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Denaturation of the Saccharomyces cerevisiae prion
protein Ure2 was investigated using hydrostatic pres-
sure. Pressures of up to 600 MPa caused only limited
perturbation of the structure of the 40-kDa dimeric
protein. However, nondenaturing concentrations of
GdmClI in combination with high pressure resulted in
complete unfolding of Ure2 as judged by intrinsic flu-
orescence. The free energy of unfolding measured by
pressure denaturation or by GdmCI denaturation is
the same, indicating that pressure does not induce
dimer dissociation or population of intermediates in 2
M GdmCI. Pressure-induced changes in 5 M GdmcClI
suggest residual structure in the denatured state. Cold
denaturation under pressure at 200 MPa showed that
unfolding begins below —5°C and Ure2 is more suscep-
tible to cold denaturation at low ionic strength. Re-
sults obtained using two related protein constructs,
which lack all or part of the N-terminal prion domain,
were very similar. © 2001 Academic Press
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Ure2 is a 40-kDa homodimeric protein (1, 2) involved
in regulation of nitrogen metabolism in the yeast Sac-
charomyces cerevisiae (3, 4). An interesting aspect of
Ure2 function in vivo is its ability to propagate a her-
itable phenotype at the protein level by undergoing a
structural change into an aggregated form (5, 6). Ure2
is thus termed a yeast prion (5), by analogy to the
mammalian prion diseases (7). The Ure2 protein con-
sists of two structural regions with distinct functions.
The Asp/Glu rich, poorly structured N-terminal region
(2, 8) is required for prion function in vivo (6) and
amyloid formation in vitro (1). The globular C-terminal

Abbreviations used: 90Ure2, Ure2 variant which lacks the N-ter-
minal prion domain (residues 1-89); A15-42Ure2, Ure2 variant in
which residues 15-42 have been deleted; CSM, center of spectral
mass; EG, ethylene glycol; GAmCI, guanidinium hydrochloride.
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nitrogen regulatory domain (2, 8), for which the crystal
structure has been solved (9, 10), shows homology to
glutathione S-transferases (GST), a family of enzymes
involved in cellular detoxification (4). Studies using
GdmCI as a denaturant show that removal of all or
part of the N-terminal prion domain has no affect on
the thermodynamic stability, oligomeric state, kinetics
of folding or folding pathway of Ure2 (2, 11). Ure2
cannot be fully denatured in urea and thermal dena-
turation is not reversible (2). Ure2 displays a tendency
to aggregate or misfold, irrespective of the presence of
the N-terminal domain (2, 11, 12). In prion strains,
Ure2 protein is present in the cell as distinctive aggre-
gates (13). A pH-induced increase in aggregation in
vitro correlates with an increased tendency to form
amyloid (12). In vitro seeding with preformed Ure2
amyloid fibrils is observed to increase both amyloid
formation and aggregation (14). This suggests that
while aggregation is principally a property of the glob-
ular C-terminal region, a relationship between forma-
tion of aggregated, amyloid, and prion forms of Ure2
nevertheless exists.

At the present time, protein folding is an extremely
active field of research, lying at the interface between
the biological and physical sciences. The use of high
pressure has been shown to be a powerful tool in the
study of the folding and dissociation of oligomeric pro-
teins (15-17). The fundamental principles derived
from in vitro folding experiments have practical appli-
cation in understanding the pathology of diseases of
protein misfolding, such as the amyloid diseases (18,
19). The generic cross-g fibrillar quaternary structure
of amyloid fibrils appears to be independent of the
particular disease or protein precursor (20). The diver-
sity of proteins involved in amyloid diseases implies
that amyloid formation requires significant structural
change in the precursor protein. Like the yeast prion
proteins (21), the mammalian prion protein PrP is
found in a radically different structural form in dis-
eased individuals (7). Understanding the structural
and folding behavior of the prion proteins therefore
represents a crucial first step toward understanding
the molecular mechanism of prion propagation.
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Here we use hydrostatic pressure as a denaturing
agent to investigate further the physical properties of
the yeast prion protein Ure2. Under the conditions
used (pH 8.4, 25°C, and 1 uM protein concentration)
Ure2 folding is reversible (2). As well as full length
Ure2, we examine two closely related proteins: 90Ure2
which lacks residues 1-89 and hence lacks the
N-terminal prion domain as defined by biological activ-
ity (6, 21) or inspection of the sequence (2); and A15—
42Ure2, which lacks residues 15-42, which is the is-
land of “normal” amino acid sequence within the prion
domain (2). These three proteins have been shown to
have identical oligomeric structure and to show iden-
tical thermodynamic stability and kinetics of folding by
GdmcCl denaturation (2, 11).

MATERIALS AND METHODS

Preparation of yeast Ure2 constructs. Ure2, A15-42Ure2 and
90Ure2, containing a short N-terminal histidine tag, were produced
from a synthetic gene in Escherichia coli as described previously (2).
His-tagged Ure2 has normal biological activity in vivo (22), amyloid
forming ability in vitro (1) and the same oligomeric structure, stability
and equilibrium folding behavior as untagged protein (2). The experi-
mental conditions used throughout were Tris—HCI, pH 8.4, 0.2 M NaCl,
25°C, and 1 uM protein concentration unless otherwise stated.

Fluorescence measurements. Fluorescence measurements were
carried out using an Aminco Bowman Series 2 (AB2) fluorospectro-
photometer in which the sample house was modified in the INSERM
laboratory to allow measurement of fluorescence at pressures be-
tween 2 and 600 MPa using a thermostated pressure bomb. The
fluorescence spectra were quantified by calculating the center of
spectral mass (CSM), (), as described by Weber and co-workers
(23, 24):

(vy = Zv; X FiIZF;,

where v; is the wavenumber and F; the fluorescence intensity at v;.
The CSM is an intensity-weighted average emission wavenumber
and detects changes in the environment of aromatic residues which
reflects variations in the protein structure. The excitation wave-
length for the intrinsic fluorescence was 280 nm (8-nm slit width)
and the emission was recorded between 300 and 400 nm (8-nm slit
width, 1-nm step size). The free energy and standard volume change
upon unfolding, AG, and AV, were calculated as described (25).

Comparison of a large number of denaturation curves measured at
atmospheric pressure for the three proteins studied here showed
variation in the folded and unfolded CSM values between experi-
ments which showed no correlation with the individual proteins (not
shown). This is apparently an inherent characteristic of the protein
and may be due to the presence of a small degree of aggregation,
induced by factors that are not yet fully understood. In contrast, the
observed change in CSM on denaturation, expressed as the change in
emission maximum (AX), was highly reproducible between experi-
ments and between proteins. Therefore, for the purposes of this
study, variations in AA are considered to be important, whereas
variations in the initial and final CSM values are not considered
significant. For the experiments presented here, the same batch of
protein, treated in an identical manner, was used for all experi-
ments, allowing the susceptibility of each protein to different meth-
ods of structural perturbation to be compared.

Cold denaturation. For cold denaturation experiments, the sam-
ple was first pressurized to 200 MPa at 25°C and then the temper-
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FIG. 1. Effect of high pressure on the fluorescence intensity of
the emission spectra of (A) Ure2, (B) A15-42Ure2, and (C) 90Ure2 in
50 mM Tris—HCI, pH 8.4, containing 0.2 M NaCl at 25°C using 1 uM
protein. The excitation wavelength was 280 nm. Symbols: low pres-
sure (2-3 MPa), solid line; moderate pressure (200 MPa), dotted line;
high pressure (500-600 MPa), dashed line; high pressure plus 2 M
GdmcCl, dashed—dotted line.

ature was decreased stepwise to —20°C. Under these conditions,
according to the phase diagram of water, the sample solution stays in
the liquid state if the pressure is maintained at 200 MPa. Water
condensation and ice formation on the sapphire windows were
avoided by directing a fine dry nitrogen gas flow over the windows.

RESULTS AND DISCUSSION
Pressure Denaturation of Ure2

The effects of pressurization on the intrinsic fluores-
cence of Ure2 and its two N-terminally truncated mu-
tants, A15-42Ure2 and 90Ure2, were measured using
intrinsic fluorescence as a structural probe. The emis-
sion spectra of the three constructs are shown in Fig. 1.
As the pressure was increased from 2—3 to 200 MPa, a
gradual increase in the emission intensity was ob-
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TABLE 1

Thermodynamic Parameters for Pressure-Induced Unfolding of Ure2 in the Presence
of Different Concentrations of GAmCI at pH 8.4 and 25°C?

[GdmCI] (M) Parameter Ure2 A15-42Ure2 90Ure2 AGp\¢

0 AV —28 (+2) —25(*2) b
AG, —5.6 (=0.4) —5.6 (=0.6) b —52 (+2)
A 2.3 25 24

1 AV —33(+3) =50 (+7) —32(+2)
AG, —11 (+1) —16 (+2) —10.8 (x0.4) —34 (+2)
AX 8.2 7.0 6.3

2 AV —78 (+6) —64 (+6) —100 (*+10)
AG, —19 (*+2) —16 (+2) —24 (£3) —17 (£3)
A 11.0 104 10.7

3 AV —47 (£5) nd nd
AG, =7 (1) nd nd 0 (£3)
A 8.3 nd nd

5 AV nd —22 (+4) nd
AG, nd -6 (*+1) nd 36 (*+5)
A nd 2.0 nd

2 AV, the volume change in mL.mol *; AG,, the free energy of unfolding in kJ.mol *, extrapolated to atmospheric pressure in the GdmCl
concentration shown; AA, the shift in the emission maximum in nanometers, due to the pressure change from 2 to 600 MPa, taken directly
from the experimental data and therefore independent of the fit; nd, not determined. Standard errors for the fit are shown in parentheses.

® The data could not be fit to a sigmoidal curve.

© AGo_y, the free energy of unfolding in the concentration of GdmCI shown in kJ.mol ™, calculated from the previously published GdmClI
denaturation data (2) according to the equation AG, y = AG,,0, D-N — m[GdmCI]. The m value is 18 (1) kJ.mol™* M (2).

served. On further increasing the pressure from 200 to
600 MPa, the emission intensity gradually decreased.
With increasing pressure, a slight red shift in the emis-
sion maximum (AX) was observed (Fig. 1 and Table 1).
The red shift is apparent as a linear or slightly sigmoi-
dal decrease in the center of spectral mass with in-
creasing pressure (Fig. 2) and accounts for around 20%
of the change expected on complete unfolding of the
protein (Table 1). This indicates that aromatic residues
become more exposed to solvent due to the effects of
pressure on the folded structure of Ure2. However, it is
clear that hydrostatic pressure, even as high as 600
MPa, cannot induce complete unfolding of Ure2, or of
Ure2 variants that lack all or part of the prion domain.

A previous study showed that creatine kinase (CK), a
dimeric protein of similar size and stability to Ure2, is
also relatively resistant to pressure unfolding (26). The
application of high pressure caused CK to adopt a
partially folded intermediate state, closely resembling
the molten globule state populated in moderate con-
centrations of GAmCI (27). Under the conditions of pH
and temperature used in these experiments, no inter-
mediates are populated during the equilibrium dena-
turation of Ure2 (2). Two Kinetic intermediates are
populated during refolding of Ure2 under these condi-
tions, including an on-pathway dimeric intermediate
(11). This dimeric intermediate is apparently stabilized
at lower pH (12). Folding intermediates are believed to
have a role in prion and amyloid formation (11, 12).
The slight structural change indicated by the shift in
emission maximum and free energy change (Table 1)

could indicate that the Ure2 pressure induced state is
a native-like intermediate. Alternatively, the change
could be due to unfolding of a fraction of the protein
molecules.

Unfolding of Ure2 by a Combination of High Pressure
and GdmCl

As hydrostatic pressure alone was insufficient to in-
duce complete unfolding of Ure2, we investigated the
effect of adding the chemical denaturant GdmcCI (26).
At atmospheric pressure, Ure2 is fully folded in 2 M
GdmcCl, fully denatured in 5 M GdmCI and the mid-
point for the unfolding transition is 3 M GdmCl, as
judged by a range of structural probes (2). The combi-
nation of 1 M GdmCI and hydrostatic pressure of up to
600 MPa is sufficient to unfold only a proportion of
Ure2 molecules (Fig. 2 and Table 1). When 2 M GdmCl
is combined with high pressure, the protein fluores-
cence spectrum shows a marked decrease in emission
intensity (Fig. 1) and a red shift in the emission max-
imum (AA) of around 11 nm (Figs. 1 and 2; Table 1) as
is observed on denaturation in 5 M GdmCI (2). This
therefore defines conditions where a pressure jump
could be used to measure kinetics of unfolding of Ure2.
The thermodynamic parameters for pressure induced
unfolding of Ure2 constructs in the presence of differ-
ent concentrations of GAmCI are shown in Table 1.

The midpoint of pressure unfolding in 2 M GdmCl is
the same within error for the three Ure2 constructs at
around 250 MPa. The mean free energy of unfolding in
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FIG. 2. Pressure dependence of the center of spectral mass of (A)
Ure2, (B) A15-42Ure2, and (C) 90Ure2 in the presence of different
concentrations of GAmCI. Symbols: 0 M GdmCI (filled circles), 1.0 M
GdmCl (filled squares), 2.0 M GdmCI (triangles), 3.0 M GdmCI (open
circles), and 5.0 M GdmCI (open squares). Other details are as in
Fig. 1.

2 M GdmCI extrapolated to atmospheric pressure is 20
(=3) kJ.mol ™. The free energy of unfolding measured
by GdmCI denaturation is likewise the same within
error for these three proteins and corresponds to a
value under the same experimental conditions of 17
(=3) kJd.mol™* (Table 1). This is consistent with the
finding that there is no discernable effect of the prion
domain on the stability or folding of Ure2 over a wide
range of conditions (2, 11, 12). This also indicates that
pressure induced unfolding in the presence of nonde-
naturing concentrations of GdmCI occurs by the same
mechanism as GdmCI denaturation.

At pH 8.4 and 25°C, the GdmCI induced equilibrium
denaturation transition is two-state and shows no pro-
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tein concentration dependence (2). Cross-linking ex-
periments show that dimeric structure persists after
no further structural changes are detected by fluores-
cence or far-Uv CD (L.Z., J.M.Z., and S.P., unpublished
results). This means that the transition observed for
GdmCl denaturation corresponds to unfolding, with
dissociation occurring silently within the unfolded
baseline region. This therefore indicates that unlike
many oligomeric proteins (15, 26, 28, 29), high pressure
does not induce dissociation of the Ure2 dimer, nor
does it induce population of partially-folded intermedi-
ates under these experimental conditions. This study
suggests that other methods that cause marginal de-
stabilization of Ure2, such as urea (2) or pH (12), could
be combined with hydrostatic pressure and thus might
provide a useful means of investigating partially folded
intermediates of Ure2.

The observation of slight, pressure-induced struc-
tural changes in the presence of 5 M GdmCI (Fig. 2B
and Table 1) suggests that the combination of high
pressure and high GdmCI results in a more fully dena-
tured state. A similar effect is observed in 3 M GdmCI
(Fig. 2A and Table 1). This is consistent with other
studies, which suggest residual structure in the dena-
tured state of Ure2 (11).

Cold Denaturation

Cold denaturation of proteins can be measured at
temperatures below the freezing point of water by the
addition of anti-freeze agents, such as ethylene glycol
(EG). Measurements at —20°C require addition of ap-
proximately 30% EG, but addition of even 10% EG to
solutions of Ure2 causes significant aggregation (L.Z.,
S.P., and J.M.Z., unpublished results). The application
of 200 MPa, allows measurement at temperatures
down to —20°C in aqueous solution without the addi-
tion of antifreeze reagents (30-32).

The application of 200 MPa of pressure causes a
slight change in the CSM of Ure2, as described above.
Differences in the absolute CSM values for the three
proteins in the curves displayed (Fig. 3) reflects normal
variation between experiments and is not significant
(see Materials and Methods). Between 0 and 25°C no
significant change in protein conformation was ob-
served. Below —5°C all three constructs begin to show
a change in protein conformation. However, the total
change in emission maximum between 25 and —20°C
is only 1 nm for all three proteins, i.e., around 10% of
that expected on full denaturation of the protein. Mea-
surements could not be continued below —20°C due to
the limitations of the experimental set-up. When the
experiment was repeated at lower ionic strength (i.e.,
in 50 mM Tris buffer but without the addition of 200
mM NacCl), the observed change in emission maximum
was 2.4 nm. This indicates that Ure2 is destabilized at
subphysiological ionic strength. This also explains the
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FIG. 3. Cold denaturation under 200 MPa of pressure of Ure2
(squares), A15—-42Ure2 (triangles), and 90Ure2 (circles) in the pres-
ence (filled symbols) or absence (open symbols) of 0.2 M NaCl.

observation that less aggregation is observed on thaw-
ing when the protein is stored in buffer containing 0.2
M NacCl.

CONCLUSIONS

These data indicate that the N-terminal prion do-
main does not have any discernible effect on the global
stability of Ure2, as was found previously (2). The
application of high pressure or low temperature causes
perturbation of the structure of Ure2, but without in-
ducing global unfolding. Pressure induced unfolding in
the presence of nondenaturing concentrations of Gd-
mCI occurs by the same mechanism as GdmCI induced
unfolding. This shows that high pressure does not in-
duce dissociation of the Ure2 dimer and does not in-
duce population of partially folded intermediates in 2
M GdmCl at pH 8.4.
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