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ABSTRACT: Ribonuclease P2 from the thermophilic archaebacteriumSulfolobus solfataricusis a small
protein (7 kDa) with a known three-dimensional structure. Inspection of the structure and molecular
dynamics simulation reveal that three aromatic residues (Phe5, Phe31, and Tyr33) from the hydrophobic
core have a strong van der Waals interaction energy. We studied the thermodynamics of the heat, cold,
and pressure-induced protein conformational changes of the wild type and of the F31A and F31Y mutants
by analyzing the protein UV absorbance in the fourth derivative mode. The wild-type protein was extremely
stable under all conditions of temperature and pressure. Heat and cold denaturation of both mutants, as
well as denaturation by pressure of the F31A mutant, led to significant blue shifts of the derivative spectrum,
indicating increased solvent exposure of Tyr33. For the F31Y mutant, high pressure (400 MPa) protected
the protein against thermal denaturation. This study, probing the properties of the hydrophobic aromatic
core, complements a thermal unfolding study which probes the overall structural changes [Knapp, S.,
Karshikoff, A., Berndt, K. D., Christova, P., Atanasov, B., & Ladenstein, R. (1996)J. Mol. Biol. 264,
1132-1144]. The differences observed in response to extremes of temperature, pressure, and pH may be
rationalized by an unfolding mechanism involving larger parts of the peripheral protein while the integrity
of the hydrophobic core is maintained.

Understanding the structural changes occurring in the
course of protein folding and unfolding potentially provides
invaluable information about the chemical interactions
between particular amino acid residues and/or protein
domains and the forces implied for maintaining the complex
and generally unique conformation of a given protein. In
turn, this information is needed for an understanding and
control of enzyme activity. In recent years, there has been
growing interest in the study of protein denaturation mech-
anisms. The current progress has been facilitated by the
availability of mutant protein forms, by higher resolution
detection methods, such as X-ray protein crystallography and
NMR,1 by the optimization of time-resolved spectroscopic
methods, and by the adaptation of the technical setup to
extreme temperature and pressure conditions. The outcome
of protein denaturation studies is important for many
biotechnological processes where proteins are employed
under nonstandard physical-chemical conditions (Herbert,

1992). Additional interest comes from the very relevant
problem of the conformational changes of prions.

Proteins have been denatured under extreme conditions
of temperature, pressure, and pH, by chemicals like urea and
guanidine hydrochloride, and by solvents. Yet, despite the
diversity of experimental approaches, our knowledge of the
laws underlying protein denaturation mechanisms is rather
incomplete. Factors postulated for determining the native
protein conformation are van der Waals interactions between
inner core residues, local and intersegment hydrogen bonds,
disulfide bonds, and salt bridges (Dill, 1990). On the other
hand, the interaction of the residues located at the protein
surface with the solvation shell is also a very important factor.
It is established now that to a certain extent the hydrophobic
inner residues become more exposed to the solvent (water)
upon denaturation. In particular, aromatic amino acids have
been used as intrinsic probes for protein defolding induced
exposure of hydrophobic residues, as their spectroscopic
properties are strongly influenced by the presence of polar
water molecules. The sequence of events occurring during
protein denaturation is another problem. For several model
proteins, one or more intermediates [sometimes called
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“molten globule” or “premolten globule” (Uversky & Ptitsyn,
1996)] have been found. However, the prediction of these
intermediates from the native protein structure constitutes
still a major challenge.

In our opinion, such complex problems can best be studied
by taking proteins of unusually high stability under extreme
conditions where the analysis of the mechanism of denatur-
ation might be simplified. In that sense, thermophilic
enzymes have been widely investigated because of their
surprising resistance to denaturing agents compared to their
mesophilic counterparts (Vieille & Zeikus, 1996, and bib-
liography therein). Ribonuclease P2, fromSulfolobus sol-
fataricus(Fusi et al., 1993), a thermoacidophilic archaebac-
terium that lives at 87°C and acidic pH in hot springs (De
Rosa et al., 1984), is well suited for this type of study. This
very small protein (7 kDa) is resistant to very high temper-
atures (Fusi et al., 1993): at neutral pH its melting temper-
ature is near the boiling point of water (Knapp et al., 1996).
The physiological function of this enzyme is not yet clear:
apart from its ribonuclease function, Baumann et al. (1994)
(who call that protein Sso7d) reported that it is an abundant
DNA binding protein; upon binding it protects DNA from
thermal denaturation. Its tertiary structure in solution, as
determined by NMR (Baumann et al., 1994; Consonni et
al., 1995), shows that the protein is made up of a triple-
strandedâ-sheet which is orthogonal to a double-stranded
â-sheet, and it contains only a smallR-helix at the C-
terminus. It has a hydrophilic mantle which contains many
basic residues (2 arginines and 13 lysines) and a strongly
hydrophobic core. Recently, the protein-encoding gene has
been cloned and the protein expressed inEscherichia coli
(Fusi et al., 1995). Furthermore, the small size of this protein
allowed easy construction and expression of several mutant
forms. Ribonuclease P2 thus appears to be an ideal candidate
to study the structural basis of protein stability.

As an intrinsic probe, we used the UV absorbance of
tyrosine and tryptophan in the fourth derivative mode. This
method allows enhancement of the generally poor resolution
of zero-order UV absorbance spectra (Lange et al., 1996a)
and is a recent development in the study of protein structural
changes during thermal denaturation (Mozo Villarias et al.,
1991; Laderman et al., 1993; Lange et al., 1996a,b).
Application of this method to denaturation of several well
characterized proteins has shown that the local environmental
changes reflect the cooperative denaturation of the protein.
Furthermore, in the fourth derivative mode, the wavelength
position of the maximum amplitude of tyrosine can be used
to evaluate the polarity of its microenvironment. In this
paper we study the importance of interactions within the
hydrophobic core for maintaining the protein stability. The
residues belonging to this domain can be identified by
calculating the solvent-accessible surface of the NMR
average structure of P2. Eleven residues display over 85%
buried surface and are considered to belong to the hydro-
phobic core: Val3, Phe5, Val14, Ile19, Val22, Ile29, Phe31,
Tyr33, Val45, Ala50, and Leu54. As suggested by molecular
dynamics simulation (see below), three aromatic residues
show a particularly high van der Waals interaction energy:
Phe5, Phe31, and Tyr33. Among these, we have studied
the structural importance of Phe31. For that, we analyzed
the heat, cold, and pressure denaturation profiles of the wild-
type ribonuclease P2 and its mutants F31A and F31Y.

MATERIALS AND METHODS

Proteins. Ribonuclease P2 from the archaebacteriumS.
solfataricuswas expressed inE. coliand purified as described
by Fusi et al. (1995). This recombinant ribonuclease has
proven to be indistinguishable from the wild-type P2 on the
basis of heat stability, pH optimum of the RNase activity,
and RNA digestion pattern (Fusi et al., 1995). The F31A
and F31Y mutants were obtained by site-directed mutagen-
esis as reported by Consonni et al. (1996). In the F31A
mutant Phe31 has been replaced by alanine and in the F31Y
mutant by tyrosine. The three proteins were electrophoreti-
cally (silver staining) pure. The mutant enzymes were stored
lyophilized at-20 °C and dissolved just before use in the
buffer. The wild-type (wt) ribonuclease was dissolved in
pure water at a concentration of 10 mg/mL and stored at
-20 °C. Under these conditions the enzymes were indefi-
nitely stable.
Buffers and Chemicals.MES buffer from Sigma (St.

Louis, MO), dipotassium hydrogen phosphate trihydrate from
Merck (Darmstadt, Germany), and tetrapotassium pyrophos-
phate from Carlo Erba (Milano, Italy) were used. MES
buffer was used in high-pressure experiments because its pK
does not change significantly as a function of pressure
(Kitamura & Itoh, 1987). Phosphate and pyrophosphate
buffers were used during thermal denaturation since their
pK values are rather stable with respect to temperature
(Fasman, 1976). Urea, ultra pure (molecular biology grade),
was from Research Organics (Cleveland, OH).
UV Spectroscopy.The UV spectra were recorded with a

Cary 3E (Varian) spectrophotometer which has a high-
wavelength reproducibility (SD< 0.02 nm). Each spectrum
(corrected for the baseline) was the result of five accumula-
tions. The monochromator proceeded in steps of 0.1 nm
with a data acquisition time of 0.3 s per step. The spectral
bandwidth was 1.0 nm. In place of the sample compartment
a thermostated high-pressure (0.1-500 MPa) cell was
installed. The cell was an improved version of that described
by Hui Bon Hoa et al. (1982). It was made of Marval X12
steel with windows of sapphire and surrounded by a steel
mantle through which the thermostating fluid (water or
ethanol) was pumped (Lange et al., 1996a). The sample was
placed into a cylindrical quartz cuvette (volume 1.3 mL)
which was closed by a Dura-Seal polyethylene stretch film.
The pressure vector was water.
Experimental. In each experiment the enzyme concentra-

tion was 0.5 mg/mL with the exception of the F31A mutant
in pressure denaturation experiments, where the concentration
was 0.3 mg/mL. After each change of temperature or
pressure the system was allowed to equilibrate for 5 min
before spectral recording. For cold denaturation experiments
the sample was first pressurized at 25°C to 200 MPa, and
then the temperature was decreased stepwise to-20 °C.
Under these conditions the sample solution stayed in the
liquid state. Water condensation and ice formation on the
sapphire windows were avoided by directing a fine nitrogen
gas flow over the windows.
Data Processing.The fourth derivatives of the UV spectra

were evaluated with the recent optimized spectral shift
method (Lange et al., 1996a) using a Sigma Plot (Jandel)
based program. This method consisted of four sequential
shifts of 2.5, 2.6, 2.7, and 2.6 nm, followed by their mutual
spectral subtractions. A mean derivation window of 2.6 nm
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was chosen as it gives optimal results (a compromise between
signal to noise ratio, spectral resolution, and no spectral
distortion) for tyrosine spectra around 283 nm. The resulting
derivative spectrum reflects the averaged environments of
the tyrosines with some small residual contribution due to
the overlapping tryptophan band. A similar procedure
employing a derivation window of 1.6 nm was used to
optimize the tryptophan band around 287 nm. These
derivative spectra were then smoothed linearly by a sliding
box of 11 data points. All spectra except of those of the
cold denaturation experiments, where no physical chemical
data are available, were corrected for the pressure and
temperature effects on the specific volume of water according
to Kell (1973) and Gibson and Loeffler (1941). The polarity
of the tyrosine environments in the native state at 25°C was
evaluated quantitatively in terms of a mean dielectric constant
εr. This facility appeared as a result of our recent analysis
of the fourth derivative spectra ofN-acetyl-L-tyrosine ethyl
ester (or ATEE; a model for tyrosine residues in proteins)
as a function of solvent polarity. For solvents ranging from
water to cyclohexane, a linear relationship was found
betweenλm (ranging from 282.0 to 287.7 nm) and the
dielectric constant of the solvent (Lange et al., 1996a,c). With
temperature, the value of the dielectric constant of water
varies, and at temperatures other than 25°C, the environment
of the tyrosine was judged by theλm position relative to the
correspondingλm for aqueous ATEE. The maximum
absorption wavelength of ATEE shifts in a linear manner to
the red from 282.0 nm at 5°C to 282.9 nm at 90°C. Under
cold denaturation conditions at 200 Mpa, ATEEλm shifts to
the blue from 282.2 nm at 25°C to 281.9 nm at-20 °C.
Pressure up to 450 Mpa does not shift the ATEEλm
significantly.
Thermodynamics.The thermodynamic parameters∆G,

∆H, ∆S, and∆V of the pressure- and temperature-induced
spectral transitions were determined by analyzing the fourth
derivative spectra at characteristic wavelengths, where the
magnitude,A, of the transition had a maximum. With very
few exceptions (see later) all transitions were reversible and
had sigmoidal character. We used a simple two-state model,

whereK is the equilibrium constant between the denatured
(d) and the native (n) protein conformational states which
are characterized by the spectral amplitudesAd and An.
Introducing thermodynamic relationships, eq 1 transforms
to

and

for the pressure and temperature denaturation, respectively.
The fit of A ) f(p) andA ) f(1/T) in eqs 2 and 3 permitted
then the determination of the thermodynamic parameters.
Molecular Dynamics Simulation.To gain insight into the

molecular basis of the structural stability of the wild-type

P2, a molecular dynamics study was carried out using the
stochastic boundary methodology with explicit solvent. The
methodology has been previously described in detail (Brooks
& Karplus, 1989; Caflisch & Karplus, 1995). Briefly, the
calculations were performed with the molecular mechanics
package CHARMM (Brooks et al., 1983), version 25a1. The
polar hydrogen topology was used, along with the PARM22
parameter and AMINO22 topology set. For the water
molecules the TIP3 model was employed (Jorgensen et al.,
1983). For the electrostatic term of the potential, a constant
dielectric of 1 was used. The van der Waals (vdW) term
was calculated using the standard CHARMM Lennard-Jones
6-12 potential. Nonbonded interactions were maintained
in a list up to a cutoff distance of 10 Å. A shift function
was applied to the electrostatic term and switch to the vdW
interaction between 9.0 and 8.0 Å.
Coordinates for NMR solution structure of P2 were taken

from the Protein Data Bank (Bernstein et al., 1977; reference
1SSO). Polar hydrogens were added using CHARMM
HBUILD, and the structure was energy minimized using
constrained ABNR minimization for 400 steps (tight on
backbone, looser on side chains). After solvation and solvent
equilibration, the system was further energy minimized using
100 SD steps. The P2 structure (620 atoms) was centered
in a sphere of 30 Å radius consisting of 3296 water molecules
(total of 10 508 atoms). A deformable boundary potential
and a temperature bath coupling parameter of 5 ps were used.
Temperature was initially set at 240 K and then increased
to 300 K during 20 ps. The simulation was carried on for
a further 430 ps, using SHAKE. A time step of 1 fs was
used with the Langevin algorithm. Coordinates and full-
energy terms were saved every 0.5 ps. The calculations
required 280 h of CPU time on an SGI R10000 computer.

RESULTS

Wild-Type Ribonuclease P2.The wild-type form proved
to be extremely stable to temperature, pressure, and pH. The
fourth derivative UV spectra were unaffected between pH 9
and pH 3 by temperatures between room temperature and
90 °C. At pH 1, irreversible spectral changes (an additional
band in the 300 nm region) occurred at temperatures above
40 °C. We do not know the origin of this band, but since
its occurrence was irreversible, we did not study this
transition further. In the presence of 6 M urea it was stable
at pH 7.4 up to 60°C. Under pressure, it was also stable
up to the limits of our experimental setup, i.e., 500 MPa
between pH 9 and pH 3 and up to 200 MPa at pH 1. The
only reversible spectral transition was obtained in a cold
denaturation experiment at pH 7.4 in the presence of 4 M
urea, where theλmax of the derivative spectrum was shifted
from 283.8 to 283.3 nm (see Figure 3B), a larger shift than
expected for ATEE under identical conditions, suggesting
that the protein tyrosine environment is becoming more
exposed. However, this transition took place only below
-10 °C, and it was not possible to measure its end point.
Nevertheless, by imposing the same transition amplitude as
that obtained with the F31A mutant, the thermodynamic
parameters could be evaluated as∆H ) -102 kJ/mol and
∆S) -408 J/(mol‚K) (see Table 1).
The F31A Mutant. In contrast to the very stable wild-

type P2, the UV spectrum of the F31A mutant was much
more sensitive to changes in temperature and pressure. These

K )
A- An
Ad - A

) d
n

(1)

A)
An - Ad

1+ e-[(∆Gp)0+p∆V)/RT]
+ Ad (2)

A)
An - Ad

1+ e-[(∆H-T∆S)/RT]
+ Ad (3)
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changes, which are difficult to analyze in the zero-order
spectrum, become very clear in the fourth derivative mode.
As shown in Figure 1A, heating the sample from 25 to 55
°C resulted in a blue shift of the characteristic tyrosine band
from 283.7 nm, virtually identical to the wild type, to 282.6
nm, which is the same as for ATEE in water at 55°C and
indicates that the tyrosines become almost completely
exposed to the solvent. This transition occurred with clear
isosbestic points at 276.4, 279.8, and 283.2 nm, which
allowed its treatment in terms of a simple two-state process.
Taking the spectral amplitude at 282 nm (between the two
main isosbestic points) as the signal for this process, a
sigmoidal denaturation profile with a transition temperature
of tm ) 38°C was obtained (Figure 2A). Fitting eq 3 yielded
the thermodynamic parameters∆H ) 170 kJ/mol and∆S
) 546 J/(mol‚K). In addition, in the tryptophan region (near
290 nm) a small blue shift from 290.4 to 289.7 nm was also
observed. However, the magnitude of this transition was
too small to allow a quantification of the transition param-
eters.
Decreasing the temperature from 25 to-20°C at 200 MPa

resulted in a similar, but more pronounced, spectral transition.
As shown in Figure 1B, both the characteristic tyrosine and

tryptophan bands were blue shifted. The tyrosine band
moved fromλmax ) 283.7 to 282.5 nm, a larger shift than
expected for ATEE under identical conditions, suggesting
that the protein tyrosine environment is becoming more polar.
In addition, the tryptophan band was shifted from 290.1 to
289.7 nm, indicating that the tryptophan environment also
became more polar at low temperatures. Very clear isos-
bestic points characterized these spectral changes. In contrast
to the denaturation by heat, the main isosbestic point of the
tyrosine band appeared at 283.8 nm, which is 0.6 nm more
to the red. Furthermore, the amplitude of the spectral
changes was nearly twice that obtained by heat denaturation.
From the denaturation profile of the amplitude in the tyrosine
band, shown in Figure 3A, the thermodynamic parameters
were determined as∆H ) -83 kJ/mol, ∆S ) -322
J/(mol‚K), and tm ) -15.1°C. The denaturation profile in
the tryptophan region did not result in significantly different
parameters, suggesting that the tyrosine and tryptophan
environments were affected in a cooperative way.

Applying pressure up to 400 MPa resulted again in a blue
shift of the tyrosine band, with an isosbestic point at 283.5
nm. The tryptophan band was, however, not affected by
pressure (see Figure 4A). From the pressure denaturation

Table 1: Heat and Cold Denaturation of Ribonuclease P2a

λmax (nm)

protein denaturant ∆H (kJ/mol) ∆S[J/(mol‚K)] Tm (°C) native denatured

wild type cold (in 4 M urea) -102( 13 -408( 52 -20 283.8 283.3
F31A heat 170( 32 546( 103 +38 283.7 282.6

cold -83( 7 -322( 25 -15 283.7 282.5
F31Y heat 102( 8 302( 25 +65 284.9 283.2

heat (400 MPa) 61( 5 171( 17 +84 285.3 283.3
cold -96( 22 -364( 80 -10 284.7 283.9

aWild type at pH 7.4 in the presence of 4 M urea, F31A at pH 7.4, and F31Y at pH 3.

FIGURE 1: Fourth derivative UV spectra of F31A as a function of
temperature: heat denaturation between 25 and 55°C [the dotted
line shows the zero-order spectrum at 30°C (right-hand scale)]
and cold denaturation between 25 and-20 °C; phosphate buffer,
50 mM, pH 7.4.

A

B

FIGURE 2: Heat denaturation profiles of wild-type P2 and its F31A
and F31Y mutants. The fourth derivative amplitude at 282 nm was
plotted as a function of temperature in phosphate buffer, 50 mM,
pH 7.4, and pyrophosphate buffer, 50 mM, pH 3.0.
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profile in Figure 5 the transition parameters were determined
as∆G0 ) 10.5 kJ/mol and∆V ) -43 mL/mol with a half-
transition pressure of 256 MPa (see also Table 2).

The F31Y Mutant.The introduction of a third tyrosine
residue in place of Phe31 resulted in a spectral red shift of
the tyrosine band to 284.9 nm at 25°C, which corresponds
to a mean dielectric constant of 38, indicating that the
additional tyrosine is in a strongly hydrophobic environment.
In addition, a new fourth derivative maximum appeared at
278.2 nm, which may arise from a tryptophan contribution
which was masked by a spectral trough of the more polar
(blue-shifted) tyrosines of the wild type and the F31A mutant.
The F31Y mutant was rather stable at neutral pH, and a full
high-temperature-induced spectral transition was obtained
only at pH 3. Upon heating the sample to 90°C, the
wavelength maximum of the tyrosine band was blue shifted
to 283.2 nm, converging on the value of 282.9 nm observed
for ATEE in water at 90 °C. The spectrum at this
temperature resembled that of the F31A mutant; i.e., the
278.2 band had disappeared. Again, the transition (tm ) 65
°C) was characterized by clear isosbestic points (276.2, 280.2,
and 283.6 nm), and from the denaturation profile shown in
Figure 2B the thermodynamic parameters could be evaluated
as∆H ) 102 kJ/mol and∆S) 302 J/(mol‚K) (see also Table
2). The tryptophan band did not move as a function of
temperature.
Under cold denaturation conditions the tyrosine, but not

the tryptophan, component of the fourth derivative spectrum
shifted slightly to the blue. Again, as shown in Figure 3A,C,
the F31Y was more stable than the F31A mutant, and for an
evaluation of the thermodynamic parameters the pH had to
be lowered to pH 3. At this pH the tyrosine band of the
derivative spectrum shifted from 284.7 to 283.9 nm. In
contrast to the previous experiments, the isosbestic point was
further to the red (284.4 nm) and rather noisy. The
thermodynamic parameters are listed in Table 1.
Quite surprisingly, as shown in Figure 4B, an increase of

pressure of up to 450 MPa resulted in a red shift of the fourth
derivative spectrum: the tyrosine component was shifted
from 284.7 to 285 nm. This indicates that at high pressure
the tyrosines are in a less polar environment. This opposite
effect of pressure on the tyrosine environment is illustrated
in Figure 5, where the amplitude at the left-hand side of the
derivative maximum in the tyrosine region is plotted as a
function of pressure for the three proteins. From the
sigmoidal shape of the transition the thermodynamic param-
eters could be evaluated as shown in Table 2.
A possible explanation for the observed red shift at high

pressure is a closer interaction between the aromatic residues.
If this is the case, high pressure would contribute to a higher
stability of F31Y. To verify this hypothesis, we compared
the high-temperature denaturation profiles of F31Y at
atmospheric pressure and at 400 MPa. Indeed, as shown in
Figure 6, high pressure protects the protein against denatur-
ation by high temperature: the transition temperature was
increased from 65 to 84°C (see also Table 1).

A

B

C

FIGURE3: Cold denaturation profiles of wild-type P2 and its F31A
and F31Y mutants: fourth derivative amplitude in the tyrosine
region. Upper graph: phosphate buffer, 50 mM, pH 7.4 (the F31Y
data were upshifted for a better comparison). Middle graph: same
conditions but in the presence of urea, 4 M. Lower graph:
pyrophosphate buffer, 50 mM, pH 3.

A

B

FIGURE 4: Fourth derivative spectral transitions of the F31A and
F31Y mutants at high pressure: MES buffer, 50 mM at pH 5,T)
35 °C. The pressure was raised in steps of 50 MPa from room
pressure to 450 MPa. Only a few spectra are shown. Note the
pressure-induced blue shift in the upper graph and the red shift in
the lower graph.

Table 2: Thermodynamic Parameters of the Spectral Transition
Induced by High Pressure at 35°C and pH 5a

λm (nm)

mutant
∆V

(mL/mol)
∆Gp)0
(kJ/mol)

pm
(MPa)

native at
0.1 MPa

denatured at
450 MPa

F31A -43( 10 10.5( 2.2 256 283.5 282.6
F31Y -23( 2 4.6( 0.3 200 284.7 285
a The experimental conditions were the same as those of Figure 5.
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Molecular Dynamics Simulation.In order to identify the
core residues that contribute most to the stability of P2, we
simulated a molecular dynamics trajectory of wild-type P2
with an explicit solvation scheme. In our calculations, the
total energy and potential energy of the system were well
conserved after equilibration (data not shown) and indicate
the stability of the simulation. Loops interconnecting the
secondary structures, and in particular residues 7-10, 35-
40, and 61-63 (C-terminal), showed large root mean square
(rms) deviations during the 410 ps of dynamics following
an initial 40 ps equilibration. We calculated an average
structure over 410 ps and compared it with the NMR average
structure. The rms deviations between the NMR structure
and our average structure are 1.62 Å for CR atoms 1-59
(2.19 Å for all atoms). These values are smaller when
restricting the comparison to the fiveâ-sheet regions
(respectively 1.06 Å for CR and 1.87 Å for all atoms).
Baumann et al. (1994) reported that the backbone conforma-
tion within theâ-sheet regions was well defined, whereas
the other regions, specially 35-40 and the C-terminal
residues, were less well defined and showed a large degree
of inherent flexibility. The general agreement between our
simulation results and the NMR experimental data gave us
added support to use our trajectory as a representative sample

of the conformations explored by the protein on this time
scale.
Using this trajectory, we calculated the contribution of each

protein side chain to the total vdW energy term (Figure 7).
The calculated values are a useful means of comparing
relative vdW interaction energy of each residue with all the
others. However, it should be stressed that the absolute
values of the energy determined in this way are difficult to
interpret and strongly depend on the parameters chosen for
the simulation. The strongest interactions (colors red and
yellow in Figure 7) were displayed by residues Phe5, Phe31,
and Tyr33 throughout the 410 ps duration of the simulation.
This confirms that the aromatic residues of the hydrophobic
core make the major contribution to the overall vdW energy
while the structure explores a conformational subspace. Tyr7
did not make a major contribution. Trp23, which is largely
exposed to the solvent, made a significantly smaller contri-
bution than Phe5, Phe31, and Tyr33, despite the fact that its
large size favors the vdW energy term. The molecular
dynamics simulation identifies, therefore, Phe31 as one of
the most strongly interacting residues of the hydrophobic
core.

DISCUSSION

Importance of the Hydrophobic Core Interactions. Prob-
ing the tyrosine environment, our results show an extreme
stability of ribonuclease P2 toward temperature (from-20
to 90 °C) and pressure (at least up to 700 MPa). To our
knowledge, no other protein has been described with such a
wide range of stability. Analogous proteins isolated from
other thermophilic archaebacteria, such asR-amylase from
Pyrococcus furiosus(Laderman et al., 1993) or Sac7d from
Sulfolobus acidocaldarius(Edmondson et al., 1995), are also
highly thermostable, but there are as yet no pressure data
available. However, when Phe31, which is one of the three
residues of the hydrophobic core which has the strongest
vdW interaction energy, is replaced by alanine or tyrosine,
the stability of P2 becomes considerably lower. Hydrophobic
interactions within the core appear, therefore, to be essential
for maintaining the protein stability. In this respect, P2
behaves in a classical wayslike mesophilic proteins. Indeed,
one of the most important forces in protein folding is
hydrophobic interactionsa concept which goes back to the
work of Kauzmann (1959). A number of site directed
mutagenesis experiments in which hydrophobic core residues
are replaced by smaller ones have shown that loss of vdW
contacts destabilizes proteins (Shortle et al., 1990; Buckle
et al., 1996).
Complexity of the Denaturation Process.Whereas our

results strongly suggest that the hydrophobic inner core
interactions are essential for the stability of P2, the actual
protein denaturation process appears to be more complex.
Knapp et al. (1996), who studied recently the thermal
unfolding of P2 by CD and differential scanning calorimetry
(DSC), obtained evidence of a significantly lower thermal
stability of P2. By these techniques, these authors obtained
shallow transition curves under conditions where we did not
see any change in the fourth derivative UV spectra. These
different results are intriguing, since changes in ellipticity
(from CD) and heat capacity (from DSC) inform potentially
about structural changes of the peptide backbone chain,
whereas our technique permits evaluation of the polarity

FIGURE 5: Spectral transition in the tyrosine region induced by
high pressure. The transition was followed at a wavelength situated
between the maximum of the tyrosine derivative peak and its
adjacent blue-side trough where the amplitude of the changes had
a maximum: at 281 nm for the wild type and F31A and at 283.6
nm for the F31Y. No spectral changes were observed for wild-
type P2. For a comparison its derivative amplitude is shown at 281
nm. The experimental conditions were the same as those of Figure
4.

FIGURE 6: Heat denaturation profiles of the F31Y mutant at
atmospheric pressure and at 400 MPa. The conditions were at
atmospheric pressure, pyrophosphate buffer, 50 mM, pH 3, and at
400 MPa, phosphate buffer, 50 mM, pH 3. The pH had been
corrected for pressure according to van Eldik et al. (1989).
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changes (and thus the solvent exposure) of the Tyr33
environment (our molecular dynamics simulation indicated
that Trp23 and Tyr7 are already significantly solvent exposed
in the native state and in the calculated conformational
subspace). The fact that this environment remains nonpolar
until 90 °C, a temperature where the protein starts melting,
suggests that the thermal denaturation of P2 occurs in several
steps. The emerging picture is therefore that Phe5, Phe31,
and Tyr33 belong to a hydrophobic solid-like domain which
does not break at high temperature or high pressure. In
contrast, the hydrophilic mantle would show increased
flexibility and finally melt at higher temperature. Further
support for this idea comes from the relatively large rms
deviation of the backbone atoms of several outer parts of
the protein during the dynamics simulation.
Aromatic Interactions.Among the hydrophobic forces,

interaction between aromatic amino acids appears to be
essential for maintaining the stability of P2. Indeed, the
F31A mutant, which has lost the aromaticity at position 31,
is much more sensitive to extreme conditions of temperature
and pressure than the wild-type protein. Interestingly, for
its heat denaturation process, the enthalpy change∆H is very
comparable to that obtained by DSC for the overall thermal
unfolding of P2. This suggests that in the F31A mutant the
stability of the hydrophobic domain is considerably weakened
and its thermal solvent exposure is part of the protein
unfolding process. The F31Y mutant, with a more polar but
still aromatic residue at position 31, has a stability intermedi-

ate between the wild type and the F31A. The aromatic
interactions thus appear to play a major role in stabilizing
the tertiary structure of P2. This idea is strongly supported
by the molecular dynamics simulation which shows that three
aromatic residues (Phe5, Phe31, and Tyr33) exhibit the
strongest vdW interaction energies throughout the trajectory.
As shown in Figure 8, the aromatic rings of these residues
lie nearly in one plane, but perpendicularly to that they form
dihedral angles between 30° and 50°. This geometry is,
however, not observed for the two other aromatic residues,
Tyr7 and Trp23, which in addition appear to be rather
exposed to water. In fact, aromatic interactions in this
geometry are believed to stabilize the tertiary structure of
many proteinssnot only those from thermophilic organisms
(Burley & Petsko, 1985). This feature seems to occur more
frequently than a sandwich-like aromatic stacking (Dupureur
et al., 1992). Thus, although this type of fishbone geometry
of aromatic interactions certainly contributes to the stability
of P2, this feature alone is not sufficient to explain the
extreme stability of P2.
Structural Differences of Cold and Heat Denaturation.At

low and high temperatures both mutantssthe F31Y albeit
to a lesser degreesunderwent a structural change leading to
a more polar mean environment of the tyrosines. From
inspection of the structure and analysis of the dynamics
simulation, we expect that in wild-type P2 Tyr7 would be
significantly exposed to water. The same situation can be
expected for the two mutants at room temperature, since their

FIGURE 7: Van der Waals (vdW) energy contribution by each protein side chain during the dynamics simulation. VdW interaction energies
of each side chain with the rest of the protein (y axis) are plotted as a function of simulation time. The secondary structure of the protein
is represented schematically on the right. The energies are distributed between-12.7 and 11.6 kcal with an average of-3.5 kcal through
the trajectory. Three low-energy levels (strong interaction) are indicated in color: between-12.7 and-10 kcal/mol, red; between-10 and
-8 kcal/mol, yellow; and between-8 and-6 kcal/mol, green. Absence of color implies that, for this side chain at a given time, the vdW
energy has a value greater than-6 kcal. The strongest interactions are displayed by the side chains of Phe5, Phe31, and Tyr33. Their
relative contributions averaged over the simulation time are-8.5, -9.9, and-8.6 kcal, respectively. This figure was generated using
SQUID (Oldfield, 1992).
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tertiary structuressas judged from NMR (Zetta et al.,
unpublished results) and from molecular dynamics simulation
(Afshar et al., unpublished results)sappear to be nearly
identical to wild-type P2. Our results with the mutants can
therefore be explained by a cold- (and heat-) induced solvent
exposure of Tyr33. The mechanism of the structural changes
accompanying this increase in solvent exposure upon cold
and heat denaturation is, however, not the same for the two
processes. Although both denatured states were character-
ized by a very comparable increase of the mean polarity in
the tyrosine environments, the isosbestic points of the spectral
transition, as well as the energetic terms∆H and∆Sof the
reaction, were significantly different. A simple two-phase
diagram employing a native and unique totally denatured
state, as initially introduced by Hawley (1971) and used
frequently up to now (Huang & Oas, 1996), is therefore not
applicable for this protein. Instead, our results are closer to
those of Zhang et al. (1995), Griko and Kutyshenko (1994),
Konno et al. (1995), and Wong et al. (1996), who all found
for a variety of proteins different features of heat and cold
processes. Heat denaturation leads in most cases to a highly
disordered protein structure. In contrast, the entropy-driven
cold denaturation process leads generally to a protein state
which contains still a significant amount of tertiary structure
(Zhang et al., 1995; Konno et al., 1995; Foguel & Silva,
1994). Cold denaturation, which appears to be a common
phenomenon for proteins (Franks et al., 1988), can be
explained by a solvent exposure of hydrophobic residues
where solvent water molecules are oriented to form an “ice-
like” hydration shell (Dill, 1995). Similarly for P2, pressure
and cold denaturation may result in intermediate states of
protein unfolding, which could have the characteristics of
molten globule or premolten globule states (Betz et al., 1996;
Uversky & Ptitsyn, 1996).
Pressure-Induced Structural Changes.Most interestingly,

at high pressures the polarity of the tyrosine environments
increases for the F31A mutant and decreases for the F31Y

mutant. A possible explanation for the F31A mutant would
be that the replacement of Phe31 by alanine generates a
nonpolar cavity which could be partially filled with water
under high pressure (Prevelige et al., 1994). Currently, we
are carrying out a molecular dynamics simulation of the
mutants in order to verify this hypothesis. Alternatively, the
denaturation by pressure may be explained by the fact that
the former stabilizing aromatic network is weakened by the
absence of Phe31. In contrast, the F31Y mutant has probably
still an effectivesalthough not optimalsaromatic interaction.
Its pressure-induced spectral red shift can therefore be
understood as an increased aromatic interaction between
Tyr33, Phe5, and the new Tyr31. Indeed, aromatic interac-
tions are thought to be strengthened by pressure (Scarlata,
1991; Weber & Drickamer, 1983; Mozhaev et al., 1996). A
pressure-induced strengthening of these aromatic interactions
thus possibly explains also why pressure protects the F31Y
mutant against thermal denaturation. Similar protective
effects of pressure have been observed in other proteins from
thermophilic organisms (Mombelli et al., 1996; Hei & Clark,
1994).

Structural Basis of the Stability of P2.It is clear now
that the factors commonly associated with protein stability,
i.e., hydrogen bonding, salt bridges, absence of cavities
(Eijsink et al., 1992), abundance of prolines (Kitakuni et al.,
1994), or disulfide bridges, are not implicated in the structural
stability of P2. In contrast, the hydrophobic domain contain-
ing in its center three aromatic residues disposed in a fishbone
geometry contributes strongly to the protein stability. This
type of interaction may lead to lower the conformational
flexibility of this domain, which in turn could be related to
the protein’s thermal stability (Wu¨thrich et al., 1980;
Anderson et al., 1993; Feller et al., 1994).

As discussed above, this cannot be the only structural
feature responsible for its thermo- and barostability. The
noncooperativity between the solvent exposure of the
hydrophobic core compared with the unfolding of the peptide
chain, as well as the shallow thermal unfolding profile
(Knapp et al., 1996), has to be reconciled. It is likely that
there is a multistage denaturation process in which the
flexibility of the polypeptide chain in the hydrophilic mantle
increases steadily while the hydrophobic core remains intact,
even under extreme conditions of temperature and pressure,
and prevents a total (irreversible) unfolding of the protein.
In agreement with Knapp et al. (1996), this explanation of
the stability of P2 is thus a combination of a complex
thermodynamic unfolding process together with the presence
of a small, very stable hydrophobic domain. Our hypothesis
is consistent with the finding that when the stability of the
hydrophobic domain is weakenedsas in the case of the
mutantssthe thermal denaturation profile of the hydrophobic
coresas sensed by our methodsis also rather shallow,
comparable to the global denaturation profile of the wild type
observed by Knapp et al. (1996). It is therefore likely that
the denaturation of the hydrophobic core of the mutants is a
concerted process with peripheral protein parts. It could be
that the structural connection between the hydrophobic
domain and the more temperature sensitive remainder of the
protein depends on the singularâ-sheet structure of P2.
Interestingly, the cold-shock protein CS7.4, which is rather
stable to heat denaturation, is also largely in aâ-sheet
conformation (Chatterjee et al., 1993).

FIGURE8: Ribbon diagram of the P2 structure model after solvation
and equilibration. For clarity, the figure is limited to a thin depth
slice of the core. The protein backbone (blue), all aromatic residues
(yellow), and water molecules (red) that fall within 3 Å of the
protein are represented. Hydrogens of the Tyr hydroxyl and the
water molecules are included. The figure illustrates a distribution
of water molecule packing around the protein. Note the accessibility
of Tyr7 and Trp23 and the fishbone geometry of Phe5, Phe31, and
Tyr33.
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At present we can only speculate whether our explanation
could be generalized for other thermo- and barostable
proteins. For instance, Eijsink et al. (1995), working with
thermolysin-like proteinase, did not observe a significant
effect upon mutations in the hydrophobic core of the protein.
However, the important region turned out to be a solvent-
exposed part of the N-terminal part. Furthermore, Macedo-
Ribeiro et al. (1996), who compared the thermostability of
ferredoxin from thermophilic and mesophilic organisms, did
not find large changes in the overall structure but many small
changes which all could contribute to a decreased flexibility
of the thermophilic protein. So it may be that different
classes of thermophilic proteins cope with the potentially
adverse high-temperature and pressure conditions by different
mechanisms.
Conclusion. In this study the heat, cold, and pressure

denaturation profiles of a hydrophobic domain of a thermo-
philic protein and its mutants are determined for the first
time. Our results suggest a stabilizing mechanism where
the protein maintains its characteristics at extreme conditions
of temperature and pressure by a combination of complex
unfolding thermodynamics of peripheral protein regions
while maintaining a particularly stable small hydrophobic
domain. The precise structural integrity required to be
preserved under extreme conditions may be largely deter-
mined by the function of the protein. This could explain
the diversity of stabilizing features in the various extremo-
philic proteins reported so far and provide insight into the
more general principles connecting protein stability, archi-
tecture, and function. To study the stabilization mechanism
further, kinetic studies are needed to establish the sequence
and transition states of structural changes and compare with
those of other proteins (Gas et al., 1993; Shaw & Bott, 1996;
Foguel et al., 1995). In these experiments it would be
interesting to investigate the behavior of different protein
classes (TIM barrel, IgG, lipases, etc.) and establish whether
each class shares any of the folding/unfolding characteristics.
Furthermore, simulations of P2 and its two mutants, F31Y
and F31A, by molecular dynamics at high temperature and
pressure should provide a molecular basis for elucidating
the structural changes involved. The details of current
simulations will be discussed elsewhere.
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