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ABSTRACT We studied the cold unfolding of myoglobin with Fourier transform infrared spectroscopy and compared it with
pressure and heat unfolding. Because protein aggregation is a phenomenon with medical as well as biotechnological
implications, we were interested in both the structural changes as well as the aggregation behavior of the respective unfolded
states. The cold- and pressure-induced unfolding both yield a partially unfolded state characterized by a persistent amount
of secondary structure, in which a stable core of G and H helices is preserved. In this respect the cold- and pressure-unfolded
states show a resemblance with an early folding intermediate of myoglobin. In contrast, the heat unfolding results in the
formation of the infrared bands typical of intermolecular antiparallel B-sheet aggregation. This implies a transformation of
a-helix into intermolecular B-sheet. H/2H-exchange data suggest that the helices are first unfolded and then form intermo-
lecular B-sheets. The pressure and cold unfolded states do not give rise to the intermolecular aggregation bands that are
typical for the infrared spectra of many heat-unfolded proteins. This suggests that the pathways of the cold and pressure
unfolding are substantially different from that of the heat unfolding. After return to ambient conditions the cold- or
pressure-treated proteins adopt a partially refolded conformation. This aggregates at a lower temperature (32°C) than the

native state (74°C).

INTRODUCTION

Cold unfolding was predicted for a number of proteins on
the basis of the temperature dependence of the unfolding
enthalpy (Brandts, 1969). A thermodynamic analysis of the
temperature and pressure dependence of the unfolding of
chymotrypsinogen shows an elliptical phase diagram as
presented by Hawley (1971) with a reintersection on the
pressure axis at low temperatures, consistent with the pre-
dictions by Brandts (1969). Since then, cold, heat, and
pressure unfolding of proteins have been extensively stud-
ied using a variety of methods such as nuclear magnetic
resonance (Zhang et al., 1995; Jonas et al., 1998), ultraviolet
spectroscopy (Mombelli et al., 1997), differential scanning
calorimetry (Privalov et al., 1986), small angle X-ray scat-
tering (Panick et al., 1998, 1999), and molecular dynamics
(Wroblowski et al., 1996; Floriano et al., 1998). More
recently, it was shown that high pressure and low temper-
ature can be applied to inactivate viruses (Oliveira et al.,
1999).

The cold unfolding is particularly interesting because a
possible resemblance of the cold unfolded state of certain
proteins, such as RNAse A and lysozyme, with an early
folding intermediate of these proteins was suggested (Nash
and Jonas, 1997). This conclusion is based on the fact that
these intermediates are characterized by protection factors
for hydrogen-deuterium exchange that are similar to the
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ones found for the cold unfolded state. Indirectly these
protection factors can be linked to a remaining amount of
secondary structure. Because of the presence of secondary
structure in the pressure-unfolded state one might expect
this state to resemble certain folding intermediates as well.
However, most of the techniques used to study the cold and
pressure unfolding so far give no direct information on the
secondary structure.

The nature of the cold unfolding compared with heat
unfolding is still a matter of controversy. According to
Huang and Oas (1996) the heat and cold unfolded states are
thermodynamically and conformationally equivalent.
Privalov (1990) referred to the unfolded state as being
universal. This was based on the finding that the thermo-
dynamic parameters for the cold and heat or chemically
unfolded states are much alike and only depend on the
solution conditions. In contrast, others (Griko and Kuty-
shenko, 1994; Richardson et al., 2000) observed structural
and thermodynamic differences between the cold and heat
denaturation processes. Similarly this question arises for
pressure versus temperature effects.

The role of water as the molecular basis for the cold
unfolding of proteins has been emphasized (Huang and Oas,
1996). A similar model has been proposed for the pressure
unfolding on the basis of high-pressure molecular dynamics
calculations by Wroblowski et al. (1996). It is suggested
that the water that is forced into the protein interior by the
increasing pressure eventually breaks the structure apart
(Hummer et al., 1998). Vidugiris and Royer (1998) deter-
mined the volume changes for pressure-induced transitions
of apomyoglobin. They concluded that a hydrophobic
model as such could not explain the pressure and cold
unfolding.
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In this paper we study the cold unfolding of myoglobin
and compare it with the pressure and heat unfolding as
observed with Fourier transform infrared spectroscopy. This
paper is organized as follows. First, the infrared vibrations
of interest are described, and the native state is character-
ized. Then we discuss the cold, pressure, and heat unfolding
and investigate the aggregation behavior of the different
unfolded states. The aggregation phenomenon is of growing
interest because of its role in certain molecular diseases
(Booth et al., 1997; Carrell and Gooptu, 1998; Kim et al.,
2000) and biotechnology (Wetzel, 1994; Carpenter et al.,
1999). Finally, we discuss the effect of cold on the pressure-
induced state and of heat on the cold-induced state.

MATERIALS AND METHODS

Sample preparation

Horse heart metmyoglobin was purchased from Sigma (Bornem, Belgium)
and used without further purification. Metmyoglobin was dissolved at 75
mg/mL in 10 mM deuterated TRIS-HCI buffer (p°H 8.2). The pH meter
was calibrated by reference to standard buffers in H,O, and the reading was
corrected for the deuterium isotope effect according to p?’H = pH meter
reading + 0.4. The sample was stored overnight to ensure complete
H/?H-exchange of all solvent accessible protons.

Cold unfolding

Cold unfolding studies were performed at a pressure of ~2 kbar, in which
the phase diagram of water allows the possibility of lowering the temper-
ature down to —20°C before the formation of ice occurs (Bridgman, 1935).
We used a Graseby Specac (Orpington, UK) variable temperature cell in
which the classical temperature cell is replaced with a diamond anvil cell
(Diacell Products, Leicester, UK) that allows measurements at variable
temperatures under pressure. The pressure was increased up to 2 kbar by
means of a membrane that upon expansion by helium gas pushes the
diamond anvils against one another (www.diacell.co.uk). After reaching 2
kbar at room temperature the sample was cooled using a solid carbond-
ioxide-acetone mixture and an automatic temperature controller (Graseby
Specac). Barium sulfate was used as an internal pressure standard (Wong
and Moffat, 1989).

Heat unfolding

Heat unfolding was followed using a temperature cell with CaF, windows
separated by a 50-um teflon spacer, which was placed in a heating jacket
controlled by a Graseby Specac Automatic Temperature Controller.

Pressure unfolding

Pressure unfolding was achieved using a diamond anvil cell, where the
pressure was built up by means of a screw mechanism. Barium sulfate was
used as an internal pressure standard (Wong and Moffat, 1989). The
diamond anvil cell was thermostated at 25°C.

Fourier transform infrared spectroscopy

The infrared spectra were obtained with a Bruker IFS66 Fourier transform
infrared (FTIR) spectrometer equipped with a liquid nitrogen cooled broad
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band mercury-cadmium-telluride solid-state detector. Two-hundred, fifty

interferograms were co-added after registration at a resolution of 2 cm™'.

Fourier self-deconvolution

The overlapping components of the amide I’ band were narrowed by the
Fourier self-deconvolution developed by Kauppinen et al. (1981). The
optimal parameters were determined from the observation of the power
spectrum as described by Smeller et al. (1995a). A resolution enhancement
factor (Kauppinen et al., 1981) of 1.5 was reached using the Lorentzian
band shape of 20 cm ™' bandwidth. A triangular square apodization func-
tion was used (Griffiths and de Haseth, 1986).

Fitting

The secondary structure was determined by fitting the self-deconvoluted
amide 1" band of the spectrum using Gaussian functions (Byler and Susi,
1986; Smeller et al., 1995b). The fitting of component peaks was per-
formed by a program developed in our laboratory, using the Levenberg-
Marquard algorithm (Press et al., 1986).

Transition midpoint determination

The amide I band maximum versus pressure or temperature was fitted by
a sigmoid function to determine the transition midpoint. The sigmoid curve
describes a transition between states where (7, p), the maximal position of
the amide 1" band, depends linearly on temperature or pressure, according
to (T, p) = a + bx far below the transition, and «(7, p) = ¢ + dx far above
the transition. These fitted sigmoid functions are similar to the ones that
could be calculated from the Planck and van’t Hoff relations, but because
in our case the reversibility of the transition cannot be guaranteed, the
thermodynamic parameters of the transition cannot be determined. Only
the transition midpoint of the sigmoid curve is used as a parameter to
characterize the transition.

RESULTS
Structural analysis and assignments

The two protein infrared absorption bands of interest are the
amide I and amide II bands. The amide I band is mainly due
to the C==0 stretching vibration of the backbone chain and
is sensitive to the secondary conformation (Jackson and
Mantsch, 1995). It is a rather broad band, but by Fourier
self-deconvolution and fitting of the spectrum, the compo-
nent peaks can be visualized (Fig. 1). These bands can be
assigned to specific types of secondary structure (Byler and
Susi, 1986; Goossens et al., 1996; Panick et al., 1998). The
assignments used in this work are summarized in Table 1.
Although single wave numbers are given, it should be kept
in mind that these are mean band positions.

The amide II band at 1545 cm ™' is due to the amide
N—H bending vibration (Wong, 1991) and shifts to 1457
cm !, the so-called amide II' band, upon H/*°H-exchange. In
our procedure all the solvent accessible protons will be
exchanged, but the buried ones will remain unexchanged
until the protein unfolds. This will allow further monitoring
of the unfolding process using the amide 1I/II" band.
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FIGURE 1 Original (a) and deconvoluted (b) infrared spectrum of native

myoglobin (1 bar, 25°C) between 1600 and 1700 cm™"'. The inset shows
the fit of the deconvoluted spectrum. Each Gaussian curve can be assigned
to a type of secondary structure.

Finally, a few amino acid side chain vibrations can be
observed outside the region of the amide bands. Myoglobin
contains two tyrosine residues at positions 103 and 146 in
helices G and H, respectively (Evans and Brayer, 1990).
Tyrosine 103 is partially exposed to the solvent, whereas
tyrosine 146 is solvent protected (Fig. 2). The frequency of
the tyrosine ring vibration can be found at 1517 cm™!
(Rahmelow et al., 1998). The band at 1566 cm ' was
attributed by Ismail et al. (1992) to the antisymmetric
COO" stretching vibration of the side chain carboxylate
groups of glutamate. Myoglobin contains 13 glutamate res-
idues evenly distributed over the different helices (Evans
and Brayer, 1990).

Native structure

Fig. 1 shows the amide I’ band of the native myoglobin. Its
main component is the a-helix band at 1650 cm™'. The
a-helix makes up almost three-quarters of the total amount
of secondary structure (Table 2). This corresponds with the
x-ray analysis data of Evans and Brayer (1990), which show
that ~74% of the secondary structure consists of a-helix.

TABLE 1 Assignments of the components of the amide
I" band (Byler and Susi, 1986)

Position (cm™") Secondary structure

1618 Intermolecular B-sheet
1630 Extended chain

1643 Unordered

1653 a-Helix

1668 Turn

1683 Intermolecular 3-sheet

The wavenumbers given are mean positions.
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FIGURE 2 Three-dimensional structure of horse heart myoglobin. Two
tyrosines at positions 103 and 146 are shown. Atomic coordinates are from
the PDB database (Evans and Brayer, 1990; 1YMB). The structure was
designed with MOLSCRIPT (Kraulis, 1991).

Generally the bands at 1624 cm ™' and at 1632 cm ™! are
assigned to B-sheet, whereas the band at 1668 cm ™' is
assigned to turn structure. However, because the x-ray crys-
tal structure of myoglobin indicates that there is no B-sheet
present, Byler and Susi (1986) suggested that these bands
must be associated with extended chains that connect the
helical cylinders rather than with B-structure. On the other
hand, Torii and Tasumi (1992) used model calculations to
show that a-helices might absorb in the region below 1640
cm ™! as well. More recently, it was suggested that solvent
exposed helices absorb between 1630 and 1645 cm ™' (Haris

TABLE 2 Fitted values (in %) for the secondary structures
present in the native (ambient conditions), the heat-unfolded
(90°C), the cold-unfolded (—21°C, 2 kbar), and the pressure-
unfolded (10 kbar) state of myoglobin at pH 8.2, as well as for
the heat, the cold, and the pressure unfolded state after
return to ambient conditions, as determined with

FTIR spectroscopy

a-Helix +  Extended Intermolecular
State random* chain’ Turn* B-sheet®
Native 73.5 15 11.5
Heat unfolded 47.5 14 11.5 27
Heat unfolded’ 47 13 15.5 24.5
Cold unfolded 42 52 6
Cold unfolded” 37.5 49.5 13
Pressure unfolded 32 61 7
Pressure unfolded” 455 455 9

*Band at 1650 cm ™' for a-helix and at 1645 cm™ ' for random structure.
"Band at 1632 and 1624 cm™!

“Band at 1668 cm™".

YBands at 1618 and 1683 cm ™'

TAfter return to ambient conditions (25°C, 1 bar).

The fitting was performed as explained in the Materials and Methods
section.
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FIGURE 3 (4) Stacked plot of the deconvoluted 1600 to 1700 cm ™'
region of myoglobin upon cold unfolding. The sequence of the spectra is
from bottom to top. All spectra were taken at 2 kbar except for the bottom
[a] and top [d] spectrum, which are taken at atmospheric pressure and 20°C
before and after the cold unfolding, respectively. The temperatures at
which each spectrum was taken are 20, 15, 11, 5, 0, —5, —10, —15, —20,
—25, [b] —28, [c] 10, and [d] 20°C. Spectrum [c] is taken at 2 kbar and
10°C after the cold unfolding. (B) Intensity of the band at 1650 cm ™!
versus decreasing temperature. Dots are the experimental data, and the full
line is the fitted curve.

and Chapman, 1995; Gilmanshin et al., 1997). Comparing
our spectral fitting with the x-ray data, the assignment by
Byler and Susi (1986) agrees well with the crystal structure.

Effect of cooling on the FTIR spectrum

Fig. 3 4 shows the changes in the amide I’ band upon
cooling. The accompanying Fig. 3 B shows that the intensity
of the strong a-helix band at 1650 cm ™', which is present in
the native structure, gradually decreases during cooling. The
transition midpoint can be found at —12.7 = 0.4°C. Con-
comitant with the loss of a-helix the absorbance in the
region of 1620 cm™ ' to 1640 cm ™! increases (Fig. 3 A).
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FIGURE 4 Intensity of the (O) 1566 cm ™' (COO™ stretching of the
glutamate side chain carboxylate groups) and intensity the (A) 1624 cm ™'
(assigned to extended chain) band versus temperature, in the cold unfolding
experiment. The solid line is the fit of the intensity of the 1566 cm ™' band.

This increase is due to the development of the broad-band
characteristic of the unordered structure and a new compo-
nent at 1624 cm™'. The increase of the band at 1624 cm ™!
can be correlated with the increase of the band at 1566
ecm~ ', which is assigned to the antisymmetric COO~
stretching vibration of the carboxylate groups of the gluta-
mate side chains (Fig. 4).

The amide II band does not disappear completely during
the cooling. It can still be seen even on the spectra recorded
at —25°C, which is well below the cold unfolding temper-
ature. This suggests that even in the cold unfolded state not
all the protons are accessible for exchange with D,0O and
that some stable core might still remain.

The tyrosine band does not show any significant fre-
quency shift during the cooling cycle (Fig. 5), which sug-
gests that the tyrosine residues do not become solvent
exposed. Similar observations have been made by Kaposi et
al. (1999) for horseradish peroxidase down to —260°C.

The cold unfolding is not completely reversible (Fig. 3).
We find that return to ambient conditions (1 bar and 20°C)
results in a decrease of the 1632 cm ' area (extended
chain), whereas a distinct band ~1646 c¢cm™ !, probably
representing a more native-like structure, appears (Table 2).
On the other hand the width of the amide I’ band is still the
same as in case of the unfolded state. This suggests that we
are dealing with a heterogeneous ensemble of refolded and
unfolded species.

Pressure dependence of the FTIR spectrum

In Fig. 6 4 the effect of increasing hydrostatic pressure on
the infrared spectra of myoglobin is shown. It can be seen
that at high pressure the amide I’ band converts into a broad
band as the result of a significant loss of a-helix structure
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FIGURE 5 Temperature (O) and pressure (A) dependency of the fre-
quency of the tyrosine band at 1517 cm™'. Black dots indicate the heat
unfolding experiment, white dots the cold unfolding one. Temperature data
(O) should be read from the bottom axis and pressure values (A) from the
top axis.

(1650 cm™ ') and an increase of random structure (1645
cm~ ') (Krimm and Bandekar, 1980; Byler and Susi, 1986).
Furthermore an intensity increase ~1624 and 1632 cm ™!
can be observed. Both are attributed to the formation of the
extended chain structure, which originates from the partial
unfolding of the a-helix structure. The increase of the 1624
cm~ ! band is correlated to the changes of the 1566 cm ™!
band, which also gains intensity and has a red shift upon
pressure increase. A plot of the intensity of the band at 1650
cm™ ! shows a curve with two transitions (Fig. 6 B), sug-
gesting the existence of an intermediate. The respective
transition midpoints (p,,,) are found at 4.03 £ 0.04 and
5.9 = 0.05 kbar.

The pressure dependence of the frequency of the tyrosine
ring vibration at 1517 cm ™' shows a general trend with the
pressure, which can be expected from the compression of
the ring vibrations (Zakin and Hersbach, 1986) (Fig. 5). The
lack of any changes in the band position near the transition
midpoint suggests that the tyrosines do not become solvent
exposed in the pressure unfolded state.

Pressure release causes a decrease of the intensity ~1632
cm™ ! and the appearance of a distinct band ~1648 cm ™!,
typical of the native protein (Fig. 6 A). Nevertheless a
significant amount of extended chain remains present at 1
bar (Table 2). This indicates that the pressure unfolding is
only partially reversible.

Temperature dependence of the FTIR spectrum

At ambient conditions the amide I’ band is dominated by the
a-helix band at 1650 cm ™' as can be seen in Fig. 7 A.
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FIGURE 6 (4) Stacked plot of the changes with pressure of the decon-
voluted 1600 to 1700 cm ™' region of the IR spectrum of myoglobin. The
sequence of the spectra is from bottom to top. Spectra were taken at 0.7,
1.3, 1.8,2.6,3.2,39,4.1,4.6,49, 5.1, 5.6, 5.8, 6.2, 6.6, 7.2, 8.1, 9, and
10 kbar, respectively. The spectrum at the top is taken at 1 bar after
decompression. (B) The intensity of the a-helix band at 1650 cm™' versus
pressure. The dots represent the experimental data, and the full line is the
fitted curve.

Above the unfolding temperature, this component disap-
pears and the formation of a broad band is observed in the
region between 1620 and 1680 cm™'. As can be seen in
Table 2 this is a mixture of ordered and random structure.
Plotting the intensity of the band at 1650 cm™' versus
temperature, a sigmoidal curve is found with a midpoint
temperature, 7, ,,, at 72.3 * 0.04°C (Fig. 7 B). The broad-
ening is accompanied by the appearance of two new bands
at 1618 and 1683 c¢cm™!, characteristic of intermolecular
antiparallel B-sheet aggregation (Ismail et al., 1992; Mar-
tinez et al., 1996; Dong et al., 2000; Damaschun et al.,
2000). These bands are formed in the beginning of the
transition region and gain intensity as the temperature fur-
ther increases. Formation of these bands is correlated with

Biophysical Journal 82(5) 2635-2644
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FIGURE 7 (A4) Stacked plot of the deconvoluted IR spectra of myoglo-
bin between 1600 and 1700 cm~ ' with increasing temperature. The se-
quence of the spectra is from bottom to top with respective temperatures of
20, 25, 30, 35, 40, 45, 50, 55, 60, 62, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73,
74, 75, 80, 85, and 90°C. The top spectrum is taken at ambient conditions
after cooling. (B) The intensity of the band at 1650 cm ™' versus temper-
ature. The dots represent the experimental data, and the full line is the fitted
curve.

the partial loss of the original secondary structure. However,
we do not observe any change in secondary structure up to
the temperature where the aggregation bands first appear
(70°C, Fig. 7 A). The bands do not disappear after cooling
the sample back to room temperature, but shift ~2 cm™!
toward lower wave numbers. The shift is due to the
strengthening of the hydrogen bonds during the gelation.
Between 60°C and 67°C the amide II band (1545 cm™")
disappears, whereas the intensity of the amide II' band
increases. Fig. 8 shows the ratio of the 1457/1545 cm ™!
bands as a function of temperature, which indicates the
completion of the H/’H-exchange of the hydrogens that
were not solvent accessible in the folded state. This also
implies that the tertiary structure is already lost before the
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FIGURE 8 Ratio of the 1457/1545 cm™! bands versus temperature in-
dicating completion of the H/*H exchange.

observed main transition. Correlated with the intensity ratio
of amide II'/amide II bands, a small down shift of the amide
I band position can also be observed in the temperature
range of 60°C to 70°C, which can also be attributed to the
completion of the exchange.

The tyrosine ring vibration at 1517 cm ™' shifts toward a
lower wave number in a cooperative manner upon unfolding
and concomitant aggregation (Fig. 5). The transition mid-
point can be found at 72.2 = 2.9°C.

Effect of cooling on the pressure
unfolded protein

First the native protein is unfolded by pressure (7 kbar,
one-half hour) and then, after releasing the pressure to 2
kbar, we cool the system to a temperature well below the
transition temperature of the cold unfolding (—25°C). The
conformation that was obtained after the pressure treatment
remains unaffected by the cooling. Only a small reversible
intensity change in the 1632 to 1624 cm™ ' region of the
amide I’ band is observed. When conditions return to am-
bient, a small shift of the amide I’ band maximum toward
higher wave numbers is observed.

Effect of heating on the cold unfolded protein

Myoglobin is first subjected to a cold unfolding (2 kbar,
—19°C). After return to 20°C and a pressure below 0.5
kbar a heat unfolding at this pressure is performed. The
main observation here is the appearance of the band at
1618 cm ™! at 32°C and its further intensity increase upon
increasing temperature (Fig. 9). At 78°C the midpoint
T\, of the main transition is observed, which is accom-
panied by a strong growth of the bands at 1618 and 1683
cm ™', The band at 1683 ¢cm ™' could not be observed
before the main transition, probably due to its lower
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FIGURE 9 Area of the 1618 cm ™' band versus temperature when heat-
ing the previously cold unfolded (—19°C, 2 kbar for 15 min) myoglobin.

intensity compared with the 1618 cm ™' band (Ismail et
al., 1992; Martinez et al., 1996; Dong et al., 2000;
Damaschun et al., 2000). This observation suggests that
part of the cold unfolded molecules already aggregates at
moderate temperatures well below the temperature ob-
served for the untreated protein (74°C). As the tempera-
ture increases the molecules further unfold and more
aggregation takes place, giving rise to more intense
bands.

DISCUSSION
Cold unfolding

Nash and Jonas (1997) suggested that for some proteins the
cold unfolded state might resemble an early folding inter-
mediate. Other studies have shown that the cold unfolded
state retains a native-like core structure (Zhang et al., 1995).
In agreement with these findings we show that the cold
unfolded state of myoglobin has a persistent amount of
secondary structure. Furthermore the cold unfolding does
not cause a complete H/’H-exchange of the buried hydro-
gens, nor a change of the tyrosine position (Fig. 5). These
tyrosine residues are part of the H and G helices, respec-
tively, which are the most stable helices and are probably
part of an early folding intermediate as suggested by com-
puter simulations (Floriano et al., 1998). In case of apomyo-
globin the A/G/H helix intermediate has been shown to be
a kinetic folding intermediate (Jennings and Wright, 1993).
Thus, the tyrosine data suggest that a rigid core containing
the helices H and G may remain intact. We conclude that the
cold-induced unfolding results in the formation of a par-
tially unfolded state in which some of the secondary con-
tacts are still present.

2641

Ismail et al. (1992) pointed out that the intensity increase
of the coupled bands at 1566 and 1624 cm ™! is probably
due to reorganization of the hydrogen bonding and the ionic
charges within the protein. The reorganization is thereby
attributed to an increase in the solvent exposed extended
chain conformation and to additional hydrogen bonding
between the amide groups and water molecules. The growth
of these bands is not related to aggregation. This reorgani-
zation might as well explain why we do not observe any
aggregation in the cold unfolding process. The water could
have solvated the hydrophobic patches, thereby avoiding a
preferential protein-protein interaction upon exposure of
these groups to the bulk solvent as a consequence of the
unfolding. This protein-protein interaction could otherwise
cause demixing and protein cross-linking (San Biagio et al.,
1996, 1999).

Our experiments show that the applied pressure plays an
important role in the cold unfolding. Without the pressure-
assistance no cold unfolded state can be obtained because of
the ice formation. Tsuda et al. (1999) have recently assumed
that pressure-assisted experiments rather reflect the effect of
pressure than that of low temperature. We think this to be
quite unlikely. First, from the phase diagram for the stability
of proteins it can be expected that pressure shifts the cold
unfolding transition to a higher temperature (Heremans and
Smeller, 1998). In this respect pressure is acting like urea,
bringing the cold transition within a reasonable experimen-
tal temperature range. The latter approach has been used
with other spectroscopic techniques (Huang and Oas, 1996;
Mombelli et al., 1997). Second, a thermodynamic analysis
of the stability phase diagram shows that the high pressure-
and the low temperature-induced unfolding are both driven
by negative volume changes (Heremans and Smeller, 1998).
This fact provides a theoretical basis for the observed sim-
ilarities between the pressure and the cold unfolded states.
The stability diagram also shows that the heat unfolding is
driven by positive entropy changes. Thus, the thermody-
namic parameters of the heat unfolding provide a basis for
the differences between unfolding due to heat on the one
hand and pressure and cold on the other hand.

Pressure unfolding

Pressure unfolding is found to proceed in a similar way as
cold unfolding. Both processes result in a partially unfolded
structure, which still consists of a significant amount of
secondary structure (~50%) (Table 2). However, it should
be emphasized that although they are similar, they are
definitely not identical. As can be seen from Table 2 more
extended chain is formed under pressure.

Molecular dynamics calculations by Floriano et al.
(1998) predicted a pressure unfolding mechanism in which
a molten globule state is formed at 7 kbar. This is the
pressure at which we find the pressure unfolding to have
come to an end (Fig. 6 B). The molten globule was charac-
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terized by a percentage of secondary structure (a-helix)
between 30 and 40% and with less intrachain hydrogen
bonds than in the native state (Floriano et al., 1998). Given
the fact that there have been changes in secondary structure
it would be better to refer to this state as a partially unfolded
state in which a rigid core made up of the H and G helices
is still present. Similarly, pressure denaturation of apomyo-
globin was recently shown to result in the formation of an
intermediate state in which a core consisting of the A/G/H
helices is conserved (Bondos et al., 2000). However, it was
possible to further denature this intermediate at higher pres-
sures (~5 kbar).

The spectral changes upon decompression indicate that
decompression gives rise to a conformation that differs from
that of the pressure unfolded state. Table 2 shows that there
is an increase in the amount of unordered structure and
a-helix during decompression. This result is in contradic-
tion to the work of Zipp and Kauzmann (1973) who ob-
served a completely reversible pressure unfolding. A pos-
sible explanation for this is the fact that the protein
concentration in our FTIR experiments is two orders of
magnitude higher than in the case of absorption spectros-
copy experiments (Zipp and Kauzmann, 1973). One could
speculate that due to these high concentrations aggregation
might occur during refolding. However, we have no evi-
dence for such aggregation.

Heat unfolding

According to the classical idea, the heat unfolding leads to
the complete loss of secondary structure, but several studies
(Zhang et al., 1995; Holzbaur et al., 1996) have shown that
the heat unfolded state consists of a persistent amount of
secondary structure. In our experiments we observe that the
unfolding is accompanied by aggregation without the pre-
ceding population of an intermediate. The aggregation is
reflected by the IR spectroscopy in the formation and
growth of two new bands at 1618 and 1683 cm ™', which are
characteristic for intermolecular antiparallel B-sheet aggre-
gation (Ismail et al., 1992; Martinez et al., 1996; Dong et al.,
2000; Damaschun et al., 2000). It is the result of a kinetic
competition between the unfolded state and an off-pathway
aggregate. Due to the high protein concentrations often used
in FTIR experiments the aggregation process is often fa-
vored. However, it is noteworthy that certain proteins do not
exhibit these bands upon heat unfolding (Fabian and
Mantsch, 1995; Panick et al., 1998; Dong et al., 2000;
Panick and Winter, 2000). This indicates that the formation
of an aggregate is still dependent on the dynamics of the
investigated protein.

Although there are no structural clues for the existence of
an intermediate from the amide I’ band, the H/’H-exchange
suggests some mechanism for the observed transformation
of a-helix into intermolecular B-sheet. Completion of the
exchange not only implies the loss of tertiary structure, but
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it also requires a local or global unfolding of the secondary
structure (Englander et al., 1996; Englander, 2000). This
suggests that the helices are unfolded into random coil
structure, which then can aggregate. The absence of any
structural changes in the amide 1" band before the appear-
ance of the aggregation bands suggests the assumption that
in the case of myoglobin a local unfolding takes place that
triggers the aggregation in a cooperative manner. The be-
havior of the tyrosine vibration is in contrast to earlier FTIR
observations where the tyrosine peak was found to shift to
higher wave numbers upon unfolding (Fabian et al., 1993;
Panick and Winter, 2000). Such a shift is explained by the
fact that the tyrosine side chain experiences less strong
hydrogen bonding when exposed to the solvent than when
buried in the protein interior. Our finding suggests that the
tyrosine residues are involved in the aggregation, thereby
experiencing stronger hydrogen bonding with neighboring
groups. This implies that, in contrast to cold and pressure
unfolding, the helices G and H become disrupted during the
aggregation.

Unfolding and aggregation

Recently, the effect of heating on the pressure unfolded state
of myoglobin was investigated (Smeller et al., 1999). It was
found that a pressure treatment of the protein at room
temperature significantly lowered the aggregation tempera-
ture. This led to the conclusion that the formation of an
aggregate stabilized by hydrogen bonds requires a partially
unfolded protein and a certain temperature. Likewise,
Ferrao-Gonzales et al. (2000) demonstrated that a pressure
treatment of native transthyretin could convert the protein
into its amyloidogenic state. They referred to the pressure
unfolded state as the preaggregated state.

The effect of cooling on the pressure unfolded protein
shows that the pressure unfolded state is stable even at low
temperatures. This supports the idea that pressure and cold
affect the protein in a similar manner. The small intensity
change in the spectrum is probably due to the changing
water structure upon cooling. In contrast, heating of the cold
pretreated protein results in the early formation of the 1618
cm™ ! band. Such an effect was also observed for the pres-
sure pretreated protein by Smeller et al. (1999). This also
leads to the assumption that pressure and cold are similar
ways of unfolding, yielding partially unfolded states with a
high amount of extended chain. It is consistent with the
view that an intermediate conformation is formed during the
cold or pressure unfolding that has a strong tendency to
aggregate at moderate temperatures. These moderate tem-
peratures are sufficient to induce a further conformational
change leading to aggregation. Our results are in agreement
with recent work by Dobson and co-workers (Fandrich et
al., 2001), who showed that under conditions that destabi-
lize the native fold, apomyoglobin is capable of aggregating
into fibrils.



Unfolding and Aggregation of Myoglobin

To summarize our comparison of the cold, heat, and
pressure unfolding of myoglobin, we show that the cold and
pressure unfolded states are only partially unfolded and that
a rigid core of the G and H helices is maintained. In this
respect these states resemble early folding intermediates.
These states have a high content of extended chain (50—
60%) and ecasily aggregate at moderate temperatures. In
contrast, the heat unfolding readily leads to aggregation
whereby almost 30% of helix is transformed into intermo-
lecular B-sheet, whereas the amount of extended chain
remains unchanged. Thus, we show for myoglobin that the
cold, pressure, and heat unfolding do not follow the same
pathway.

The results presented in this paper were obtained with the support from the
Research Fund of the K.U. Leuven, F.W.O. Flanders, Belgium, and the
European Community (FAIR CT 96-1175). L.S. thanks MTA and FWO for
travel grants and the Hungarian Scientific Research Fund OTKA T032117
for support.

REFERENCES

Bondos, S. E., S. Sligar, and J. Jonas. 2000. High-pressure denaturation of
apomyoglobin. Biochim. Biophys. Acta. 1480:353-364.

Booth, D. R., M. Sunde, V. Bellotti, C. V. Robinson, W. L. Hutchinson,
P. E. Fraser, P. N. Hawkins, C. M. Dobson, S. E. Radford, C. C. F.
Blake, and M. B. Pepys. 1997. Instability, unfolding and aggregation of
human lysozyme variants underlying amyloid fibrillogenesis. Nature.
385:787-793.

Brandts, J. F. 1969. Conformational transitions of proteins in water and in
aqueous mixtures. /n Structure and Stability of Biological Macromole-
cules, vol. 2. S.N. Timasheff and G. D. Fasman, editors. Marcel Dekker,
New York. p 213.

Bridgman, P. W. 1935. The pressure-volume-temperature relations of the
liquid, and the phase diagram of heavy water. J. Chem. Phys.
3:597-605.

Byler, D. M., and H. Susi. 1986. Examination of the secondary structure of
proteins by deconvolved FTIR spectra. Biopolymers. 25:469—487.

Carpenter, J. F., B. S. Kendrick, B. S. Chang, M. C. Manning, and T. W.
Randolph. 1999. Inhibition of stress-induced aggregation of protein
therapeutics. Methods Enzymol. 309:236-255.

Carrell, R. W., and B. Gooptu. 1998. Conformational changes and disease:
serpins, prions and Alzheimer’s. Curr. Opin. Struct. Biol. 8:799—-809.

Damaschun, G., H. Damaschun, H. Fabian, K. Gast, R. Krober, M. Wieske,
and D. Zirwer. 2000. Conversion of yeast phosphoglycerate kinase into
amyloid-like structure. Proteins Struct. Funct. Genet. 39:204-211.

Dong, A., T. W. Randolph, and J. F. Carpenter. 2000. Entrapping inter-
mediates of thermal aggregation in a-helical proteins with low concen-
tration of guanidine hydrochloride. J. Biol. Chem. 275:27689-27693.

Englander, S. W. 2000. Protein folding intermediates and pathways studied
by hydrogen exchange. Annu. Rev. Biophys. Biomol. Struct. 29:213-238.

Englander, S. W., T. R. Sosnick, J. J. Englander, and L. Mayne. 1996.
Mechanisms and uses of hydrogen exchange. Curr. Opin. Struct. Biol.
6:18-23.

Evans, S.V. and G. D. Brayer. 1990. High-resolution study of the three-
dimensional structure of horse heart metmyoglobin. J. Mol. Biol. 213:
885-897.

Fabian, H., and H. H. Mantsch. 1995. Ribonuclease a revisited: infrared
spectroscopic evidence for the lack of native-like secondary structure in
the thermally unfolded state. Biochemistry. 34:13651-13655.

Fabian, H., C. Schultz, D. Naumann, O. Landt, U. Hahn, and W. Saenger.
1993. Secondary structure and temperature-induced unfolding and re-

2643

folding of ribonuclease T, in aqueous solution: a fourier transform
infrared spectroscopic study. J. Mol. Biol. 232:967-981.

Féndrich, M., M. A. Fletcher, and C. M. Dobson. 2001. Amyloid fibrils
from muscle myoglobin. Nature. 410:165-166.

Ferrao-Gonzales, A. D., S. O. Souto, J. L. Silva, and D. Foguel. 2000. The
preaggregated state of an amyloidogenic protein: hydrostatic pressure
converts native transthyretin into the amyloidogenic state. Proc. Natl.
Acad. Sci. U. S. A. 97:6445-6450.

Floriano, W. B., M. A. C. Nascimento, G. B. Domont, and W. A. Goddard.
1998. Effects of pressure on the structure of metmyoglobin: molecular
dynamics predictions for pressure unfolding through a molten globule
intermediate. Prot. Sci. 7:2301-2313.

Gilmanshin, R., S. Williams, R. H. Callender, W. H. Woodruff, and R. B.
Dyer. 1997. Fast events in protein folding: relaxation dynamics of
secondary and tertiary structure in native apomyoglobin. Proc. Natl.
Acad. Sci. U. S. A. 94:3709-3713.

Goossens, K., L. Smeller, J. Frank, and K. Heremans. 1996. Pressure-
tuning spectroscopy of bovine pancreatic trypsin inhibitor: a high pres-
sure FTIR study. Eur. J. Biochem. 236:254-262.

Griffiths, P. R., and J. A. de Haseth. 1986. Fourier transform infrared
spectroscopy. John Wiley and Sons, New York.

Griko, Y. V., and V. P. Kutyshenko. 1994. Differences in the processes of
B-lactoglobulin cold and heat denaturations. Biophys. J. 67:356-363.
Haris, P. 1., and D. Chapman. 1995. The conformational analysis of
peptides using Fourier transform IR spectroscopy. Biopolymers. 37:

251-263.

Hawley, S. A. 1971. Reversible pressure-temperature unfolding of chymo-
trypsinogen. Biochemistry. 10:2436-2442.

Heremans, K., and L. Smeller. 1998. Protein structure and dynamics at
high pressure. Biochim. Biophys. Acta. 1386:353-370.

Holzbaur, 1. E., A. M. English, and A. A. Ismail. 1996. FTIR study of the
thermal denaturation of horseradish and cytochrome ¢ peroxidases in
D,0. Biochemistry. 35:5488—-5494.

Huang, G. S., and T. G. Oas. 1996. Heat and cold unfolded states of
monomeric A repressor are thermodynamically and conformationally
equivalent. Biochemistry. 35:6173—6180.

Hummer, G., S. Garde, A. E. Garcia, M. E. Paulaitis, and L. R. Pratt. 1998.
The pressure dependence of hydrophobic interactions is consistent with
the observed pressure unfolding of proteins. Proc. Natl. Acad. Sci.
U. S. 4. 95:1552-1555.

Ismail, A. A., H. H. Mantsch, and P. T. T. Wong. 1992. Aggregation of
chymotrypsinogen: portrait by infrared spectroscopy. Biochim. Biophys.
Acta. 1121:183-188.

Jackson, M., and H. H. Mantsch. 1995. The use and misuse of FTIR
spectroscopy in the determination of protein structure. Crit. Rev. Bio-
chem. Mol. Biol. 30:95-120.

Jennings, P. A., and P. E. Wright. 1993. Formation of a molten globule
intermediate early in the kinetic folding pathway of apomyoglobin.
Science. 262:892—-896.

Jonas, J., L. Ballard, and D. Nash. 1998. High-resolution, high-pressure
NMR studies of proteins. Biophys. J. 75:445—-452.

Kaposi, A. D., J. Fidy, E. S. Manas, J. M. Vanderkooi, and W. W. Wright.
1999. Horseradish peroxidase monitored by infrared spectroscopy: effect
of temperature, substrate and calcium. Biochim. Biophys. Acta. 1435:
41-50.

Kauppinen, J. K., D. J. Moffat, H. H. Mantsch, and D. G. Cameron. 1981.
Fourier self-deconvolution: a method for resolving intrinsically over-
lapped bands. Appl. Spectrosc. 35:271-276.

Kim, Y., J. S. Wall, J. Meyer, C. Murphy, T. W. Randolph, M. C. Manning,
A. Solomon, and J. F. Carpenter. 2000. Thermodynamic modulation of
light chain amyloid fibril formation. J. Biol. Chem. 275:1570—1574.

Kraulis, P. J. 1991. MOLSCRIPT: a program to produce both detailed and
schematic plots of protein structures. J. Appl. Cryst. 24:946-950.

Krimm, S., and J. Bandekar. 1980. Vibrational spectroscopy and confor-
mation of peptides, polypetides and proteins. Biopolymers. 19:1-29.

Martinez, A., J. Haavik, T. Flatmark, J. L. R. Arrondo, and A. Muga. 1996.
Conformational properties and stability of tyrosine hydroxylase studied

Biophysical Journal 82(5) 2635-2644



2644

by infrared spectroscopy: effect of iron/catecholamine binding and phos-
phorylation. J. Biol. Chem. 271:19737-19742.

Mombelli, E., M. Afshar, P. Fusi, M. Mariani, P. Tortora, J. P. Connelly,
and R. Lange. 1997. The role of Phe31 in maintaining the conforma-
tional stability of ribonuclease P2 from Sulfolobus solfactarius under
extreme conditions of temperature and pressure. Biochemistry. 36:
8733-8742.

Nash, D. P., and J. Jonas. 1997. Structure of the pressure-assisted cold
unfolded state of ubiquitin. Biochem. Biophys. Res. Commun. 238:
289-291.

Oliveira, A. C., D. Ishimaru, R. B. Goncalves, T. J. Smith, P. Mason, D.
Sa-Carvalho, and J. L. Silva. 1999. Low temperature and pressure
stability of picornaviruses: implications for virus uncoating. Biophys. J.
76:1270—1279.

Panick, G., R. Malessa, R. Winter, G. Rapp, K. J. Frye, and C. A. Royer.
1998. Structural characterization of the pressure-unfolded state of staph-
ylococcal nuclease by synchrotron small-angle x-ray scattering and
Fourier-transform infrared spectroscopy. J. Mol. Biol. 275:389—402.

Panick, G., J. A. Vidugiris, R. Malessa, G. Rapp, R. Winter, and C. A.
Royer. 1999. Exploring the temperature-pressure phase diagram of
Staphylococcal nuclease. Biochemistry. 38:4157—4164.

Panick, G., and R. Winter. 2000. Pressure-induced unfolding/refolding of
ribonuclease a: static and kinetic Fourier transform infrared spectros-
copy study. Biochemistry. 39:1862—1869.

Press, W. H., B. P. Flannery, S. A. Teukolsky, and W. T. Vetterling. 1986.
Numerical Recipes: The Art of Scientific Computing, Chapter 12.6.
Cambridge University Press, Cambridge.

Privalov, P. L. 1990. Cold unfolding of proteins. Crit. Rev. Biochem. Mol.
Biol. 25:281-305.

Privalov, P. L., Yu. V. Griko, and S. Yu. Venyaminov. 1986. Cold
unfolding of myoglobin. J. Mol. Biol. 190:487—498.

Rahmelow, K., W. Hiibner, and Th. Ackermann. 1998. Infrared absor-
bances of protein side chains. Anal. Biochem. 257:1-11.

Richardson, I. I. I., J. M., S. D. Lemaire, J.-P. Jacquot, and G. I. Makhat-
adze. 2000. Difference in the mechanisms of the cold and heat induced
unfolding of thioredoxin 4 from Chlamydomonas reinhardtii: spectro-
scopic and calorimetric studies. Biochemistry. 39:11154—-11162.

San Biagio, P. L., D. Bulone, A. Emanuele, and M. U. Palma. 1996.
Self-assembly of biopolymeric structures below the threshold of random
cross-link percolation. Biophys. J. 70:494—499.

Biophysical Journal 82(5) 2635-2644

Meersman et al.

San Biagio, P. L., V. Martorana, A. Emanuele, S. M. Vaiana, M. Manno,
D. Bulone, M. B. Palma-Vittorelli, and M. U. Palma. 1999. Interacting
processes in protein coagulation. Proteins Struct. Funct. Genet. 37:
116-120.

Smeller, L., K. Goossens, and K. Heremans. 1995a. How to minimize
certain artifacts in Fourier self-deconvolution. Appl. Spectrosc. 49:
1538-1542.

Smeller, L., K. Goossens, and K. Heremans. 1995b. Determination of the
secondary structure of proteins at high pressure. Vib. Spectrosc.
8:199-203.

Smeller, L., P. Rubens, and K. Heremans. 1999. Pressure effect on the
temperature induced unfolding and tendency to aggregate of myoglobin.
Biochemistry. 38:3816-3820.

Torii, H., and M. Tasumi. 1992. Model calculations on the amide-I infrared
bands of globular proteins. J. Chem. Phys. 96:3379-3387.

Tsuda, S., A. Miura, S. M. Gagné, L. Spyracopoulos, and B. D. Sykes.
1999. Low-temperature-induced structural changes in the apo regulatory
domain of skeletal muscle troponin C. Biochemistry. 38:5693-5700.

Vidugiris, G. J. A., and C. A. Royer. 1998. Determination of the volume
changes for pressure-induced transitions of apomyoglobin between the
native, molten globule, and unfolded states. Biophys. J. 75:463—470.

Wetzel, R. 1994. Mutations and off-pathway aggregation of proteins.
Trends Biotechnol. 12:193—198.

Wong, P. T. T. 1991. Pressure effect on hydrogen isotope exchange
kinetics in chymotrypsinogen investigated by FTIR-spectroscopy. Can.
J. Chem. 69:1699—1704.

Wong, P. T. T, and D. J. Moffat. 1989. A new internal pressure calibrant
for high-pressure infrared spectroscopy of aqueous systems. Appl.
Spectr. 43:1279-1281.

Wroblowski, B., J. F. Diaz, K. Heremans, and Y. Engelborghs. 1996.
Molecular mechanisms of pressure induced conformational changes in
BPTI. Proteins Struct. Funct. Genet. 25:446—455.

Zakin, M. R., and D. R. Hersbach. 1986. Vibrational frequency shifts
induced by molecular compression of pyridine in solution. J. Chem.
Phys. 85:2376-2383.

Zhang, J., X. Peng, A. Jonas, and J. Jonas. 1995. NMR study of the cold,
heat, and pressure unfolding of ribonuclease A. Biochemistry. 34:
8631-8641.

Zipp, A., and W. Kauzmann. 1973. Pressure unfolding of metmyoglobin.
Biochemistry. 12:4217—-4228.



	Comparative Fourier Transform Infrared Spectroscopy Study of Cold-, Pressure-, and Heat-Induced Unfolding and Aggregation of Myoglobin
	Introduction
	Materials and methods
	Sample preparation
	Cold unfolding
	Heat unfolding
	Pressure unfolding
	Fourier transform infrared spectroscopy
	Fourier self-deconvolution
	Fitting
	Transition midpoint determination

	Results
	Structural analysis and assignments
	Native structure
	Effect of cooling on the FTIR spectrum
	Pressure dependence of the FTIR spectrum
	Temperature dependence of the FTIR spectrum
	Effect of cooling on the pressureunfolded protein
	Effect of heating on the cold unfolded protein

	Discussion
	Cold unfolding
	Pressure unfolding
	Heat unfolding
	Unfolding and aggregation

	Acknowledgement
	References


