 7.0 to pH 4.1 (Fig. 1A), suggesting that this
exciton pair may be disrupted in the intermediate of acid
unfolding of DHFR.

The DSC deconvolution analysis predicted that the
thermal unfolding of DHFR involves one intermediate at
neutral pH, although its structure was not definitely charac-
terized (18, 21). The existence of the intermediate was
confirmed spectrophotometrically in the present study. The
intermediate has the native-like secondary structure with a
disrupted tertiary structure, as revealed by the near-ultra-
violet CD and fluorescence intensities and the lack of a
detectable CD change at 222 nm. The CD spectra at low
temperatures showed an isoellipticity point at 225 nm and
the approximately equal increase and decrease in CD
intensity at the shorter and longer wavelength, respective-
ly (Fig. 4A). This result may also be evidence for the
disruption of tryptophan-47 and tryptophan-74 exciton
pair in the intermediate of thermal unfolding. As shown by
the thermodynamic analysis (Table I), the intermediate is
a middle structure, which is less stable by 1.8 kcal/mol
than the native state and more stable by 1.9 kcal/mol than
the thermally unfolded state in a free energy level, while it
was rather close to the native state in its enthalpy level
(34).

As mentioned above, the intermediates in the acid and
thermal unfolding processes have similar characteristics.
1: Both intermediates have the native-like secondary
structure and the disrupted tertiary structure. 2: The
tryptophan-47 and tryptophan-74 exciton pair may be
disrupted. 3: The fluorescence spectra have the same peak
wavelength at 346 nm. 4: The acid-unfolding intermediate
has a high aggregation property as seen in the thermal
unfolding process. A noteworthy difference between the
intermediates is that the thermal unfolding intermediate
had no ANS binding ability while the acid-unfolding inter-
mediate did. The ANS fluorescence was not induced in the
thermal unfolding process even when the ANS concentra-
tion was 100-fold higher than that used for the acid-
unfolding process (data not shown). Thus, both intermedi-
ates have a similar secondary structure, but the tertiary
structure of the acid-unfolding intermediate may be more
largely disrupted than that of the thermal unfolding inter-
mediate.

Comparison with Folding Kinetics—Recent kinetic
studies of DHFR have shown that there exist at least six
(one burst and five measurable) phases in the folding
reaction from the urea-unfolded form (11, 12). The burst-
phase intermediate is known to have some characteristics
of a molten globule. The molar ellipticity of the burst-phase
intermediate was estimated to be about —5,000 deg«cm2-
dmol"1 at 220 nm by the stopped-flow CD experiments (5).
This intermediate can bind ANS but it does not induce the
fluorescence as strongly as does the second (native-like)
intermediate (12). These results are very similar to those
found for the acid and thermally unfolded DHFRs in the
present study. Therefore, we may expect that the acid and
thermally unfolded forms of DHFR have the molten globule
structure, which corresponds to the burst-phase intermedi-
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ate found in the folding kinetics. The similarity of the
acid-unfolded form and the folding kinetic intermediate has
been confirmed for a-lactalbumin and apomyoglobin (35,
36).

The five measurable phases have some native-like struc-
ture in which the exciton pair of tryptophan-47 and trypto-
phan-74 is established (11). However, the fastest measur-
able intermediate has some specific features compared to
the other four measurable phases, such as the strong
inducement of the ANS fluorescence (12) and the inability
to bind the inhibitor methotrexate (11, 14). As shown in
Fig. 3, the acid-unfolding intermediate strongly induced the
fluorescence of ANS. We have also found preliminarily that
methotrexate is not stoichiometrically bound to DHFR at
acidic pHs. These findings suggest that the acid-unfolding
intermediate has a similar structure to the fastest measur-
able phase intermediate in the folding kinetics, while the
tryptophan-47 and tryptophan-74 exciton pair seems to be
disrupted in the intermediates of acid and thermal unfold-
ing processes (Figs. 1A and 4A). More detailed experi-
ments would be necessary for comparative discussion of the
acid and thermal unfolding intermediates with the kinetic
intermediates.

Effect of KCl—As shown in Figs. 7 and 8, the intermedi-
ates in the acid and thermal unfolding processes were
diminished and the native state was stabilized by addition
of KCl. The similar structural stabilization by KCl was also
observed for the urea unfolding (18). These KCl effects
may be ascribed to two possible origins: an increased ionic
strength, and the specific binding of potassium and/or
chloride ions. The addition of NaCl had a similar effect to
KCl but the addition of 0.03 M Na2SO<, which has compa-
rable ionic strength to 0.1 M KCl, had no effect on the
thermal unfolding of DHFR (data not shown). Thus, the
specific binding of chloride ions is the most reasonable
explanation for the KCl-induced refolding or the stabiliza-
tion of the native state of DHFR. X-ray crystallographic
data also suggested a binding site for chloride ions in the
DHFR molecule (1, 2). Thus refolding of acid-unfolded
DHFR with HC1 below pH 2.5 (Fig. 2) could be ascribed to
the binding effect of chloride ions. Recently Fink et al. (26)
reported that chloride ions can cause refolding from the
acid-unfolded state to the molten globule state for several
proteins. DHFR might belong to such a category of proteins.

As demonstrated in this study, E. coli DHFR is easily
unfolded by acid or heat, with one intermediate in each
unfolding process. Chloride ions have a stabilizing effect on
the native structure in both types of unfolding as well as
urea unfolding. The unfolded structure by acid and heat is
essentially the same and can be regarded as the molten
globule, which corresponds to the burst-phase intermediate
in the folding kinetics. The intermediate in acid unfolding
may be a structure close to the second intermediate
observed in the folding kinetics. Further insight into the
characteristics of the intermediates is expected from a
study, now in progress, on the acid and thermal unfolding of
mutant DHFRs.
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