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Detection of a Stable Intermediate in the Thermal Unfolding of a Cy steine-Free 
Form of Dihydrofolate Reductase from Escherichia coli? 
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ABSTRACT: The reversible temperature-induced unfolding of a cysteine-free mutant (C85S/C 152E, des- 
Cys) of dihydrofolate reductase from Escherichia coli has been studied by absorbance and by both far- 
and near-ultraviolet circular dichroism spectroscopies. The non-coincidence of all three transition curves 
demonstrated the existence of a highly populated partially-folded form near 39 "C at pH 7.8. This 
intermediate retains substantial secondary structure and partially excludes one or more of the five 
tryptophans from solvent; however, the intermediate has lost specific tertiary packing around its aromatic 
residues. Increases in enthalpy, entropy, and heat capacity are observed for both the nativehtermediate 
and intermediate/unfolded transitions; the majority of the changes in these parameters occurs in the first 
transition. These results suggest that the thermal unfolding reaction of des-Cys dihydrofolate reductase 
involves a stable intermediate whose properties resemble those of a molten globule. 

A complete characterization of the native conformation 
of a protein requires not only a high resolution structure but 
also a thermodynamic analysis of its reversible transition to 
a suitable reference state, usually an unfolded form. The 
most common approaches employed to obtain these data 
involve studies of the chemical- or heat-induced unfolding 
reactions (Pace, 1986; Privalov & Potekhin, 1986). Chemical 
denaturants such as urea or guanidine hydrochloride can offer 
high reversibility and access to unfolded forms which retain 
little residual structure. These advantages are offset by 
complexities arising from an accurate assessment of the free 
energy of folding in the absence of denaturant. Several 
methods of extrapolation from the data obtained in unfolding 
transition regions have been proposed (Tanford, 1968; Pace, 
1986), however, there is as yet no detailed analysis which 
accounts for the mechanism by which these reagents unfold 
proteins. An excellent discussion of this problem has been 
presented by Timasheff (1992). 

Thermal unfolding, in contrast, rests on well-founded 
physical-chemical principles and leads naturally to several 
useful thermodynamic parameters including enthalpy, en- 
tropy, and heat capacity changes (Sturtevant, 1977; Freire 
& Biltonen, 1978; Privalov, 1979; Privalov & Gill, 1988; 
Sturtevant et al.,  1991). It also has the advantage of a 
straightforward extrapolation to standard conditions. Po- 
tential problems with thermal unfolding reactions, however, 
include incomplete reversibility, possibly reflecting chemical 
damage or aggregation, and the retention of residual structure 
in the unfolded form (e.g., Seshadri et al.,  1994). Although 
such residual structure could complicate comparisons with 
chemically-unfolded forms, an examination of the thermo- 
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dynamic properties of chemically- and thermally-unfolded 
forms of apomyoglobin, cytochrome c ,  lysozyme, and 
ribonuclease A found that these two forms are closely similar 
when compared under the same solution conditions (Privalov, 
1979; Privalov et al., 1989; Privalov & Makhatadze, 1990). 
If these conclusions prove to be general, then the principal 
potential difficulty with the application of the thermal 
unfolding method is the problem of incomplete reversibility . 

At high temperatures, proteins are subject to a variety of 
chemical reactions, many of which can affect the efficiency 
of the refolding reactions. These include the oxidation of 
sulfhydryls in cysteines, the deamidation of asparagines and 
glutamines, @-elimination of cystine cross-links, disulfide 
interchange, and the hydrolysis of the peptide backbone at 
Asp-X sequences (Feeney et al., 1975; Ahern & Klibanov, 
1988). The oxidation of cysteine residues by molecular 
oxygen, in particular, has long been recognized as the 
explanation for the thermal inactivation of many enzymes 
(e.g., Little & O'Brien, 1967). With the advent of molecular 
biology and the opportunity to replace specific amino acids 
with other naturally-occurring residues, it is now possible 
to circumvent this source of chemical damage. For example, 
the replacement of the single cysteine in bovine superoxide 
dismutase with alanine did not affect the activity at 21 "C 
but decreased by half the loss of activity for enzyme 
incubated at 70 "C (McRee et al.,  1990). Related to protein 
stability studies, the replacement of the two cysteines in T4 
lysozyme with nonoxidizable side chains (Perry & Wetzel, 
1987) greatly extends the range of pH and temperature over 
which this protein undergoes reversible unfolding transitions 
(Chen & Schellman, 1989; Hurley et al.,  1992). 

Abbreviations: DHFR, dihydrofolate reductase; KzEDTA, dipo- 
tassium ethylenediaminetetraacetic acid; MTX, methotrexate; NADP+, 
nicotinamide adenine dinucleotide phosphate, oxidized form; PAGE, 
polyacrylamide gel electrophoresis; DTNB, 5,5'-dithiobis(2-nitrobenzoic 
acid); UV, ultraviolet; CD, circular dichroism. 
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Dihydrofolate reductase (DHFR)' from Escherichia coli 
(5,6,7,8-tetrahydrofolate:NADP+ oxidoreductase, EC 1.5.1.3) 
is a monomeric, alp protein containing two nonessential 
cysteine residues among a total of 159 amino acids. The 
urea-induced unfolding reaction of DHFR is fully reversible 
and has been the source of a great deal of information about 
transient intermediates which appear during the refolding 
reaction (Touchette et al., 1986; Frieden, 1990; Kuwajima 
et al., 1991; Jennings et al., 1993). Direct measurements of 
the thermodynamic parameters for the folding of wild-type 
DHFR, however, have been hampered by a lack of revers- 
ibility for the thermal transition (Uediara et al., 1990a,b; 
Leontiev et al., 1993). As a partial solution to this problem, 
Uedaira et al. (1990a) replaced Cys 152 with glutamic acid, 
a residue found at this position in DHFR from both 
Salmonella typhimurium and Bacillus subtilis. Although the 
thermal transition of C 152E DHFR was more reversible than 
that of wild-type DHFR, less than 70% of the optical signal 
was recovered when the heated protein was refolded. 

Expanding upon this observation, the double mutant in 
which Cys 85 was replaced with Ser and Cys 152 with Glu 
(C85S/C152E, des-Cys DHFR) was constructed. This 
double mutant is of particular interest because previous 
studies of the refolding reaction from high urea concentra- 
tions have shown that it displays simpler folding kinetics 
than wild-type protein (Iwakura et al., 1993). Thus, it is a 
potentially useful reference system for testing the role of 
specific amino acids in folding by site-directed mutagenesis 
(Matthews, 1987; Goldenberg, 1988; Jennings et al., 1991; 
Sancho & Fersht, 1992; Matthews, 1993). The thermal 
unfolding of this mutant was found to be fully reversible at 
concentrations below 15 p M  and to involve a well-populated 
intermediate. This partially folded form may provide 
important clues to the folding reaction of DHFR. 

MATERIALS AND METHODS 

Chemicals, Bacterial Strains, and Mutagenesis. The 
methotrexate (MTX)-agarose affinity resin was purchased 
from Sigma, and the DEAE-Toyopearl 650M resin was 
obtained from Toso (Japan). Ultrapure urea was purchased 
from ScharzMann of ICN Biochemicals Inc. and used 
without further purification. Restriction enzymes and ligase 
were obtained from New England Biolabs or United States 
Biochemicals. All other chemicals were reagent grade. 

E. coli strain AG1 (recA1, endA1, tyrA96, thi, hsdR17, 
supE44, and recA1) was used as a cloning host. The serine 
mutation at position 85 was introduced by oligonucleotide- 
directed mutagenesis (Kunkel et al., 1987; Iwakura et al., 
1993). The glutamic acid replacement at position 152 was 
constructed by cassette mutagenesis using a plasmid, pTZ- 
DHFR, which contains 19 more unique restriction enzyme 
sites in or around the DHFR structural gene than the wild- 
type gene (Iwakura et al., 1995). Mutations were confirmed 
by dideoxy sequencing of the entire gene. 

Protein Purijkation and Activity Assay. Purification of 
wild-type and mutant DHFRs was achived using MTX 
affinity chromatography after several prepurification steps 
of a sonicated solution of the cell extract (Iwakura & 
Matthews, 1992). The wild-type and the mutant DHFRs 
were shown to be pure by the appearance of a single band 
on sodium dodecyl sulfate-PAGE (Laemmli, 1970) and on 
native PAGE (Davis, 1964). 
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The absence of cysteine in des-Cys DHFR was directly 
confirmed by the lack of an absorbance signal at 412 nm 
when the unfolded protein in 8 M urea was reacted with 
DTNB (data not shown). The two cysteines in wild-type 
DHFR were found to be readily modified by DTNB under 
the same conditions (K. E. Bowers and C. R. Matthews, 
unpublished results). 

The concentrations of the mutant proteins were determined 
using absorbance spectroscopy and a molar extinction 
coefficient at 280 nm of 3.11 x lo4 M-' cm-' previously 
determined for wild-type DHFR (Touchette et al., 1986). This 
extinction coefficient was confirmed for the cysteine mutants 
examined in the present study using the Bradford method 
(Bradford, 1976). The enzymatic activity of des-Cys DHFR 
was determined as described by Hillcoat et al. (1967) to be 
13.5 units mg-' at 15 "C; the specific activity of wild-type 
DHFR in this assay was 13.8 units mg-'. 

Thermal Unfolding Experiments. Thermal unfolding 
experiments were carried out on a Cary 14DS UV-vis 
spectrophotometer modified by Aviv Associates. The sample 
was placed in a 10 mm cuvette with quartz stopper and 
heated in increments of 1 "C with a thermal electric cell 
holder. The sample was allowed to equilibrate for about 2 
min before the absorbance at 292 nm was recorded. The 
samples were shown to be fully equilibrated by obtaining 
identical results with longer incubation times. After reaching 
the final temperature, the sample was cooled adiabatically 
by the same procedure and the absorbance recorded. The 
reversibility was monitored by the recovery of enzyme 
activity and by the comparison of the heating and cooling 
curves. When the thermal unfolding reaction was examined 
above 75 "C, it was necessary to cool the sample to 5 "C 
within 5 min to maintain the reversibility. 

The far-UV circular dichroism signal at 222 nm was 
recorded in a 10 mm path length cell following a similar 
procedure on an Aviv 62DS circular dichroism spectrometer 
equipped with a Hewlett Packard 89100A temperature 
controller. The near-UV CD spectra were recorded using a 
100 mm, water-jacketed cell. 

The temperatures in both absorbance and CD experiments 
were measured with a thermocouple attached to the jacket 
of the cell holder. The thermocouple was calibrated against 
a standard provided by YSI, Inc. Control experiments with 
the thermocouple mounted inside the cuvette demonstrated 
the accuracy of the external reading. 

The protein concentration was held constant in any 
individual experiment and ranged from 3 to 15 pM. The 
unfolding transition curve was found to be independent of 
the protein concentration when the protein concentration was 
held below 15 pM (data not shown). Above 15 pM, the 
thermal transition was not completely reversible. The buffer 
used in all thermal unfolding experiments contained 10 mM 
potassium phosphate and 0.2 mM K*EDTA, pH 7.8. 

Data Analysis. The optical data were converted to the 
apparent fraction of unfolded protein, Fapp, by 

where Yo is the observed signal, and Y, and Y,, are the optical 
signals for unfolded and native protein, respectively. Both 
the Y, and Y,, were observed to depend linearly on the 
temperature; this linear dependence was assumed to hold in 
the transition region, and a linear fitting procedure was used 
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midpoint of the N to I transition, and AS"du and T ~ u  relate 
to the midpoint of the I to U transition. Finally, these 
expressions can be combined and substituted into eq 8 to 
yield an expression for Fapp that contains seven independent 
parameters. 

to obtain the temperature dependence of Y, and Y,. Fapp is 
related to the apparent equilibrium constant, Kapp, by: 

For the thermal unfolding experiments, both a two-state 
model and a three-state model were tested. For the two- 
state model, assuming AC, is independent of temperature, 
it can be shown that 

Kapp(T) = exp[-[AS',T,/T - AC,(T - T,)/T - AS', + 
Acp ln(T,IT)lI/R (3) 

where T, is the melting temperature, AS", is the entropy 
difference at the melting temperature, and AC, is the heat 
capacity difference. This equation is readily derived from 
the following thermodynamic relations: 

Kapp(T) = exp[-(AW(T) - TASo(T))/RTl (4) 

( 5 )  

(6)  

AH", = TmASo, (7) 

AW(T) = AH", + AC,(T - T,) 

AS"(T) = AS", + ACp ln(T/T,) 

where AH", is the enthalpy difference at the melting 
temperature and M(T) and ASo(T) are enthalpy and entropy 
differences as a function of the temperature. 

The thermal unfolding data were also fit to a three-state 
model involving a native state, N, an intermediate state, I, 
and an unfolded state, U. At any temperature, the sum of 
the fractional population of the N state, FN, the I state, FI, 
and the U state, FIJ, equals unity. It can be shown that Fapp 
can be recast in terms of these populations as 

Fapp = Fu + ZFI (8) 

where Z = (YI - YN)/(Yu - YN).  This latter parameter 
describes the degree to which the I state resembles the U 
state. The fractional population of each state can be obtained 
from FN = QdQ, FI = QI/Q, and FU = QdQ, respectively, 
where Q is the partition function for the three-state system. 
Choosing N as the reference state, 

Q = QN + QI + Qu (9) 

QN = 1 (10) 

Q, = exp(-AGoNI/RT) (1 1) 

Q, = exp(-AG",,/RT) exp(-AGoIu/RT) (12) 

where AG'NI and AG"IIJ are the free energy differences 
between the N and I and the I and U states, respectively. 
AG'NI and the AG"1u can be reformulated in terms of the 
thermodynamic parameters introduced in eq 3: 

AGO,, = -ASodITmNI/T + AC,NI(T - T,NI)/T + 
AS",NI - AC,NI ln(TmNI/T) (13) 

AG"1U = -AS",IuT,~U/T + AC,Iu(T - T,I,)/T + 
AS",,u - ACpIu ln(Tdu/T) (14) 

where ASO~NI and T ~ N I  relate to the temperature at the 

Data were fit to appropriate models using a nonlinear least- 
squares fitting program, NLIN (SAS Institute, Inc.). Native 
and unfolded base lines were determined either from a linear 
fit of the pre- (0-15 "C) and post-transition region data (75- 
95 "C for ABS and far-UV CD experiments, 50-70 "C for 
near-UV CD experiments) or from a fitting procedure similar 
to that of Santoro and Bolen (1988). The two procedures 
gave essentially identical results. 

Global fitting of all absorbance, near-UV CD, and far- 
UV CD data was also performed using the same program. 
In this latter procedure, all thermodynamic parameters were 
constrained globally, while the optical properties of the 
intermediate ( Z  values) were allowed to vary for each 
spectroscopic method. 

RESULTS 
The thermal unfolding transitions of wild-type and des- 

Cys DHFR were monitored by both absorbance and circular 
dichroism spectroscopy. The UV absorbance at 292 nm 
(A292) monitors the exposure of the five partially or fully 
buried tryptophan residues to aqueous solvent upon unfold- 
ing, i.e., the disruption of the tertiary structure. The CD 
signal in the near-UV region is sensitive to the packing of 
aromatic side chains in asymmetric environments and 
provides a complementary probe of tertiary structure. The 
far-UV CD signal at 222 nm contains contributions from 
the helices, strands, and turns and offers a measure of the 
disruption of secondary structure. Comparisons of the 
unfolding transitions obtained from these different probes 
provide a method of choosing the appropriate thermodynamic 
model. 

The thermal unfolding transitions of the wild-type and des- 
Cys DHFRs, monitored by the changes in absorbance at 292 
nm, are shown in Figure 1. The absorbance of the wild- 
type DHFR displayed little variation between 5 and 15 "C, 
consistent with a stable native conformation at low temper- 
ature (Figure 1A). Above 15 "C, A292 decreased in a 
sigmoidal fashion before approaching a linear decrease with 
temperature above 65 "C. When this sample was cooled, 
only a partial recovery of the signal was obtained (Figure 
1A). Wild-type DHFR recovered 30% of the difference in 
absorbance between native and unfolded forms and 24% of 
the enzymatic activity when the temperature was lowered 
to 5 "C. 

The thermal transition for the des-Cys DHFR also began 
near 15 "C and reached completion by 65 "C (Figure 1B). 
In striking contrast to the wild-type protein, the refolding 
transition for this double mutant was fully reversible. This 
reversibility was confirmed by the recovery of 100% of the 
enzymatic activity in the cooled sample. The thermal 
unfolding of five other cysteine-free mutants, C85A/C 152E, 
C85G/C152E, C85A/C152S, C85S/C152S, and C85WC152E 
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FIGURE 1: Thermal unfolding transitions for (A) wild-type DHFR 
and (B) C85WC152E des-Cys DHFR, monitored by W absorbance 
spectroscopy at 292 nm. Closed symbols correspond to the 
unfolding reaction, and the open symbols correspond to refolding. 
Native and unfolded base lines are drawn as dashed and dotted 
lines, respectively. The buffer contained 10 mM potassium 
phosphate and 0.2 mM K2EDTA, pH 7.8. The sample concentra- 
tions for both experiments were 11 pM. 

also displayed greater than 95% reversibility as judged by 
recovery of absorbance spectra, far-UV CD spectra, and 
enzyme activity (data not shown). Taken together, these 
results support the hypothesis that the chemical modification 
of one or both of the two cysteines in wild-type DHFR is 
responsible for the irreversibility of its thermal unfolding 
transition. 

The thermal unfolding transition of des-Cys DHFR was 
also monitored by measuring the changes in ellipticity (e) 
at both 222 and 292 nm. The results are shown in Figure 2. 
The shape of the far-UV CD transition (Figure 2A) is very 
similar to that for the absorbance change (Figure lB), with 
a sigmoidal decrease in ellipticity beginning near 15 "C and 
approaching a constant, small linear increase above 65 "C. 
The transition monitored by the near-UV CD signal at 292 
nm was quite different (Figure 2B). Although the lower 
signalhoise ratio at this wavelength led to greater scatter in 
the data, the decrease in 0292 began at about 20 "C and was 
complete at 45 "C. The CD signal near 287 nm, reflecting 
the behavior of one or more of the four tyrosine residues, 
also disappeared around 45 "C (data not shown). The 5-fold 
smaller magnitude of this signal prohibited quantitative 
measurements. 

These three transition curves can be compared by convert- 
ing the data to apparent fraction of unfolded protein, Fapp, 
as described in Materials and Methods. None of these Fapp 
curves are coincident (Figure 3), demonstrating that the 
thermal unfolding transition must involve at least one stable 
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FIGURE 2: Thermal unfolding transitions for des-Cys DHFR, 
monitored by UV circular dichroism at (A) 222 nm and (B) 292 
nm. The solid lines through the data points display the predicted 
values of a three-state analysis for the 222 nm data, and a two- 
state analysis for the 292 nm data. Native and unfolded base lines 
are shown as dashed and dotted lines, respectively. The buffer is 
described in the caption to Figure 1. The sample concentrations 
for both experiments were 3 pM. 
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FIGURE 3: Apparent fraction of unfolded protein, calculated from 
the absorbance (e), far-UV CD (0), and near-UV CD ( x )  data in 
Figures 1 and 2 as the function of the temperature. Three-state 
fits of the absorbance at 292 nm and the ellipticity at 222 nm, and 
a two-state fit of the ellipticity at 292 nm, are shown as solid lines. 

intermediate (Robson & Pain, 1976; Creighton & Pain, 1980; 
Ptitsyn et al., 1990). Consistent with this observation, the 
Fapp curves calculated from the UV absorbance changes at 
different wavelengths from 250 to 320 nm are also not 
coincident (data not shown). The inflections in both the 
absorbance and far-UV CD curves near 40 "C and the 
absence of further change in the near-UV CD curve above 
the same temperature suggest a three-state model with a 
highly populated intermediate near 40 "C: N - I - U. 

The absorbance and far-UV CD data were fit to the above 
three-state model and the near-UV data to a two-state model; 
the thermodynamic parameters are listed in Table 1. Also 
listed in Table 1 are the results of a global fit which included 
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Table 1: Thermodynamic Parameters for the Three-State Folding Model for Des-Cys DHFR" 
ABSb far-UV CDC near-UV CDd global fite 

T ~ N I  ("C) 
AS,,,NI (cal mol-' K-'1 
AH,,,NI (kcal mol-') 
ACp~1 (cal mol-' K-') 

Tmru ("C) 
ASmIu (cal mol-' K-') 
AH,,,Iu (kcal mol-') 
AC,IU (cal mol-' K-'1 
a 

33.1 f 0.4 
117 f 5 
54 f 3 

1320 f 140 
45.8 f 1.9 
87 f 6 
28 i 2 

367 f 250 
0.72 i 0.04 

33.4 f 0.7 
167 f 9 
5 1  f 6  

1070 f 320 
47.1 i 3.7 

1 1 0 f 3 0  
35 f 10 
0 f 340 
0.65 f 0.08 

32.9 f 0.9 
198 f 3 
61 f 9  
869 f 3150 
NIA 
NIA 
NIA 
NIA 
NIA 

33.3 f 0.6 
177 f 5 
54 & 3 

1280 i 240 
46.2 !c 2.5 
94 f 7 
30 f 3 

240 f 260 
0.76 f 0.08 (ABS) 
0.65 f 0.15 (CD) 

a Parameters and errors reported in the ABS and far-UV CD columns are statistical averages and standard deviations of 6 and 5 replicate experiments, 
respectively. Errors reported in near-UV CD and global fit columns are 95% confidence levels calculated by the fitting programs. Absorbance 
at 292 nm. Circular dichroism at 222 nm. Circular dichroism at 292 nm. e Global fit of 6 ABS, 5 far-UV CD, and 1 near-UV CD data sets. Z 
values for the ABS and CD curves were allowed to vary independently and yield essentially identical values to those from individual fits of each 
data set. fZ value reflects the extent to which the intermediate resembles the unfolded state. 

6 data sets obtained from absorbance, 5 from far-UV CD 
and 1 from near-UV CD spectroscopy. 

The melting temperature, enthalpy, entropy, and the heat 
capacity for the first transition detected by absorbance and 
far-UV CD spectroscopy and the only transition detected by 
the near-UV CD spectroscopy are in good agreement. The 
global fit of all data yields a T ~ N I  of 33.3 f 0.6 "C, a AHO~NI 
of 54 f 3 kcal mol-', a ASO~NI of 177 f 5 cal mol-' K-I, 
and a ACpNI of 1280 2~ 240 cal mol-' K-l. The factor which 
differentiates the absorbance and far-UV CD transition curves 
(Figure 3) is the optical property of the intermediate. From 
the global fit, the fractional change of signal in the 
intermediate, i.e., the Z value, for tryptophan absorbance is 
0.76 f 0.08 while that for the far-UV CD is 0.65 f 0.15 
(Table 1). Although the magnitude of the errors for these Z 
values is comparable to the difference between them, the 
consistent displacement of the absorbance curve to lower 
temperature than the far-UV CD curve (Figure 3) shows that 
the difference is real. These data indicate that the tryp- 
tophans in the intermediate are solvated to a greater extent 
than the secondary structure is disrupted. 

The thermodynamic parameters determined for the I - 
U transition from both absorbance and far-UV CD data are 
in good agreement, considering the uncertainties. On the 
basis of the global fit, T ~ I U  is 46.2 f 2.5 "C, AH"&u is 30 
f 3 kcal mol-', AS"&" is 94 f 7 cal mol-' K-l, and AC,IU 
is 245 f 260 cal mol-' K-'. The absence of an accompany- 
ing change in the near-UV CD signal demonstrates that the 
tryptophan residues, while not fully exposed to solvent, are 
no longer constrained in the asymmetric environments found 
in the native conformation. The maximum fraction of this 
intermediate can be calculated from these data and, at 39 
"C, is 65% of the population. 

The unfolding and refolding transitions of des-Cys DHFR 
were found to be independent of protein concentration in 
the range of 3- 15 pM (data not shown). Although refolding 
is not completely reversible above 15 pM, the unfolding 
curves in this concentration range display no apparent protein 
concentration dependence (data not shown). Analysis of 
these irreversible unfolding curves yields identical thermo- 
dynamic parameters within experimental errors. 

DISCUSSION 

The replacement of two nonessential cysteine residues in 
E .  coli DHFR with nonoxidizable side chains has produced 

a variant which is fully reversible to thermal unfolding. 
Unlike the two-state urea unfolding process exhibited by the 
same mutant, C85S/C152E (Iwakura et al., 1993), a highly 
populated intermediate, appears near 39 "C for the thermal 
transition. Far-UV circular dichroism spectroscopy indicates 
that this species has significant secondary structure, ap- 
proximately 35% of that for the native conformation. 
Absorbance and near-UV CD spectroscopy show that the 
five tryptophan residues become largely but not completely 
hydrated and are no longer constrained in the tightly packed 
asymmetric environment characteristic of the native confor- 
mation. The near-UV CD signal from the four tyrosine 
residues also disappears, indicating that specific tertiary 
interactions around these residues are also lost in the 
intermediate. 

Comparison of the thermodynamic properties of this 
intermediate relative to native and unfolded forms can be 
done with greatest accuracy at 46 "C, the midpoint of the I 
to U transition. This choice minimizes the errors in 
calculating the parameters for the I - U transition at any 
other temperature, errors which reflect the substantial 
uncertainty in ACP1" (Table 1). Base on the global fitting 
results in Table 1 and equations provided in the Materials 
and Methods section, AH'NI = 70 kcal mol-' and ASOM = 
230 cal mol-' K-' at 46 "C. Comparison with the values 
for the I - U transition (Table 1) shows that enthalpy, 
entropy, and heat capacity differences between N and I are 
substantially larger than those between I and U. At 46 OC, 
the relative magnitudes of AH", AS", and AC, for the N - 
I transition are 70%, 71% and 84%, respectively, of those 
between N and U. The differences in AH" and AS" between 
the two transitions diminish at lower temperature, due to the 
relative magnitudes of the AC, terms. Despite the large 
uncertainty in the value of AC,I", these thermodynamic 
parameters for the N +. I transition remain larger than those 
for the I - U transition at 15 "C. 

The structural properties of this thermal intermediate in 
DHFR are very similar to those expected for a molten globule 
(Kuwajima, 1989; Ptitsyn et al., 1990). Studies on a variety 
of proteins, usually under mildly denaturing conditions, acidic 
pH, or elevated temperature, have shown these species are 
relatively compact, contain significant secondary structure, 
and lack specific, well-defined tertiary structure (Dolgikh et 
al., 1981; Ohgushi & Wada, 1983; Kuroda et al., 1992; 
Barrick & Baldwin, 1993). 
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The thermodynamic properties of the molten globule state 
are more diverse, suggesting that they may be dependent on 
the protein system. In apomyoglobin and apo-a-lactalbumin, 
the unfolding of their molten globule states by temperature 
was observed to not follow a first order transition (Griko & 
Privalov, 1994; Griko et al., 1994). In other cases, coopera- 
tive thermal unfolding transitions have been observed 
between molten globule states and the unfolded states 
(Bychkova et al., 1992; Gittis et al., 1993; Hagihara et al., 
1994). The thermodynamic behavior of the des-Cys DHFR 
more closely resembles that for the latter group of proteins, 
demonstrating that the thermal intermediate is a well-defined 
thermodynamic state. 

The argument that the multistate unfolding behavior 
observed for des-Cys DHFR can be attributed to a stable, 
molten globule-like intermediate is strengthened by examin- 
ing two alternatives. (1) DHFR is known to have two 
structural domains: residues 38-88, which form the adenine- 
binding domain, and residues 1-37 and 89- 159, which form 
a large, discontinuous domain (Bystroff & Kraut, 1991). The 
possibility of independent domain unfolding is unlikely, 
considering the near-UV CD data, which show an absence 
of signal from all three tryptophans and four tyrosines in 
the larger domain and the two tryptophans in the smaller 
domain. The larger domain has clearly lost native-like 
tertiary packing since all four tyrosines in des-Cys DHFR 
are located in the larger domain. If the smaller domain 
retains native-like tertiary packing in the intermediate, the 
two tryptophans in this domain, Trp 47 and Trp 74, which 
are part of a tightly packed hydrophobic core and have been 
previously shown to form an exciton pair (Kuwajima et al., 
199 l), must not contribute significantly to the native near- 
UV CD spectra. Although it cannot be excluded on the basis 
of available data, this possibility seems unlikely. (2) The 
native conformation of DHFR consists of two major slowly- 
interconverting forms (Cayley et al., 1981; Falzone et al., 
1991). The possibility that the observed intermediate 
represents the unfolding of the more stable native form can 
also be ruled out on the basis of an unfolded-like near-UV 
CD spectrum for the intermediate. However, these optical 
data cannot eliminate more complicated models; e.g., each 
of the two native forms unfolds through one or two stable 
intermediates. 

The observation of a stable intermediate in a thermal 
unfolding reaction is relatively unusual. Calorimetric studies 
show that many proteins follow a two-state equilibrium 
mechanism, with equivalent van't Hoff and calorimetric 
enthalpies (Privalov, 1979; Privalov & Potekhin, 1986). The 
presence of the intermeidate in des-Cys DHFR is unlikely 
to result solely from the mutations because the transition 
curve for wild-type DHFR shows the same gradual decrease 
in absorbance at high temperature (45-65 "C) as does the 
des-Cys DHFR (Figure 1, panels A and B). As a result, 
these data for the wild-type protein are also better described 
by a three-state model (data not shown). Some as yet not 
understood aspect of the sequence and/or structure of DHFR 
apparently leads to a molten globule form whose melting 
temperature exceeds that of the native conformation. Al- 
though this might be expected for the appropriate combina- 
tion of thermodynamic parameters for the N/I and I/U 
transitions, it is curious that it is rarely observed. A similar 
situation occurs for the guanidine hydrochloride-induced 
unfolding of a-lactalbumin where a molten globule form is 

Luo et al. 

highly populated at intermediate denaturant concentration 
(Kuwajima, 1977). Most proteins display two-state behavior 
in chemical denaturation experiments (Pace, 1986; Tanford, 
1968). The reasons for the multistate unfolding behavior 
of a-lactalbumin are also not known. 

The existence of a stable molten globule form for DHFR 
is of fundamental interest. However, this species would gain 
additional significance if it could be shown to play a role in 
the actual folding mechanism. Stopped-flow CD studies of 
the refolding of urea-induced DHFR have shown that 
approximately 40% of the ellipticity at 222 nm is regained 
within 5 ms by an early intermediate which has marginal 
stability (Kuwajima et al., 1991). In terms of mean residue 
ellipticity, the signal observed for this transient folding 
intermediate, -5 x lo3 deg cm2 dmol-I, is comparable to 
that observed for the stable thermal intermediate (Figure 2A). 

Although the secondary structures of these two species 
are similar, stopped-flow fluorescence spectroscopy (Garvey 
et al., 1989) and time-resolved stopped-flow fluorescence 
spectroscopy (Jones et al., 1995) suggest that the packing 
around the tryptophan residues is different. The tryptophans 
are fully exposed to solvent in the transient intermediate, 
unlike the partial exclusion observed in the thermal inter- 
mediate (Figure 1B). This difference in structure between 
the stable thermal intermediate and the transient urea 
intermediate could, however, reflect the differences in the 
temperature and solvent conditions at which these measure- 
ments were made. The stopped-flow data were collected at 
15 "C in the presence of 0.4 M urea while the thermal data 
were collected at 39 "C in the absence of urea. In support 
of this explanation, the thermal unfolding transition observed 
by absorbance spectroscopy in the presence of 0.5 M urea 
is well characterized by a two-state transition; the CD 
transition curve still indicates the presence of the intermediate 
(J. Luo and C. R. Matthews, unpublished results). 

These results suggest that the thermal intermediate in des- 
Cys DHFR could correspond to the early transient intermedi- 
ate observed in refolding from high urea concentrations. This 
stable partially-folded form may provide useful information 
on the structure and thermodynamics properties of a short- 
lived folding intermediate and, thereby, enhance the under- 
standing of the early events in the folding of DHFR. 
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