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Abstract

Pressure-induced unfolding of a molten globule (MG) was studied in a residue-specific manner with 'H-""N
two-dimensional NMR spectroscopy using a variant of human a-lactalbumin (a-LA), in which all eight
cysteines had been replaced with alanines (all-Ala a-LA). The NMR spectrum underwent a series of changes
from 30 to 2000 bar at 20°C and from —18°C to 36°C at 2000 bar, showing a highly heterogeneous unfolding
pattern according to the secondary structural elements of the native structure. Unfolding began in the loop
part of the 3-domain, and then extended to the remainder of the 3-domain, after which the a-domain began
to unfold. Within the a-domain, the pressure stability decreased in the order: D-helix ~ 3,,-helix > C-
helix ~ B-helix > A-helix. The D-helix, C-terminal 3,,-helix and a large part of B- and C-helices did not
unfold at 2000 bar, even at 36°C or at —18°C. The results verify that the MG state consists of a mixture of
variously unfolded conformers from the mostly folded to the nearly totally unfolded that differ in stability
and partial molar volume. Not only heat but also cold denaturation was observed, supporting the view that
the MG state is stabilized by hydrophobic interactions.
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A protein in solution is a dynamic entity, able to adopt a
variety of conformation between the native (N) and the fully
denatured (U) states. One of the conformations frequently
observed in globular proteins under mildly denaturing con-
ditions is a compact denatured state, sometimes called the
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molten globule (MG), defined as a state with native-like
secondary structure, but lacking fixed side-chain packing
(Dolgikh et al. 1981; Ohgushi and Wada 1983). Although
different views are expressed over the term “molten glob-
ule,” we retain this term for the compact denatured state that
we deal with in the present report (Kuwajima 1989). The
polypeptide chain in a MG is only loosely packed, typically
showing a radius of gyration (R,) of ~10% larger than the
corresponding R, for the native state (Kataoka et al. 1997,
Kamatari et al. 1999). The polypeptide chain must be hy-
drated, but the state of hydration should be different from
that of the fully unfolded state U, and spatial heterogeneity
in hydration is also possible. As its chain fold is loose, it
must have ample motions leading to fluctuating packing
density and volume fluctuations. Thus, the partial molar
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volume and compressibility are of general concern for the
MG state (Chalikian et al. 1995; Kharakoz 1997). In accor-
dance with this, molten globules generally give a poorly
resolved and broadened 'H NMR spectra and weak or no
signals in 'H-'’N two-dimensional HSQC NMR spectra;
this is considered to arise from the heterogeneous polypep-
tide conformations which exchange with life times on the
order of ~mseconds (Baum et al. 1989).

Typical molten globules are found in vitro at low pH
(Ohgushi and Wada 1983; Ptitsyn 1991; Ptitsyn and Uver-
sky 1994) and often with high salt concentration. They are
also found in the presence of alcohol (Kamatari et al. 1998,
1999). Molten globules have also been found as transient
intermediates in protein folding when starting from a highly
denatured state such as that produced in the presence of a
high concentration of a denaturant (Ptitsyn 1995). Under
physiologic conditions, the molten globule is more stable
than the unfolded state, probably as a result of residual
hydrophobic interactions. This view is supported partly by
the observation of cold denaturation of the MG in some
proteins (Gursky and Atkinson 1996; Maldonado et al.
1998). Generally, MG-like structures are often considered
to be produced in cold denaturation (Ptitsyn 1995), in heat
denaturation (Chattopadhyay and Mazumdar 2000), or in
pressure denaturation (Zhang et al. 1995; Ruan et al. 1997,
Jonas et al. 1998; Lassalle et al. 2000; Kitahara et al. 2002).
In living cells, the MG state is likely to be present in equi-
librium with the native state, and may be actively involved
in various biologic processes such as targeting, transport,
and aggregation (Bychkova and Ptitsyn 1993).

In the present study, our purpose is to examine the MG
state through volumetric properties using high-pressure
NMR. First of all, we would like to know if pressure alone
can unfold the MG. This would simply tell us whether the
partial molar volume of the MG is larger or smaller than that
of the unfolded state, U, and may provide information about
the hydration and chain packing. We are also interested in
knowing details of cooperativity in the MG — U transition.
The nature of interactions that stabilize the MG is also of
interest. As a protein system, we choose all-Ala a-LA,
namely human a-lactalbumin (a-LA) in which all of its
eight cysteine residues forming the four disulfide bridges
have been replaced with alanines (Peng et al. 1995). In a
previous study carried out at 1 bar, all-Ala a-LA at pH 2
was shown to form a typical molten globule with a hydro-
dynamic radius of 2.17 nm close to that (1.97 nm) of the
native conformer (Redfield et al. 1999). It lacks close pack-
ing of the side chains, and has a native-like helical content
and a bipartite structure, with the «-helical domain ex-
panded but adopting a native-like fold and the -domain
partially unfolded, similar to the A-state of a-LA (Alexan-
drescu et al. 1993; Chyan et al. 1993; Wu et al. 1995;
Schulman et al. 1997; Troullier et al. 2000). In this previous
study, urea-induced unfolding of the MG of all-Ala o-LA

was followed with "H-'N 2D HSQC NMR spectroscopy,
demonstrating noncooperative unfolding behavior of this
MG (Redfield et al. 1999). Here, we use pressure as a new
perturbant and examine the pressure response of the MG
state in a residue-specific manner using 'H-'>N 2D HSQC
NMR spectroscopy.

The special feature of using pressure as a perturbant, in
comparison with temperature or chemical perturbation, is
understood straightforwardly in the following. The Gibbs
energy determining the thermodynamic equilibrium among
different conformers of a protein in solution is driven by
pressure according to the following relation,

AO——lA—ZAO—A 1
Vi(p = po) —5Ak(p —po)” + AG = AG, (1

where AG® and AV° are differences in the Gibbs energy and
partial volume at 1 bar, respectively, and Ak denotes the
difference in compressibility. Pressure simply changes the
conformational equilibrium by acting on volumetric prop-
erties, while denaturants such as urea and GdnHCI directly
perturb the interaction energy and entropy embedded in
AG® and change the conformation (Wu and Wang 1999;
AbouAiad et al. 1997). That is, pressure drives the equilib-
rium to increase the population of the lower volume con-
former relative to the higher volume conformer (Weber and
Drickamer 1983; Inoue et al. 2000). If conformers with
different partial molar volumes coexist but are hidden in the
system, applying pressure may disclose their presence.

Results

Pressure-induced changes in
ISN-'H HSQC 2D NMR spectra

Figure 1 shows fully reversible 'N-'H HSQC spectral
changes of all-Ala a-LA (pH 2) under various conditions of
temperature and pressure. All-Ala a-LA has 124 residues,
of which 121 backbone amide groups are potentially ob-
servable as cross-peaks in the HSQC spectrum. We note that
at 20°C at 30 bar, only 16 cross-peaks are observed in the
narrow region of 7.8 ppm-8.5 ppm for 'H. Under similar
conditions (pH 2, 1 bar), 37 cross-peaks were previously
observed (Redfield et al. 1999). The difference between the
two experiments is attributable to the lower signal-to-noise
ratio due to a small sample volume (~20 wL) in the active
part of the high pressure cell; the 16 peaks observed here are
the most intense peaks observed in the previous study (Red-
field et al. 1999). The loss of intensity of many cross-peaks
(105 peaks remain undetected) has been considered typical
for a molten globule due to the restriction of mobility of its
disordered but compact polypeptide chain (Baum et al.
1989; Schulman et al. 1997). The region of the polypeptide
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Figure 1. '"N-'H HSQC-spectra of all-Ala a-lactalbumin (pH 2) as a function of pressure and temperature (20°C, 36°C, or —18°C).

chain giving rise to the 16 cross-peaks is less restricted in its
mobility, due to local unfolding, giving observable signals
even though the majority of the chain is in the compact
molten globule state.

In 8 M urea, cross-peaks from all residues of all-Ala
a-LA are observable in the HSQC spectrum, and have been
assigned to specific amino acid residues using a three-di-
mensional '’N-edited NOESY-HSQC experiment (Redfield
et al. 1999). The 16 cross-peaks observed at 20°C at 30 bar
were assigned to specific amino acid residues by compari-
son with the spectrum collected in the absence of urea in the
previous study (Redfield et al. 1999). These are localized to
the N-terminus and the loop part of the (3-domain (Fig. 2),
indicating that these regions are locally unfolded; this is
consistent with the earlier finding that the 3-domain is more
unstructured than the a-domain in the a-LA MG (Schulman
et al. 1997; Redfield et al. 1999).

The number of observable cross-peaks increased as pres-
sure was increased to 2000 bar at 20°C (Fig. 1), showing
increased unfolding of the chain. At 1000 bar, 32 cross-
peaks were detected, out of which 26 peaks were assigned
to residues in the (-domain (Fig. 2). The remaining six
peaks belong to the a-domain, including the three N-termi-
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nal residues. Thr 33 is located at the end of the B-helix and
Tyr 36 and Thr 38 in the loop linking the B-helix to the
3-domain. By increasing the pressure to 1500 bar, 42 cross-
peaks became observable; the 10 additional peaks are as-
signed to residues in the B-domain (Fig. 2). A further in-
crease of pressure to 2000 bar led to the appearance of only
two more signals assignable to residues in the (-domain
(Fig. 2). Many of these additional peaks correspond to the
weaker peaks observed at 1 bar and 20°C in a previous
study (Redfield et al. 1999). In summary, at 2000 bar signals
from 90% (36 residues) of the B-domain were observed,
whereas only 8.4% (residues) of the signals were detected
from the a-domain, showing that the unfolding was still not
complete.

When we increased the temperature to 36°C at 2000 bar,
66 peaks became visible in the HSQC spectrum (Fig. 2).
The increase in the number of peaks with increasing tem-
perature can arise from thermal unfolding of the MG, but
may also result from a sharpening of peaks due to decreased
solvent viscosity or from an increase in the rate of intercon-
version within the family of conformers defining the MG
(Kim et al. 1999). Cross-peaks from all the residues of the
[B-domain were observed at 36°C. Twenty-five cross-peaks
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Figure 2. Histograms showing the stepwise appearance of the '"N-'H
HSQC cross-peaks of all-Ala a-lactalbumin (pH 2) as a function of pres-
sure and temperature. The height of the bar indicates the pressure at which
the cross-peak first appears. Cross-peaks are visible from residues 1, 2,
63-66, 68-76, 78 (16 peaks) at 30 bar, 20°C; from residues 1-3, 33, 36, 38,
41, 4449, 61-66, 68-80 (32 peaks) at 1000 bar, 20°C; from residues 1-3,
33, 36-39, 41, 43-52, 57-66, 68-80 (42 peaks) at 1500 bar, 20°C; from
residues 1-3, 33, 36-52, 57-66, 68-80 (44 peaks) at 2000 bar, 20°C; from
residues 1-5, 7, 9-10, 13-14, 21, 33-66, 68-87, 102 (66 peaks) at 2000
bar, 36°C.
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were observed from the a-domain, corresponding to 30%
unfolding of the a-domain. The majority (15 peaks) of the
a-domain signals arises from loop regions, particularly
those linking the a-domain to the (B-domain. Ten peaks
originate from helical regions; six from the A-helix (Lys 5,
Glu 7, Ser 9, GIn 10, Lys 13, and Asp 14), two from the end
of the B-helix (Thr 33, Ser 34), and two from the beginning
of the C-helix (Thr 86, Asp 87), immediately adjacent to the
loops that connect the a-domain to the (3-domain. No cross-
peaks were observed from the D- and C-terminal 3, helices
or for the central parts of the B- and C-helices at 36°C at
2000 bar, indicating that these helices constitute the most
stable part of the protein.

Additional cross-peaks are also observed when the tem-
perature is lowered from 20°C to —18°C at 2000 bar (Fig. 1).
At 1 bar, the number of peaks observed is found to decrease
as the temperature is lowered from 20°C to 10°C (unpub-
lished). The increase in the number of observed peaks at
—18°C may be an indication of cold denaturation of the MG
at high pressure. Unfortunately, site-specific assignments of
these signals could not be made, because of the large low
field shifts of all the cross-peaks in both 'H and '°N. How-
ever, the spectra in Figure 1 indicate possible structural
differences between the heat- and cold-denaturated states.

The unfolding events observed for the MG are shown
schematically in a graphic illustration on the native structure
of a-LA in Figure 3, in which progressive unfolding is

I
30 bar 1000 bar

T 1 -
1500 bar 2000 bar

Figure 3. Schematic illustration of the gradual unfolding of the molten globule of all-Ala a-lactalbumin (pH 2) with increasing
pressure, drawn on the native structure of a-lactalbumin. Ribbons show residues whose signals are visible in the '>N-"H HSQC spectra.
The colors indicate the pressure at which the signal begins to appear (red: 30 bar; green: 1000 bar; violet: 1500 bar; cyan: 2000 bar;
blue: 2000 bar at —18°C or 36°C). Balls represent residues invisible in the '>N-'H HSQC-spectra.
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shown by the ribbon representation of parts of the structure.
It must be emphasized that the phenomenon is reversible
with pressure and temperature and that all measurements
were done in equilibrium defined by Equations 1 or 2.

Pressure-induced changes in
'"H and >N chemical shifts

Pressure-induced chemical shift changes of amide 'H and
>N chemical shifts can give information concerning the
exposure of the amide group to the solvent water (Akasaka
et al. 2001; Akasaka and Yamada 2001). The shifts were
followed for those "H/'°N cross-peaks that appear through-
out all the pressures (30-2000 bar) at 20°C (Fig. 4). The
shifts were almost linear with pressure, with a slope varying
from 1*10™* to 5.5% 10~* ppm/bar for "°N and from
2%107° to 8 * 10~ ppm/bar for 'H.

Both 'H and "N pressure shifts are all positive (low-field
shifts), showing the typical character of a disordered poly-
peptide chain (Kamatari et al. 2001). The average shifts at
2000 bar were calculated to be 0.11 ppm and 0.73 ppm for
'H and "N, respectively. The 'H shift values are nearly
twice as large as typical values for internally hydrogen-
bonded amides in folded proteins (average 0.059 ppm/2
kbar in BPTI and 0.051 ppm/2 kbar in hen lysozyme), but
are close to those in a random coiled peptide (average 0.108
ppm/2 kbar in melittin in water) (Akasaka et al. 2001) and
to those that are not internally hydrogen bonded in folded
proteins (average 0.098 ppm/2 kbar in BPTI and 0.101
ppm/2 kbar in hen lysozyme) (Li et al. 1998; Akasaka et al.
1999; Kamatari et al. 2001). The larger low-field shifts for

A "N[ppm}

A8 H |ppm)|

Residue number

Figure 4. Histograms showing the pressure-induced 'H and '°N chemical
shifts A3 (2000-30 bar) for individual amide groups of all-Ala a-lactal-
bumin (pH 2).
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"H can be explained by favorable hydrogen bonding inter-
actions of the polypeptide amides with the solvent water
molecules (Li et al. 1998; Akasaka et al. 1999). The amides
observed at all pressures in the present experiment corre-
spond to the 3 N-terminal residues and residues of the loop
region of the 3-domain. Thus, the results indicate that these
amide groups are exposed to the solvent and hydrogen-
bonded with water molecules within the average molten
globule structure. This is consistent with the bipartite struc-
ture of the all-Ala a-LA MG in which the majority of 3-do-
main residues are not involved in secondary structure.

Discussion

Although volumetric properties of MG states have been
studied in some proteins (Nolting et al. 1993; Nolting and
Sligar 1993; Kharakoz and Bychkova 1997), their relation
to those of a more fully denatured state, U, is obscure. A
molecular dynamics study of metmyoglobin (Floriano et al.
1998) suggested that at very high pressure (1.2 GPa) the
MG transforms into a fully unfolded state U, inferring that
the partial molar volume decreases in the transition
MG — U. On the other hand, the volumetric equivalence of
the molten globule and the unfolded states has been reported
(Kobashigawa et al. 1999). In addition, a controversy exists
over the cooperativity of the transition MG — Uj; although
there are reports showing that the process MG — U is co-
operative (Ptitsyn and Uversky 1994), noncooperative un-
folding of the MG has also been discussed in the literature
(Schulman and Kim 1996; Shimizu et al. 1993). In a pre-
vious study, urea-induced unfolding of the MG of all-Ala
a-LA (Redfield et al. 1999) and wild-type a-LA (Schulman
et al. 1997), noncooperative unfolding behavior of the MG
was reported.

Our results show that the unfolding of the molten globule
conformation of all-Ala a-LA occurs quite heterogeneously
over the molecule. The noncooperative unfolding is not
only limited to different domains, but also within domains
themselves. Different helices unfold under different condi-
tions. The resulting order of pressure stability, partly as-
sisted by temperature, of the helices of all-Ala-a-LA are:
D-helix ~ 3,,-helix > C-helix ~ B-helix > A-helix. Further-
more, differential unfolding was observed within a specific
a-helix with residues at the beginning and end of the helix
unfolding more readily. Overall, a highly noncooperative
unfolding picture of the molten-globule state of all-Ala
a-LA is presented as a result of pressure perturbation. This
picture of heterogeneous unfolding qualitatively agrees with
that from urea-induced unfolding of the MG against urea
(Redfield et al. 1999), but differs in the details, which is not
surprising because of the different mechanisms of destabi-
lization in the two experiments. The results confirm the
view that the structure of the MG is heterogeneous not only
in the stability as probed by the interaction with urea, but
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heterogeneous also in partial molar volume, and conse-
quently in atom packing and hydration. This view has been
generally accepted, but so far without much evidence.

In general, pressure drives the equilibrium to increase the
population of the lower volume conformer relative to the
higher one (Weber and Drickamer 1983; Inoue et al. 2000).
The experiment showed that pressure turned the MG (equa-
tion 1) into conformers with increasing disorder and hydra-
tion. This gives straightforward evidence that the partial
molar volume of the MG state is significantly larger than
that of the U state. It is also important to note that the
conformational changes were brought about reversibly with
pressure under equilibrium conditions. This means from
equation 1 that the MG state at 30 bar coexists with other
conformers with partial unfolding at various degrees shown
in Figure 2. The results verify that the MG state consists of
a mixture of variously unfolded conformers from the mostly
folded to the nearly totally unfolded that differ in stability
and partial molar volume. The populations of the latter con-
formers are small compared to the main MG conformers
found at 30 bar, but their fractions become significant at
higher pressure because of their smaller partial molar vol-
umes.

The temperature dependence of the conformational sta-
bility of a protein, is given by a delicate balance between
enthalpy and entropy terms, resulting in an expression for
the Gibbs free energy as

AG = AG’ + AC(T - T, - TIn(T/T,)) 2)

with the slope of the stability curve determined by AC,,.
Although the heat capacity change is a function of different
interactions, the positive contribution leading to both heat
and cold denaturation results from the hydrophobic effect
(Privalov 1990; Blokzijil and Engberts 1993). More exten-
sive denaturation of the MG state appeared to be attained
when the temperature of the solution was increased or de-
creased from 20°C at 2000 bar. This indicates that AC,, is
positive, providing additional support to the notion that hy-
drophobic interactions play a crucial role in stabilizing the
MG structure of all-Ala a-lactalbumin. By utilizing '°F-
NMR, Bai et al. (2000) suggested that the stability of the
molten globule state of a-LA was largely explained by hy-
drophobic and van der Waals interactions. Stabilization of a
MG by hydrophobic interactions is well known for cyto-
chrome ¢ (Kamiyama et al. 1999). All these results support
the general view that hydrophobic interactions are important
for the stability of a molten globule.

Materials and methods

Sample preparation

!>N-labeled all-Ala a-LA was expressed and purified as described
previously (Peng et al. 1995; Schulman et al. 1995). The NMR

sample contained 1 mM protein at pH 2 in a solution containing 20
mM maleic acid in a mixture of 90% H,0/10% D,O. As internal
chemical shift standards, 1.25 mM 2,2-dimethyl-2-silapentane-5-
sulfonate (DSS) and 0.625 mM dioxan were added.

High-pressure NMR apparatus

The cell (made of synthetic quartz) has an outer diameter of about
3 mm and an inner diameter of about 1 mm, and can hold a
pressure up to 2 kbar. The cell was set in the 5 mm 'H-detected
triple-resonance probe on an NMR spectrometer operating at 750
MHz for 'H (DMX-750, Bruker), and was connected through a
Cu-Be separator to a kerosene line whose pressure was varied by
a remote pressure pump. The pressure in the cell was kept at a
desired value between 30 and 2000 bar during signal accumula-
tion. More details about the principles of the high-resolution high-
pressure NMR technique can be found elsewhere (Akasaka and
Yamada 2001).

NMR measurements

Two-dimensional 'H-'>N HSQC (Kay et al. 1992) spectra were
measured at pressures between 30-2000 bar and temperatures
from —18°C up to 36°C on a Bruker DMX-750 spectrometer op-
erating at a >N frequency of 76.02 MHz and a 'H frequency of
750.13 MHz. In the '°N dimension 256 increments covering 1441
Hz and in the 'H dimension 2048 points covering 8170 Hz were
collected and zero-filled to obtain 512 and 4096 real data points. A
total of 200 scans were collected per ¢, increment. The data were
transformed with a Gaussian window function in the 'H dimension
and a sine-bell window function in the '’N dimension. Pressure-
induced 'H and '°N chemical shifts between 30 and 2000 bar, A3
(2000-30 bar), were evaluated for individual amide groups. The
experimental error due to the digital resolution and line broadening
is expected to be within 10%.
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