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ABSTRACT: Several models have been proposed to explain the high temperatures required to denature
enzymes from thermophilic organisms; some involve greater maximum thermodynamic stability for the
thermophile, and others do not. To test these models, we reversibly melted two analogous protein domains
in a two-state manner. E2cd is the isolated catalytic domain of cellulase E2 from the thermophile
Thermomonospora fusca. CenAP30 is the analogous domain of the cellulase CenA from the mesophile
Cellulomonas fimi. When reversibly denatured in a common buffer, the thermophilic enzyme E2cd had a
temperature of melting (Tm) of 72.2°C, a van’t Hoff enthalpy of unfolding (∆HVH) of 190 kcal/mol, and
an entropy of unfolding (∆Su) of 0.55 kcal/(mol•K); the mesophilic enzyme CenAP30had aTm of 56.4°C,
a ∆HVH of 107 kcal/mol, and a∆Su of 0.32 kcal/(mol•K). The higher∆HVH and ∆Su values for E2cd

suggest that its free energy of unfolding (∆Gu) has a steeper dependence on temperature at theTm than
CenAP30. This result supports models that predict a greater maximum thermodynamic stability for
thermophilic enzymes than for their mesophilic counterparts. This was further explored by urea denaturation.
Under reducing conditions at 30°C, E2cd had a concentration of melting (Cm) of 5.2 M and a∆Gu of 11.2
kcal/mol; CenAP30 had aCm of 2.6 M and a∆Gu of 4.3 kcal/mol. Under nonreducing conditions, theCm

and∆Gu of CenAP30 were increased to 4.5 M and 10.8 kcal/mol at 30°C; theCm for E2cd was increased
to at least 7.4 M at 32°C. We were unable to determine a∆Gu value for E2cd under nonreducing conditions
due to problems with reversibility. These data suggest that E2cd attains its greater thermal stability (∆Tm

) 15.8°C) through a greater thermodynamic stability (∆∆Gu ) 6.9 kcal/mol) compared to its mesophilic
analogue CenAP30.

The high stability to temperature (thermal stability) of
enzymes from thermophilic organisms (thermophilic en-
zymes) has provoked considerable debate. Several reasons
have been proposed to explain why thermophilic enzymes
are more stable than their mesophilic analogues, including
improved ionic (1-3), aromatic (2), hydrogen bonding, and
solvophobic interactions (3). However, there is no general
agreement that thermophilic enzymes are, in fact, thermo-
dynamically more stable than their mesophilic analogues.

Three models have been proposed to explain the higher
denaturation temperatures of thermophilic proteins (4-6)
(Figure 1); each has a different thermodynamic consequence.
Compared to the mesophilic enzyme (Figure 1; curve M),
the thermophilic enzyme could be more thermodynamically
stable throughout the temperature range, i.e., have a higher
free energy of unfolding (∆Gu)1 than the mesophilic enzyme
at every temperature (Figure 1; curve 1). The parabolic
dependence of∆Gu on temperature for proteins (7-11)
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FIGURE 1: Three different models for the dependence of free energy
on temperature of a thermophilic protein. Curve M (solid) depicts
the relation of∆Gu to temperature for a typical mesophilic protein.
In curve 1 (dashed), the thermophilic protein is stabilized across
the temperature range and has a greater maximum stability (model
1). In curve 2 (dotted), the relationship between∆Gu and temper-
ature is the same as that for the mesophilic enzyme, but the curve
is shifted to a higher temperature (model 2). In curve 3 (dash-
dot-dash patterned), the∆Gu of the thermophilic enzyme depends
less on temperature and thus is ‘flatter’ (model 3).
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implies a greater absolute magnitude in the entropy and
enthalpy of unfolding (∆Su and∆Hu) at the temperature of
melting (Tm). A second model predicts that the free energy
profile of the thermophilic enzyme will be horizontally
displaced to a higher temperature (Figure 1; curve 2). In this
“shifted” model, the maximal values of∆Su, ∆Hu, and∆Gu

would be equal for the mesophilic and thermophilic proteins,
but the maxima would occur at different temperatures. At
higher temperatures, the thermophilic protein would be more
stable; at lower temperatures, the mesophilic protein would
be more stable. Finally, a third model predicts that the free
energy profile of the thermophilic enzyme would be a
flattened version of that of the mesophilic enzyme; the
thermophilic enzyme would have a more shallow dependence
of ∆Gu on temperature (Figure 1; curve 3). In this “flattened”
model, the maximal∆Gu would again be equal for the
mesophilic enzyme and thermophilic enzyme; however, the
lesser dependence on temperature would result in a lower
magnitude of∆Su and ∆Hu at theTm for the thermophilic
enzyme compared to the mesophilic enzyme at itsTm. Several
investigations have supported this “flattened” model (4, 5,
12, 13).

Experimental testing of these models has been hindered
by difficulties in obtaining reversible, two-state temperature
denaturation of pairs of homologous mesophilic and ther-
mophilic proteins (3, 14-16). In particular, thermophilic
enzymes often fail to refold upon cooling in temperature
denaturation experiments (17, 18). Recently, reversible, two-
state denaturation has been seen for several small proteins
from hyperthermophilic organisms (12, 13). These proteins
were observed to have stabilities within the range observed
for mesophilic proteins, consistent with the “flattened” model
of thermostability (Figure 1; curve 3). However, no direct
comparison to mesophilic analogues was made, and there
have been few studies that make such comparisons. In early
work by Nojima et al., a thermophilic phosphoglycerate
kinase was compared to a mesophilic analogue (4). The
thermophilic enzyme was 6.5 kcal/mol more stable than the
mesophilic enzyme at 25°C, but the thermophilic enzyme
displayed much lower∆Su and ∆Cp values. This behavior
has aspects of both the “flattened” model (Figure 1; curve
3) and the increased stability model (Figure 1; curve 1), in
that although the maximum thermodynamic stability is
greater, the transition itself is much shallower (lower∆Su)
(4). In a second study, Kanaya and Itaya compared the
stability of a thermophilic RNase H to a mesophilic analogue
(19). The thermophilic enzyme was 11.8 kcal/mol more
stable at 25°C than the mesophilic analogue, but it also had
a larger magnitude∆Su as compared the mesophilic RNase
H. This behavior is consistent with the higher stability model
showing a greater maximum stability and a steeper transition
(Figure 1; curve 1). Very recently, Jaenicke and co-workers
have found that phosphoglycerate kinase fromThermotoga
maritima is stabilized by 20 kcal/mol at room temperature,

which is consistent with the higher stability model (Figure
1; curve 1) (20).

In this investigation, we compare the thermodynamic
stabilities of the catalytic domains of two analogous cellu-
lases (â-1,4-glucanases). The thermophilic catalytic domain,
E2cd, is from Thermomonospora fusca; the mesophilic
catalytic domain, CenAP30, is from Cellulomonas fimi. The
catalytic domains were isolated by controlled proteolysis or
genetic manipulation (21). They share 41% sequence identity
(22), and both are classified in the glycosyl hydrolase family
6 (23). They have simple quaternary structures; the catalytic
activity is localized within a single, isolatable domain of 30
kDa; they lack prosthetic groups and have no need for metal
cofactors. Both enzymes have two disulfide bridges at
equivalent positions (21).

MATERIALS AND METHODS

(1) Enzyme Preparation.The isolated catalytic domain
E2cd was expressed and purified as previously described (21,
24-26). The catalytic domain of CenA (CenAP30) was
expressed and purified as previously described (27). Unless
otherwise indicated, each enzyme was studied at a concentra-
tion of approximately 8µg/mL.

(2) Buffer Preparation.Each buffer was prepared using
ACS reagent-grade potassium chloride (KCl) from Sigma
and potassium phosphate (KPi) from Aldrich in deionized
water (MilliQ). For several buffers, spectroscopic grade
ethylene glycol from Sigma was also used. Ethylene glycol
was found to improve the reversibility of folding for the
mesophilic enzyme, presumably by reducing aggregation of
the denatured state. The effects of small-molecule cosolvents
on protein stability have been extensively studied (28).
Ethylene glycol had no measurable stabilizing effect for
either the mesophilic or the thermophilic enzyme. The pH
of each buffer was adjusted by dropwise addition of 3 N
HCl or 10 N NaOH from Aldrich.

Optimal thermal denaturation of E2cd took place in a 50
mM KPi, 100 mM KCl, pH 6.8, buffer. Optimal thermal
denaturation of CenAP30 took place in a 50 mM KPi, 800
mM KCl, 45% ethylene glycol, pH 6.8, buffer. The experi-
ments that compared E2cd and CenAP30 in a common buffer
used a 50 mM KPi, 225 mM KCl, 11.25% ethylene glycol,
pH 6.8, buffer.

For solvent denaturation, stock solutions of 10 M urea
were made by addition of Ultrapure urea from Amresco to
50 mM KPi, 100 mM KCl, pH 6.8, buffer and readjustment
of the pH to 6.8. These 10 M urea stocks were stored at
-20 °C until used. Denaturation buffers were prepared by
adding the appropriate amount of 10 M urea stock to 50 mM
KPi, 100 mM KCl, pH 6.8, to produce a given concentration
of urea; there was no change in the buffer or salt concentra-
tions. For selected solvent denaturations, urea buffers were
prepared as above with the addition of 25 mM dithiothreitol
(DTT) to produce a concentration of 2.5 mM DTT. For
renaturation, the sample was diluted 2-fold by addition of
50 mM KPi, 100 mM KCl, pH 6.8; reversibility was judged
by the return of the folded CD signal at the appropriate
wavelength.

(3) CD Measurements.CD experiments were carried out
in a Jasco J-715 spectropolarimeter with a Jasco PTC-348WI
peltier-effect temperature controller. Quartz cells with a 1
cm path length from Hellma, Inc., were used for all

1 Abbreviations: E2cd, T. fuscaendoglucanase 2 catalytic domain;
E2, T. fuscaendoglucanase 2; CenAP30, C. fimi cellobiohydrolase A
catalytic domain;Tm, temperature of melting;∆HVH, van’t Hoff enthalpy
of unfolding;∆Su, entropy of unfolding;∆Gu, free energy of unfolding;
Cm, concentration of melting;∆Cp, change in constant-pressure heat
capacity; CD, circular dichroism; UV, ultraviolet; KPi, potassium
phosphate; KCl, potassium chloride; DTT, dithiothreitol.
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experiments. For thermal denaturations, an in-cell temper-
ature probe and stirbar were used.

Thermal denaturations were analyzed using the program
EXAM (29) to calculate allTm and∆HVH values. Each figure
shows a single denaturation experiment; however, all stability
measurements reflect an average of at least two, and typically
three, independent experiments. The exceptions are the slow
renaturations of E2cd and CenAP30, which were done once.
Error estimates are indicated in the tables. In the analyses,
the change in heat capacity upon denaturation (∆Cp) for each
enzyme was set to 3.8 kcal/(mol•K) for each enzyme. This
is consistent with the∆Cp values determined experimentally
for other enzyme systems (12, 13, 30) and with theoretical
considerations, based on the size and percent hydrophobicity
of these enzymes (31). We note that the∆HVH andTm values
are affected only slightly by varying∆Cp between 0 and
4.8 kcal/(mol•K), although the fits to the data for the CenAP30

melts deteriorate with∆Cp values above 3.8 kcal/(mol•K).
Solvent denaturations were analyzed using the program
ORIGIN from Microcal, Inc. (32).

Samples were monitored for helical content by CD in the
far-UV region at 223 or 228 nm at an enzyme concentration
of approximately 8µg/mL, and for tertiary structure by CD
in the near-UV region at 285 nm at an enzyme concentration
of approximately 32µg/mL. Thermal melting was performed
at ramp rates of 1 and 2°C/min; denaturation behavior did
not vary with the ramp rate when rates were less than 4°C/
min (data not shown). Reversibility was judged using three
criteria: the return of the original CD signal upon quick
cooling, the path of renaturation as determined upon slow
cooling, and comparison of the CD spectra of the enzyme
prior to denaturation and then after renaturation.

(4) Fluorescence Measurements.Fluorescence experiments
were performed in a Jasco J-715 spectropolarimeter with a
peltier-effect temperature controller and an excitation fluo-
rescence attachment. This allowed us to monitor thermal
behavior by CD and fluorescence simultaneously. Excitation
spectra were used to choose a wavelength that allowed for
simultaneous monitoring of denaturation by fluorescence and
CD. E2cd samples were excited at 226.5 nm; CenAP30samples
were excited at 228 nm. Thermal melting was performed as
indicated for the CD measurements. Reversibility was judged
by the return of the fluorescence signal upon quick cooling.

(5) SolVent Denaturations.E2cd and CenAP30 were dena-
tured with urea in 50 mM KPi, 100 mM KCl, 2.5 mM DTT,
pH 6.8, buffer at 30°C. CenAP30 was also denatured under
the same conditions in the absence of DTT. Separate buffer
samples were prepared for each urea concentration in
Eppendorf tubes. Enzyme was added, and the samples were
incubated at 30°C. The CD signal of the enzyme was
measured at 223 nm. Data were plotted in ORIGIN and fit
using sigmoidal analysis to provide a concentration of
melting (Cm) and values of the folded and unfolded base
lines (32). Error estimates are listed in the tables. The
equilibrium constant of the unfolding reaction (K) was
determined from the measured CD value compared to the
baseline values as the ratio of unfolded protein to folded
protein at a given concentration of urea. The∆Gu value for
each concentration of urea was calculated using

The linear dependence of∆Gu on urea concentration (M)
was used to determine the change in∆G with urea
concentration, the ‘m-value’. Extrapolation back to zero
molar urea gives the∆Gu

H2O under nondenaturing conditions
(33):

FIGURE 2: Thermal denaturation (a) and renaturation (b) curves of
E2cd in 50 mM KPi, 100 mM KCl, pH 6.8, as monitored by CD at
223 nm and as fit by the two-state analysis program EXAM (29).
CD signal (mdeg) on they-axis; temperature (°C) on theX-axis.
For both the melt and the “demelt”, the rate of temperature change
was 2°C/min. (a) For thermal denaturation, the averageTm is 72.3
°C; the average∆HVH is 223 kcal/mol. (b) For thermal renaturation,
the Tm is 70.3°C; the∆HVH is 192 kcal/mol.

Table 1: Thermodynamic Quantities Determined by Melting of the
Thermophilic and Mesophilic Enzymes

buffer technique
Tm

(°C)
∆HVH

(kcal/mol)
∆S

[kcal/(mol‚K)]

E2cd a far-UV CD 72.3( 0.3 223( 22 0.65( 0.05
a near-UV CD 71.4( 1.5 261( 25 0.76( 0.07
a fluorescence 72.6( 0.1 216( 14 0.63( 0.03

CenAP30 b far-UV CD 49.9( 0.6 84.2( 16 0.26( 0.04
b fluorescence 50.1( 0.4 90.2( 5.5 0.28( 0.02

E2cd c far-UV CD 72.2( 0.2 190( 14 0.55( 0.04
CenAP30 c far-UV CD 56.4( 0.3 107( 3.1 0.32( 0.01

a Buffer is 50 mM KPi 100 mM KCl, pH 6.8.b Buffer is 50 mM
KPi, 800 mM KCl, 45% ethylene glycol, pH 6.8.c Buffer is 50 mM
KPi, 225 mM KCl, 11.25% ethylene glycol, pH 6.8.

∆Gu
H2O ) m•Cm (2)∆Gu° ) -RT ln K (1)
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Attempts were made to denature each enzyme in the
absence of DTT with the same procedure. In this case, E2cd

was incubated for 7 days at 32°C and CenAP30 for 24 h at
30 °C and analyzed as before.

RESULTS

ReVersible Denaturation and Two-State BehaVior of E2cd.
E2cd was reversibly denatured by temperature (Figure 2a)
and analyzed by far-UV CD. The melting behavior was fit
using a two-state analysis program (29) to give an average
Tm of 72.3°C and an average∆HVH of 223 kcal/mol (Table
1). After immediate cooling of the sample, 95-100% of the
folded CD signal returned. The CD spectrum (210-300 nm)
of the renatured sample closely resembled that of the
unmelted native enzyme (not shown). Alternatively, the
enzyme could be renatured by cooling the sample at the same
rate as it had been heated; in this case, the renaturationTm

was 70.3°C, 2.0°C lower than the denaturationTm for this
particular experiment (Figure 2b). The∆HVH of renaturation
was calculated to be 192 kcal/mol, 31 kcal/mol lower than
the denaturation∆HVH.

To determine whether E2cd denatures in a two-state
manner, the enzyme was studied using three different
techniques. In addition to thermal denaturation at 223 nm
(Figure 2), thermal denaturation of E2cd was monitored by
near-UV CD at 285 nm (not shown). Using this measure of
tertiary structure, theTm was 71.4°C and the∆HVH 261 kcal/
mol (Table 1). Thermal denaturation was also monitored
using fluorescence excitation at 226.5 nm; the averageTm

was 72.6°C, and the average∆HVH was 216 kcal/mol (not
shown) (Table 1). These data suggest that E2cd denatures in
a good approximation to the reversible, two-state ideal.

ReVersible Denaturation and Two-State BehaVior of
CenAP30. CenAP30 was reversibly denatured by temperature
with an averageTm of 49.9°C and an average∆HVH of 84.2
kcal/mol as measured by far-UV CD (Figure 3a) (Table 1).
After immediate cooling of the sample, 100% of the original
folded CD signal returned. The CD spectrum (210-300 nm)
of the renatured sample closely resembled that of the native
enzyme (not shown). On slow cooling, CenAP30 renatured
with a Tm of 50.4°C and a∆HVH of 67.0 kcal/mol (Figure
3b). In these experiments, where the protein is cooled slowly
from the unfolded state back through the folding transition,
the unfolded baselines were limited to minimize the time
the protein was unfolded at high temperature, thus maximiz-
ing refolding. Despite the short upper baselines, the ther-
modynamic values determined from these experiments were
consistent with those determined with more extensive upper
baselines.

To investigate two-state behavior, thermal denaturation of
CenAP30was followed by fluorescence excitation at 228 nm
(not shown); the averageTm was 50.1°C, and the average
∆HVH was 90.2 kcal/mol (Table 1). Like E2cd, CenAP30

demonstrates reversible, two-state thermal denaturation.
Thermal Denaturation: Comparison of E2cd and CenAP30.

The two enzymes, E2cd and CenAP30, were reversibly
denatured by temperature in a common buffer to allow direct
comparison between the thermodynamic variables.

Under these conditions, E2cd melted at an averageTm of
72.2°C with a∆HVH of 190 kcal/mol (Figure 4) (Table 1).
Upon quick cooling, E2cd recovered 95-100% of its initial
CD signal. Upon slow renaturation at the same temperature

ramp as the original denaturation, theTm was 68.8°C, and
the ∆HVH was 176 kcal/mol (not shown).

FIGURE 3: Thermal denaturation (a) and renaturation (b) of CenAP30
in 50 mM KPi, 800 mM KCl, 45% ethylene glycol, pH 6.8,
monitored by CD at 223 nm with a ramp rate of 2°C/min. Both
were analyzed as two-state (29). (a) For thermal denaturation, the
averageTm is 49.9°C; the∆HVH is 84.2 kcal/mol. (b) For thermal
renaturation, theTm is 50.4°C; the∆HVH is 67.0 kcal/mol.

FIGURE 4: Thermal denaturation of E2cd in 50 mM KPi, 225 mM
KCl, 11.25% ethylene glycol monitored by CD at 223 nm with a
ramp rate of 2°C/min. The thermal denaturation was analyzed as
two-state (29). The averageTm is 72.2°C, and the average∆HVH
is 190 kcal/mol.
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In the common buffer, CenAP30 melted with an average
Tm of 56.4°C and an average∆HVH of 107 kcal/mol (Figure
5) (Table 1). Upon quick cooling, CenAP30 typically recov-
ered 75-80% of its initial CD signal. Upon slow renaturation
at the same temperature ramp as the original denaturation,
the Tm was 54.6°C, and the∆HVH was 101 kcal/mol (not
shown).

In this common buffer, two-state behavior deteriorated
somewhat compared to the behavior of each enzyme in its
“ideal” buffer. The behavior was nevertheless judged to be
a close enough to two-state to allow meaningful thermody-
namic comparison. All analyses assume two-state behavior
of both enzymes in the common buffer.

SolVent Denaturation: Comparison of E2cd and CenAP30.
Under reducing conditions, E2cd and CenAP30were incubated
for 24 h in various concentrations of urea at 30°C. For E2cd,
the Cm was 5.2 M urea, and them-value was 2.2 kcal/
(mol•M); ∆Gu was 11.2 kcal/mol (Figure 6) (Table 2). The
denaturation was reversible with representative samples
exhibiting 100% return of signal throughout the transition.
For CenAP30, the Cm was 2.6 M, and them-value was 1.7
kcal/(mol•M); ∆Gu was 4.3 kcal/mol (Figure 7) (Table 2).
The denaturation was reversible.

Under nonreducing conditions, the CenAP30was incubated
for 24 h in various concentrations of urea at 30°C. TheCm

was 4.5 M, them-value was 2.4 kcal/(mol•M), and the∆Gu

was 10.8 kcal/mol (Figure 8) (Table 2). The denaturation
was fully reversible. After 7 days, E2cd had not reached
equilibrium under these conditions. Under nonreducing
conditions at 32°C, E2cd had an apparentCm of 7.4 M;
however, the denaturations were not fully reversible, so an
m-value and∆Gu could not be reliably calculated.

In an attempt to observe cold denaturation, E2cd was
incubated at-12 °C, both in phosphate buffer with 45%
ethylene glycol and in 3 M guanidinium hydrochloride. After
2 weeks, E2cd gave no indication of denaturation in either
condition.

FIGURE 5: Thermal denaturation of CenAP30 in 50 mM KPi, 225
mM KCl, 11.25% ethylene glycol monitored by CD at 223 nm
with a ramp rate of 2°C/min. The thermal denaturation was
analyzed as two-state (29). The averageTm is 56.4 °C, and the
average∆HVH is 107 kcal/mol.

FIGURE 6: Solvent denaturation of E2cd under reducing conditions.
Individual samples of enzyme were denatured in a series of
concentrations of urea in 50 mM KPi, 100 mM KCl, 2.5 mM DTT,
pH 6.8, at 30°C. TheCm is 5.2 M; them-value is 2.2 kcal/(mol•M);
the ∆Gu is 11.2 kcal/mol.

Table 2: Thermodynamic Quantities Determined by Solvent
Denaturation of CenAP30 and E2cd in 50 mM KPi, 100 mM KCl, pH
6.8, and Various Concentrations of Urea

temp
(°C)

Cm

(M)
m-value

[kcal/(mol‚M)]
∆Gu

(kcal/mol)

CenAP30with DTT 30 2.6( 0.1 1.7( 0.1 4.3( 0.6
CenAP30native 30 4.5( 0.3 2.4( 0.5 10.8( 3
E2cd with DTT 30 5.2( 0.1 2.2( 0.1 11.2( 1
E2cd native 32 7.4( 0.2 NDa ND

a Not determined.

FIGURE 7: Solvent denaturation of CenAP30 under reducing condi-
tions. Individual samples of enzyme were denatured in a series of
concentrations of urea in 50 mM KPi, 100 mM KCl, 2.5 mM DTT,
pH 6.8, at 30°C. TheCm is 2.6 M; them-value is 1.7 kcal/(mol•M);
the ∆Gu is 4.3 kcal/mol.

FIGURE 8: Solvent denaturation of CenAP30 from native state.
Individual samples of enzyme were denatured in a series of
concentrations of urea in 50 mM KPi, 100 mM KCl, pH 6.8, at 30
°C. TheCm is 4.5 M; them-value is 2.4 kcal/(mol•M); the ∆Gu is
10.8 kcal/mol.
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DISCUSSION

Comparing the Stabilities of a Thermophilic and Meso-
philic Enzyme Pair.Of the three models that explain the
temperature stability of thermophilic enzymes (Figure 1), the
one with the most support in the literature predicts that
thermophilic enzymes will have a flattened stability curve
relative to mesophilic enzymes (Figure 1; curve 3) (5, 12,
13). This model suggests that thermophilic enzymes are not
thermodynamically more stable than mesophilic enzymes,
but rather that their free energy of folding is less sensitive
to temperature. This model predicts that at theTm, the
dependence of∆Gu on the temperature for the mesophilic
enzyme will be greater than that of the thermophilic enzyme.
The rate of change of∆Gu with temperature at theTm is
∆Su (10). Thus, this “flattened” model predicts that the∆Su

for the thermophilic enzyme will be less than that of the
mesophilic enzyme.

Comparing the thermal denaturations of E2cd to CenAP30,
we found the opposite to be true. The∆Su of the thermophilic
enzyme E2cd was much higher than that of the mesophilic
enzyme CenAP30 [550 cal/(mol•K) for E2cd vs 320 cal/
(mol•K) for CenAP30]. Indeed, the∆Su of E2cd was high
compared to the values observed for many mesophilic
proteins. This result is inconsistent with the “flattened” model
(Figure 1; curve 3), and also the “shifted” model (Figure 1;
curve 2). As well, E2cd failed to denature at cold temperatures
(-12 °C), even with the addition of 3 M guanidinium
hydrochloride. Both observations are consistent with the
higher stability model (Figure 1; curve 1).

To compare the stabilities at a common temperature, we
investigated the stability of the enzymes to urea. At 30°C,
under reducing conditions where one or both disulfides
present in both enzymes were reduced, the stability of the
thermophilic enzyme E2cd was 11.2 kcal/mol compared to
the stability measured for CenAP30, 4.3 kcal/mol. This is
consistent with the thermal denaturation experiments, where
we found the thermophilic enzyme denatured at a higher
temperature and with a steeper dependence on temperature
(larger magnitude of∆Su) than the mesophilic enzyme. Under
nonreducingconditions at 30°C, only the denaturation of
CenAP30was fully reversible, giving a stability of 10.8 kcal/
mol.

The disulfide bonds are in equivalent positions in the two
enzymes (21), and we assume that their presence or absence
has the same thermodynamic effect in both enzymes. Thus,
we use the three∆Gu values that were determined at 30°C
to predict the∆Gu of the thermophilic enzyme at 30°C.
The∆∆Gu between E2cd and CenAP30with DTT is 6.9 kcal/
mol; the∆∆Gu between the CenAP30with DTT and without
DTT is 6.5 kcal/mol. If the disulfides have the same
stabilizing effect on E2cd as on CenAP30, then the∆Gu for
E2cd under native conditions can be extrapolated to be 17.7
kcal/mol. Clearly this value is an extrapolation not a
measurement and must be interpreted cautiously. Still, it is
consistent with the highCm of E2cd, 7.4 M, determined under
nonreducing conditions at 32°C. The combination of thermal
and solvent denaturations of E2cd and CenAP30suggests that
the thermophilic enzyme derives its greater thermal stability
from a greater thermodynamic stability.

As a technical aside, we were surprised by the slow rate
of unfolding of the thermophilic enzyme in urea. At 25°C,

E2cd took 24 days to equilibrate; at 32°C, it required 7 days.
This behavior may reflect the relatively high stability of E2cd

and its size (30 kDa). Thermophilic and hyperthermophilic
enzymes that are unusually stable and are the same size or
larger than E2cd may pose unanticipated kinetic barriers to
thermodynamic study by solvent denaturation. Conversely,
they should be amenable to study by temperature denatur-
ation, where the rates of unfolding are much faster. As a
theoretical consideration, we note that a higher overall
stability of a thermophilic enzyme, and a larger magnitude
∆Su, may have important implications for the “folding
funnels” of thermophilic versus mesophilic enzymes, and for
the degree of frustration that they experience on folding at
various temperatures.

CONCLUSIONS

One hypothesis explaining the high temperature stability
of thermophilic proteins suggests that they are not more
stable than their mesophilic counterparts, rather that their
free energy of folding is less sensitive to temperature; i.e.,
their free energy profile is flattened compared to the
mesophilic enzymes (Figure 1; curve 3). From a theoretical
standpoint, this hypothesis is consistent with the observation
that substitutions on protein surfaces typically have a small
effect on protein stability. Thermophilic enzymes could gain
temperature stability by a series of small adaptations, no one
of which is itself key and which, in aggregate, lead not to a
thermodynamically more stable protein, but merely to one
that is less sensitive to temperature (5). Experimentally, this
hypothesis is supported by recent results with small DNA
binding proteins isolated from hyperthermophilic organisms
(12, 13). Although these proteins were observed to denature
at very high temperatures, their thermodynamic stabilities
fell within the range expected of mesophilic proteins. Direct
comparison of a thermophilic and mesophilic phosphogly-
cerate kinase also is consistent with the “flattened” model,
although these results are not clear-cut (4).

Our results suggest that higher temperature stability can
also arise because of higher thermodynamic stability. This
is consistent with the results of Kanaya and co-workers, who
found that the thermophilic RNase H was globally more
stable than its mesophilic analogue (19), and with recent
work of Jaenicke and co-workers studying phosphoglycerate
kinase (20). Both sets of results are consistent with a greater
overall thermodynamic stability; neither fits the “flattened”
model of thermophilic enzyme stability. More broadly, our
results are consistent with the ideas discussed in earlier
studies (5, 6, 12, 13). Proteins tolerate many substitutions,
and enzymes may achieve higher stability to temperature by
a number of strategies. Each of the three models (Figure 1)
may be used in nature. At present, there is experimental
evidence for two of them.
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