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ABSTRACT: It is widely accepted that pressure affects the structure and
dynamics of proteins; however, the underlying mechanism remains unresolved.
Our previous studies have investigated the effects of pressure on fundamental
secondary structural elements using model peptides, because these peptides
represent a basis for understanding the effects of pressure on more complex
structures. This study targeted monomeric variants of naturally occurring
bacteriophage λ Cro (natural Cro) and de novo designed λ Cro (SN4m), which are α + β proteins. The sequence of SN4m is
75% different from that of natural Cro, but the structures are almost identical. Consequently, a comparison of the folding
properties of these proteins is of interest. Pressure- and temperature-variable Fourier transform infrared spectroscopic analyses
revealed that the α-helices and β-sheets of natural Cro are cooperatively and reversibly unfolded by pressure and temperature,
whereas those of SN4m are not cooperatively unfolded by pressure; i.e., the α-helices of SN4m unfold at significantly higher
pressures than the β-sheets and irreversibly unfold with increases in temperature. The higher unfolding pressure for the α-helices
of SN4m indicates the presence of an intermediate structure of SN4m that does not retain β-sheet structure but does preserve
the α-helices. These results demonstrate that the α-helices of natural Cro are stabilized by global tertiary contacts among the α-
helices and the β-sheets, whereas the α-helices of SN4m are stabilized by local tertiary contacts between the α-helices.

Conformational changes in proteins can be induced by
varying temperature and pressure. Investigating the effects

of temperature and pressure on protein structures is
fundamentally important for understanding protein folding.
However, the molecular basis of the effects of pressure on
protein folding (denaturation) remains unresolved compared
with our molecular understanding of heat-induced denatura-
tion. It has been suggested that unfolding of a protein with
pressure significantly depends on changes in the void volume
and hydration surrounding a protein molecule.1−4 The
establishment of a clear molecular understanding of protein
unfolding because of pressure will be helpful in developing a
comprehensive picture of protein folding. The complex nature
of a protein system makes it difficult for experimental and
theoretical studies to demonstrate the microscopic behavior of
protein denaturation. Thus, systematic research based on the
hierarchical aspect of protein structure represents an effective
approach for reaching a comprehensive understanding of
pressure denaturation of proteins. Recently, we have focused
on the effects of pressure on secondary structures of model
peptides.5−8 These works provided an interesting common
phenomenon: all the α-helices we examined are folded by
pressure, and this contrasts the pressure-induced unfolding of
protein’s helices.9,10 In the previous reports,7,8 we proposed
that the helices of proteins are inherently stabilized by pressure

but unfold if their surrounding hydrophobic environment is
disrupted by pressure, because hydrated helices are quite
unstable. Conversely, for β-sheet structures, we observed that a
β-hairpin peptide composed of two β-sheets with a turn is
unfolded by pressure (H. Imamura and M. Kato, manuscript in
preparation). The pressure-dependent behavior of these
fundamental secondary structure elements provides a basis for
interpreting the effects of pressure on more complex structures
in proteins.
This study targets the α + β protein, bacteriophage λ Cro, a

naturally occurring DNA-binding protein, in which the α-
helices and β-sheets are in contact with each other and share
the hydrophobic core.11 This hydrophobic core most likely
contributes to the structural stability and cooperative character
observed in the folding−unfolding process of this protein. In
general, the amide I peaks due to α-helices and β-sheets are
separately observed in the FTIR spectrum. Thus, conforma-
tional changes of the α-helices and β-sheets can be
simultaneously monitored by FTIR spectroscopy. This allows
us to examine the cooperative behavior of the protein. As
mentioned above, an increase in pressure induces helical
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peptides to refold. Characterizing whether such anomalous
behavior is observed in an α + β protein will be interesting.
The previous pressure studies targeting α + β proteins have

employed naturally occurring proteins such as ribonuclease
A,10,12 lysozyme,13 and ubiquitin.14 In the study presented here,
by employing λ Cro as the target protein, we can compare the
structural stability of the native and artificial proteins. An
artificial protein sequence forming the α + β structures similar
to those of bacteriophage λ Cro has been successfully designed
and produced using a computational method with empirical
potential functions.15 The sequence of the designed λ Cro is
75% different from that of native λ Cro.11 The NMR structure
of the designed λ Cro monomer (SN4m) in solution has been
determined and found to be almost identical to the backbone
structure of a monomeric variant of native λ Cro, which is
termed natural Cro hereafter, as shown in Figure 1. For protein

design, it is important to compare the folding characteristics
such as thermodynamic stability and folding cooperativity
between the designed and natural proteins, because the folding
characteristics of natural proteins can be related to their
function. In this study, thus, we also investigated the folding
properties of SN4m and compared the results with those
obtained for natural Cro. In particular, the pressure
perturbation comparison between the natural protein and a
designed analogue represents the first study to employ pressure
as a way of examining protein design characteristics. We show
that the loose contacts between the α-helices and β-sheets in
the hydrophobic core underlie loss of cooperativity in the
pressure-induced unfolding of SN4m. These findings are
important for the further design of de novo proteins and
provide insights into the mechanisms of structural stability of
naturally occurring proteins.

■ MATERIALS AND METHODS
Sample Preparation. The sequences of natural Cro and

SN4m are MEQRITLKDYAMRFGQTKTAKDLGVYQSAIN-
KAIHAGRKIFLTINADGSVYAEEVKDGEVKPFPS and
MRKKLDLKKFVEDKNQEYAARALGLSQKLIEEVLKRGLP-
VYVETNKDGNIKVYITQDGITQPFPP, respectively. Here,
the underline indicates the α-helix and the boldface italics the
β-sheet structures, respectively, derived from the NMR solution
structures (PDB entries 2ORC for natural Cro and 2CW1 for
SN4m). Both proteins were expressed in Escherichia coli and
purified as previously reported.15 The proteins were dialyzed
against an appropriate buffer solution and water to remove
trifluoroacetic acid (TFA), which was used in the high-
performance liquid chromatography purification step, and
lyophilized. TFA shows a strong infrared absorbance at

∼1673 cm−1 (from ref 16) that obscures the band at ∼1676
cm−1 arising from an antiparallel β-sheet in an amide I′ band of
a protein. The lyophilized proteins were dissolved in a 50 mM
HEPES-NaOD/D2O solution containing 100 mM NaCl and
centrifuged to remove precipitates. The resulting solutions had
a pD of 7.4. All samples were prepared at ∼4 °C to prevent
aggregation. The concentrations of natural Cro and SN4m were
spectrophotometrically determined to be 1.8 and 1.4 mM,
respectively, using an ε274 of 4260 M−1 cm−1.17

FTIR Measurements. The sample was loaded into a cell
with CaF2 windows and a 30 μm polytetrafluoroethylene spacer
for the temperature-variable measurements. For the pressure-
variable measurements, a diamond anvil cell with gaskets with
thicknesses of 50 μm (natural Cro) and 100 μm (SN4m) was
used. Both cells were connected to a circulating water bath to
control the sample temperature (±0.1 °C). IR spectra were
recorded on a FTIR spectrometer (Jasco FT/IR-680 plus or a
Jasco FT/IR-6100) equipped with a DLATGS detector for
temperature-variable measurements or with a MCT liquid
nitrogen-cooled detector for pressure-variable measurements.
α-Quartz was added to the samples as an internal pressure
calibrant.18 Prior to each measurement, the protein solution
was incubated at room temperature for ∼1 h. The completion
of hydrogen−deuterium exchange of the amide protons was
confirmed by monitoring the intensity of the amide II band.
Typically, 256 interferograms were collected to obtain a
spectrum with a resolution of 2 cm−1. Spectral analyses were
performed using GRAMS Research for System2000 FTIR
version 3.01B (Galactic Software).

Circular Dichroism Measurements. Circular dichroism
(CD) spectra were recorded using a Jasco J-805 CD
spectrometer equipped with a temperature-controlled cell
with a 30 μm path length. The cell was connected to a
circulating water bath to control the sample temperature (±0.1
°C). The protein concentration and the solvent used for the
CD measurement of natural Cro and SN4m are the same as
those used for the FTIR measurements. To examine the
temperature dependence of the mean residue ellipticities at 222
nm for natural Cro, the sample was heated at a heating rate of 2
°C/min. The raw ellipticity values were converted to the mean
residue ellipticity values using the equation [θ] = θobs/(10ncl),
where θobs is the observed ellipticity, l is the optical path length
(centimeters), c is the concentration of the peptide (molar),
and n is the number of residues.

Thermodynamic Analysis. To examine the thermody-
namic characteristics of denaturation using the CD or FTIR
data, we assumed the two-state model: the equilibrium K
constant between the folded (F) and unfolded (U) states was
obtained from the equation

= = − = +K f f f[U]/[F] (1 )/ [ [F]/([F] [U])] (1)

The values of f were determined according to the following
equation:

=
−
−

f
I I
I I

U

U F (2)

where IF and IU are the spectral intensities of a fully folded state
and a fully unfolded state, respectively, and I is an intensity of a
spectrum at a given temperature and pressure. IF and IU are
assumed to be a linear function of temperature or pressure. To
determine the value of f, we used the second-derivative IR peak

Figure 1. Structures of (a) natural Cro (monomeric λ Cro, PDB entry
1ORC) and (b) SN4m (designed monomeric λ Cro, PDB entry
2CW1). The root-mean-square deviation of the main chain atoms
between SN4m and natural Cro is 2.1 Å.
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intensities for natural Cro and SN4m, and the mean residue
ellipticity at 222 nm for natural Cro.
The free energy change (ΔG), the enthalpy change (ΔH),

and the volume change (ΔV) upon unfolding were obtained
using the following equations:
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■ RESULTS
Amide I′ Spectra of Natural Cro and SN4m. Figure 2

shows typical infrared spectra of natural Cro and SN4m in the

folded state, and their second-derivative spectra at room
temperature. The band components that overlapped in the
amide I′ region were resolved by the second derivative of the
original spectra. The three band components were observed at
1624, 1650, and 1676 cm−1 in the second-derivative spectrum
of natural Cro. The band at 1650 cm−1 typically originates from
an α-helical structure.19−21 The two bands at 1624 and 1676
cm−1 originate from the band splitting by the vibrational
couplings of the oscillators in the amide groups belonging to
the antiparallel β-sheets.22−24 These structural assignments are
consistent with the X-ray crystallographic analysis that
identified natural Cro as an α + β protein.11 With respect to
SN4m, the second-derivative spectrum reveals three band
components at 1629, 1646, and 1676 cm−1 and is therefore
similar to that of natural Cro. The peak frequency of 1646 cm−1

of SN4m is slightly lower than the peak frequency of 1650 cm−1

arising from the α-helices in natural Cro. On the basis of
previous research, this lower-frequency shift suggests hydration
of the carbonyls of the peptide backbone of the α-helices. For
example, the hydrated helices of calmodulin and troponin C
were assigned to ∼1644 cm−1,25 and the highly hydrated α-helix
of an alanine-based peptide was assigned to ∼1633 cm−1.26

These observations support the concept that more highly
hydrated environments around helices induce lower-frequency
shifts. The two bands at 1629 and 1676 cm−1 in the spectrum
of SN4m were assigned to an antiparallel β-sheet structure. The
peak frequency of 1629 cm−1 is higher by 5 cm−1 than the
corresponding band observed for natural Cro, which is
probably due to the weakening of hydrogen bonds between
β-strands.27 The band component at 1676 cm−1 of natural Cro
and SN4m overlaps with a band arising from the asymmetric
carboxylate stretching mode of residual TFA ion traces that are
present after dialysis.16 This finding is confirmed by the
observation that the band arising from TFA remained above 90

Figure 2. Infrared spectra of the amide I′ region of natural Cro ()
and SN4m (−−−). The second-derivative spectra are also shown.

Figure 3. Second-derivative infrared spectra of the amide I′ region of (a) natural Cro and (b) SN4m at various temperatures.
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°C, whereas the bands at 1624 cm−1 (natural Cro) and 1629
cm−1 (SN4m) had disappeared (see below).
Thermal Unfolding of Natural Cro and SN4m. Figure 3

shows the temperature dependence of the second-derivative
spectra of the amide I′ absorption of natural Cro and SN4m. In
the spectra of natural Cro, the intensities of the bands at 1624,
1650, and 1676 cm−1 decrease with an increase in temperature,
indicating that the α-helices and the antiparallel β-sheets unfold
with an increase in temperature. The spectrum measured after
the sample had been cooled from 90.3 to 5.3 °C is almost
identical to the spectrum measured at 5.3 °C before thermal
unfolding, indicating that the melting transition is reversible. In
the spectra of SN4m, the intensities of the bands at 1629 and
1676 cm−1 drastically decreased in the temperature range
between 25.7 and 63.6 °C, indicating the unfolding of the
antiparallel β-sheets. Simultaneously, a new peak at 1616 cm−1

appeared at 39.6 °C and increased in intensity until the
temperature reached ∼54.0 °C. An increase in the peak
intensity at 1616 cm−1 is indicative of an increase in the level of
intermolecular β-sheet structures because of heat-induced
aggregation. This behavior is similar to the heat-induced
denaturation and aggregation of proteins reported in previous
studies.25,27,28 Interestingly, the intensity of the band at 1616
cm−1 decreased with an increase in temperature above 54.0 °C,
suggesting the melting of the intermolecular β-sheet structures.
The spectrum measured after the sample had been cooled from
90.1 to 4.9 °C shows the peak at 1616 cm−1 with significant
intensity, indicating the re-formation of the intermolecular β-
sheet structures during cooling. White precipitate in the cuvette
was visible after the measurement. At the highest temperatures,
there is a slight difference in the shape of the spectra between
natural Cro and SN4m, indicating that the two proteins show
different unfolding behaviors. CD spectroscopic measurements
(Figure S1 of the Supporting Information) showed that the
ellipticity at 222 nm of natural Cro was ∼5000 deg cm2 dmol−1

at 95.7 °C, whereas that of SN4m was ∼9000 deg cm2 dmol−1

at 96.5 °C, indicating that heat-induced unfolded SN4m
contains residual helix structure.
To examine the thermal unfolding of the secondary

structures of natural Cro, we plotted the fractions of the folded
α-helices and β-sheets, which are determined from the changes
in the second-derivative intensities at 1650 and 1624 cm−1,
respectively, according to eq 2, as a function of temperature
(Figure 4). The thermal unfolding curves of the α-helices and

β-sheets of natural Cro are almost identical to each other,
indicating that the secondary structures unfold cooperatively.
The temperature dependence of the ellipticity at 222 nm of
natural Cro was also examined by CD spectroscopy under the
same sample conditions that were used for the IR measure-
ments. The thermal unfolding curve of the α-helices
determined from the CD measurement, which is also shown
in Figure 4, is also very similar to that determined from the IR
analysis, supporting the validity of this IR analysis. From the
van’t Hoff plots obtained using these multiple probes, we
determined the enthalpy changes (ΔH) and the transition
temperatures (Tm), as summarized in Table 1. The calculated
values are similar to each other. As noted above, the analyses
for SN4m were not performed because of the irreversibility of
the thermal unfolding above 33.9 °C.

Pressure-Induced Unfolding of Natural Cro and
SN4m. Figure 5 shows the pressure dependence of the
second-derivative spectra of natural Cro and SN4m. In the
spectra of natural Cro, the intensities of the bands at 1624,
1650, and 1676 cm−1 decreased with an increase in pressure,
and the spectra do not significantly change above 716 MPa.
The spectrum measured after decompression from 1360 to 0.1
MPa was almost identical to the initial spectrum measured at
0.1 MPa. These spectral changes show a reversible pressure-
induced unfolding reaction of the α-helices and the antiparallel
β-sheets of natural Cro. In the spectra of SN4m, the intensity of
the band at 1629 cm−1 due to the β-sheet decreased when the
pressure was increased to 462 MPa. The intensity of the band
at 1646 cm−1 due to the α-helices decreased with an increase in
pressure but could still be observed at 646 MPa. This band was
absent above 1090 MPa, indicating that most of the α-helices
have fully unfolded. The spectrum measured after decom-
pression was almost identical to the spectrum measured at 0.1
MPa. Thus, the transition is reversible. The shapes of the
spectra of natural Cro and SN4m at the highest pressure are
nearly identical, indicating that the extent of unfolding between
these two proteins was comparable. In Figure 6, the fractions of
the folded α-helices and β-sheets in natural Cro and SN4m
estimated from the changes in the second-derivative intensities
are plotted as a function of pressure. The pressure unfolding
curves of the α-helices and β-sheets of natural Cro show a
sigmoidal shape and are somewhat different from each other. In
contrast, there is a marked difference in the pressure unfolding
curves between the α-helices and β-sheets of SN4m. The α-
helices gradually unfold over the pressure range from 0.1 to
∼1000 MPa, whereas the β-sheets steeply unfold over the
pressure range from 0.1 to ∼400 MPa. This reveals that the
cooperativity in the pressure-induced unfolding process of
SN4m does not hold. The volume changes upon unfolding
(ΔV) and the transition pressures (Pm) of natural Cro and
SN4m are summarized in Table 1. The values of ΔV and Pm of
natural Cro determined from the unfolding curves of the α-
helices and β-sheets are very similar to each other; however,
this is not the case for the data recorded for SN4m.

■ DISCUSSION
This study examined the effects of temperature and pressure on
the structure of natural Cro and SN4m. The thermal unfolding
of natural Cro is highly cooperative and reversible. The
pressure unfolding of natural Cro also appears to be roughly
cooperative. Conversely, the thermal unfolding of SN4m is
irreversible, and the pressure-induced unfolding is clearly not
cooperative. As shown in Figure 6b, the pressure unfolding of

Figure 4. Thermal unfolding curves of natural Cro that were
determined from the second-derivative intensity at 1650 cm−1 due
to the α-helices (filled circles and solid line), the intensity at 1624
cm−1 due to the β-sheets (empty diamonds and dashed line), and the
CD ellipticity values at 222 nm (empty circles and dotted line). The
curves were generated by using the two-state model. The fractions of
folded protein were estimated according to eq 1.
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the β-sheets of SN4m is complete at ∼400 MPa, whereas most
of the α-helices remain intact at this pressure. This implies that
the isostatic intermediate state, in which the α-helices are
folded and the β-sheets are unfolded, is populated under a
pressure of ∼400 MPa. The loss of cooperativity of unfolding
between the α-helices and β-sheets of SN4m suggests that the
interaction between the α-helices and β-sheets is weak and that
the stabilities of the α-helices and β-sheets are independent of
each other. In previous studies,5−8 we have demonstrated that
α-helices of designed peptides are folded by exerting pressure.

These observations are apparently opposed to the generally
observed pressure-induced unfolding of natural proteins. To
unravel this paradox, we proposed the following model:7,8 the
helices in proteins are significantly stabilized by hydrophobic
interactions present in the protein core. In this model, if the
loss of the stabilized energy accompanying the pressure-
induced destruction of tertiary structure is significantly larger
than the stabilization energy (−pΔV) for helix formation, the
helices of proteins unfold under high pressure. This model
assumes that a change in the partial molar volume for the helix

Table 1. Thermodynamic Parameters of Natural Cro and SN4m upon Unfolding

ΔH (kJ/mol) Tm (°C) ΔV (cm3/mol) Pm (MPa) spectroscopic probe

natural Cro 149 ± 6 48 ± 0.6 −23 ± 1 466 ± 12 IR (1650 cm−1)
160 ± 3 47 ± 0.3 −33 ± 4 362 ± 30 IR (1624 cm−1)
157 ± 1 50 ± 0.03 CD (222 nm)

SN4m ND ND −17 ± 1 618 ± 20 IR (1656 cm−1)
−49 ± 8 253 ± 23 IR (1629 cm−1)

Figure 5. Second-derivative infrared spectra of the amide I′ region of (a) natural Cro and (b) SN4m at various pressures.

Figure 6. (a) Pressure unfolding curves of natural Cro that were determined from the second-derivative intensities at 1650 cm−1 due to the α-helices
(●) and the intensity at 1624 cm−1 due to the β-sheets (◇). (b) Pressure unfolding curves of SN4m, which were determined from the second-
derivative intensities at 1646 cm−1 derived from the α-helices (●) and the intensity at 1629 cm−1 derived from the β-sheets (◇). The curves were
generated using the two-state model. The fractions of folded protein were estimated according to eq 1.
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to coil transformation is intrinsically positive. This pressure-
induced unfolding of the α-helices of natural Cro can also be
explained by this model. Loss of the tertiary contacts between
the α-helices and β-sheets with pressure significantly
destabilizes the α-helices. On the other hand, the α-helices of
SN4m do not unfold under ∼400 MPa, at which pressure the
β-sheets have almost completely unfolded. This means that the
interaction with β-sheets in SN4m does not significantly
contribute to the stabilization of the α-helices. It is noted that
peptides of >12 residues are generally required to form a stably
folded α-helix.29 Because the peptide of each α-helix in SN4m
has fewer than nine residues, it is likely that the helix−helix
interaction is a significant factor in stabilizing the α-helices.
Indeed, the helical content prediction for the helical parts of
both proteins by the AGADIR algorithm30−34 gives the
following values: 5% for helix 1 (LKDYAMRF), 1% for helix
2 (QTKTAKDL), and 2% for helix 3 (QSAINKAIHA) of
natural Cro and 4% for helix 1 (LKKFVE), 7% for helix 2
(QEYAARA), and 50% for helix 3 (QKLIEEVLKR) of SN4m.
The helical propensities of the sequences, except that of helix 3
of SN4m, are very low. The high score for helix 3 of SN4m may
be related to the residual helical structure in the thermally
unfolded state as noted in Results. The low overall values
support the assumption described above that the tertiary
contacts are important factors for stabilizing the helices. Thus,
the unfolding of the α-helices in SN4m at pressures above 400
MPa would result from the pressure-induced destruction of the
helix−helix interactions.
As mentioned above, unfolding of the β-sheets of the

proteins preceded that of the α-helices in this study, which is
not the case for an ideal two-state transition. We also applied a
three-state analysis to obtain the volume changes upon
unfolding (ΔVthree‑state). If the α-helices start to unfold after
the β-sheets completely unfold, the fraction of the folded β-
sheets and the fraction of the unfolded α-helices correspond to
the fraction of the folded state, f F

three‑state, and unfolded state,
f U

three‑state, respectively. From the unfolding curves of the α-
helices and β-sheets shown in Figure 6, we estimated the
fraction of f F

three‑state and f U
three‑state and calculated the

ΔVthree‑state to be −32 cm3/mol for natural Cro and −40
cm3/mol for SN4m. Although a relationship between the three-
dimensional structure of a protein and the ΔV is still an
outstanding issue,1,4 e.g., the volume change upon hydration of
the hydrophobic residues located at the protein interior in the
folded state is an ambiguous factor, it has been hypothesized
and well accepted that the loss of the solvent inaccessible voids
contributes largely to the negative change in volume upon
unfolding of proteins.2,35 On the basis of this hypothesis, the
magnitude of ΔV of SN4m is expected to be smaller because
the folded structure of SN4m is loosely packed, which probably
reduces the size of the solvent inaccessible voids, as indicated
by the IR band of the hydrated helices. However, the
magnitude of ΔV of SN4m is comparable or slightly larger
than that of natural Cro. A possible explanation is that the
imperfect packing in the core residues of SN4m may make the
void volume larger.
Investigating factors that have caused the loss of folding

cooperativity of SN4m is worthwhile for the future redesign of
proteins. In a previous study,11 Phe63 in natural Cro was found
to be an essential core residue for its folding, which is packed
into the boundary between the α-helices and β-sheets. The
corresponding residue, Phe63, in the NMR structure of SN4m
is directed toward the exterior of the core.15 Nevertheless,

SN4m has been characterized as being stably folded into a
single structure; its free energy difference between the unfolded
and folded states (ΔG = −2.5 kcal/mol; the value is estimated
by assuming the two-state model)15 is comparable to that of
natural Cro (ΔG = −3 kcal/mol).36 This observation indicates
that SN4m is not essentially stabilized by Phe63. The loss of
stability may be compensated by the helix−helix interactions, as
suggested by the stronger pressure resistance of the helices of
SN4m. An increase in the stability of the helices through the
interactions within the helical regions may result in the loss of
cooperativity. In studies of ribonuclease A,37,38 the substitution
of Val for Phe46, which exists in the hydrophobic core, resulted
in an increase in the cavity volume and a loss of folding
cooperativity. The authors suggested that Phe46 (the wild-type
residue) contributes to the highly packed core and connects
two structural domains, which produces the high folding
cooperativity.37,38 Similarly, this case suggests that significant
packing around Phe63 in the core would represent important
factors that facilitate folding cooperativity. In addition, the
numbers of side chain−side chain hydrogen bonds, which were
determined to be 10 for natural Cro and two for SN4m using
Discovery Studio Visualizer version 2.5.5 (Accelrys Software
Inc., San Diego, CA), are also important. Thus, the richness of
the hydrogen bonds between side chains and the tight packing
in the core region of natural Cro may contribute to the
maintenance of the tertiary contacts and facilitation of the
higher folding cooperativity.
We observed that SN4m undergoes heat-induced aggregation

whereas natural Cro does not. An unfolded polypeptide
containing a large number of hydrophobic amino acid residues
often forms intermolecular aggregations, especially at higher
temperatures. The hydrophobicity of SN4m, which was
calculated using the classical method developed by Kyte and
Doolittle,39 is comparable to that of natural Cro (Figure S2 of
the Supporting Information). In addition, it is interesting that
the intermolecular β-sheets melt at higher temperatures, at
which SN4m unfolds. The instability of the intermolecular
assembly of proteins at higher temperatures has been observed
in other studies.40,41 In the past decade, it has been widely
accepted that partially unfolded states of proteins are
susceptible to aggregation.42−44 Partially unfolded SN4m,
which exposes the internal hydrophobic side chains to water
and gives rise to an increase in the number of nonspecific
intermolecular contacts via hydrophobic interactions, is a likely
a source of the insoluble aggregates.
Figure 7 illustrates the folding free energy landscapes for

natural Cro and SN4m. There are two main minima of the
folded and unfolded states of natural Cro. On the other hand,
in the case of SN4m, the partially folded intermediate state is
able to be populated at moderate pressures (∼400 MPa). These
findings are consistent with the hypothesis that the sequences
of naturally occurring proteins have evolved to destabilize their
intermediates.45−49 The sequence of SN4m is not explicitly
exposed to any evolutionary pressure. Conversely, the sequence
of natural Cro is optimized by evolutionary pressure to
destabilize the intermediate state(s), which is accomplished by
stabilizing their secondary structures interdependently. Addi-
tionally, the heat-induced aggregation of SN4m implies that the
destabilization of folding intermediates for avoiding the
formation of irreversible intermolecular aggregation is a major
driving force in the natural selection of protein sequences.
In summary, this study has shown that the α-helices and β-

sheets of natural Cro cooperatively and reversibly unfold under
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temperature- and pressure-induced denaturation, whereas the
secondary structure elements of SN4m are irreversibly unfolded
by temperature and do not cooperatively unfold under
pressure-induced denaturation. The stabilities of the secondary
structure elements of natural Cro are dependent on each other,
whereas those of SN4m are stabilized independently. The α-
helices in the folded state of SN4m are stabilized by local
tertiary contacts among the α-helices, rather than global tertiary
contacts between the α-helices and β-sheets. In a previous
study, we proposed that α-helices are intrinsically not unfolded
by pressure. The pressure-induced unfolding of α-helices
described here results from pressure-induced destruction of
tertiary contacts that are indispensable for the stabilization of
the α-helices. This study also demonstrated that the use of
pressure aids the identification of interactions that govern the
folding cooperativity of proteins, including artificially designed
proteins.
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