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ABSTRACT. FT-IR spectroscopy was used to study the effects of various chaotropic and kosmotropic
cosolvents (glycerol, sucrose, sorbitol,30;, CaCh, and urea) on the secondary structure and
thermodynamic properties upon unfolding and denaturation of staphylococcal nuclease (Snase). The data
show that the different cosolvents have a profound effect on the denaturation pressure and the Gibbs free
energy AG°) and volume AV®) change of unfolding. Moreover, by analysis of the amidefrared

bands, conformational changes of the protein upon unfolding in the different cosolvents have been
determined. An increase, a reduction, or an independence of the volume change of unfolding is observed,
depending on the type of cosolvent, which can at least in part be attributed to the formation of a different
unfolded state structure of the protein. The data are compared with the corresponding thermodynamic
values ofAV* for the temperature-induced unfolding process of Snase as obtained by pressure perturbation
calorimetry, and significant differences are observed and discussed.

The in-depth knowledge of thermodynamic properties of Thus, the relative stabilization does not involve contact with
proteins in solution has been drawing the attention of many the cosolvent. Rather, the hydration layer around the protein
researchers as these properties form the basis for understands altered. On the other hand, denaturation is induced by using
ing the biological functions of the proteins, but also for cosolvents that directly bind to particular groups on the
purposes of drug design and formulations. Basically, the protein, for example, to hydrophobic residues in the case of
stability of globular proteins depends on their solvent alcohols 25) or to peptide groups in the case of ured,(
properties, temperature, and pressure4). Pressure is an  28) and guanidinium hydrochloride29).

important factor, and in recent years, the study of the effects  The Hofmeister series characterizes some properties of ions
of pressure on biological systems has drastically expandedas cosolvents in protein solutions. In this series, the ions are
(5-8). In particular, pressure has been used for studying divided into two groups: kosmotropic and chaotropic ions.
pressure-induced un/refolding of proteins and for understand-The protein is salted out, i.e., stabilized, by kosmotropic ions
ing protein stability and its folding pathways, since pressure and salted in, i.e., destabilized, by chaotropic ioBs30).

can stabilize partially unfolded states and molten globules. Reduction of the net charge of proteins, via salts acting as

However, to date, very little is known about the pressure counterions (screening effect), is an additional important
stability of proteins in the presence of particular reagents effect of salts on protein stability3().
(in the present context, a cosolvent) in comparison to water

or buffer (19, 20). cosolvents on the high-pressure stability of a well-character-

Polyhydric alcohols and sugars have been used as protein, ¢4 monomeric protein, staphylococcal nuclease (Srtase).
stabilizers for many years, but it was not until recently that Changes in unfolding were obtained in the presence of
thed mechar:!sm gf Stab”'zat'%n r\]/vas estabhshded.r;l' 'maslhre]ffdifferent concentrations of polyhydric cosolvents (glycerol
and co-workers demonstrated that sugars and other polyny-y,q gorpitol), sugars (sucrose), urea, chaotropic ions (calcium
dric alcohols are preferentially excluded from the surface of chloride), and kosmotropic ions (potassium sulfate). Ad-
the protein £1-25). Thus, the folded state of the proteinis iionally, FT-IR difference spectra were recorded and
stabilized relative to the unfolded state because it exposes,

| : ‘ hich th | b lud OIanalyzed in an effort to detect conformational changes in
ess surface area from which the cosolvent must be excludede ative and unfolded state of the protein in the presence

of the different cosolvents.
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(Fluka), 50 mg portions were dissolved in 1.5 mL of®
(Aldrich, Taufenkirchen, Germany). After the solution had
been stored for 48 h, the,D was evaporated using an SC
* 110 speed vac from Savant (Vaterstetten, Germany), and the
procedure was repeated. Ttheglycerol (LGC Promochem,
Wesel, Germany)ds-urea (Aldrich), kSO, (Aldrich), and
CaCl (Aldrich) were used without any modification. The
) corresponding amount of cosolvent was dissolved in 10 mM
BisTris (Sigma, Taufenkirchen, Germany) buffer. Snase was
A\ \ dissolved at a concentration of 5% (w/w) in the cosolvent/

buffer solution, and the pD value of the solution was adjusted
\ to 5.5 using DCI. The pD was measured using a pH-meter
calibrated with standard buffers in,@ taking the isotope

.
g effect into account (pB= pH + 0.4) (37, 39).

\ ) N FT-IR SpectroscopyT-IR spectroscopy has proven to

—‘——‘\" \ be a powerful technique for determining the secondary
structure elements of protein89—42), also under high-
\ T pressure conditions. The amideblnd (between 1600 and
: +

1700 cn!) was detected, which is mainly associated with
the carbonyl stretching vibration (85%) of the amide groups,
\ and which is directly related to the backbone conformation
A% and hydrogen bonding pattern of the protein. The FT-IR
spectra were recorded with a MAGNA 550 spectrometer
Ficure 1. Ribbon diagram of native Snase as obtained from X-ray from Nicolet (Offenbach, Germany) equipped with a liquid
diffraction experiments at a resolution of 1.7 2. nitrogen-cooled MCT (HgCdTe) detector. The infrared light
i ) o . was focused by a spectra bench onto the pinhole of a
Snase is a small 17.5 kDa protein containing 149 amino giamond anvil cell (DAC) from HPDO (Tucson, AZ) with
acid residues and no disulfide bonds (Flgqre 1). The crystal type lla diamondsX1). Each spectrum was obtained by co-
struc'gure of Snase reveals that the protein con_tams 26-2%adding 256 scans at a spectral resolution of 2'cand was
o-helices, 24.8%f-sheets, 7.4% extended chains, 24.8% apodized with a HappGenzel function. The sample chamber
turns and loops, and 8.7% unordered struct@®. (It has was purged with dry and carbon dioxide free air. Powdered
an extraordinarily high fraction of ionizable groups39%). a-quartz was placed in the pinhole of the steel gasket, and
The thermodynamic properties for the pressure-induced changes in pressure were quantified by the shift of the quartz
unfolding transition, such as the denaturation pressure, thephonon band at 695 crh (43, 44). An external ethylene
vqlume_, and standard Gibbs fr_ee energy change of denatur—g|yco| thermostat (RC 6 from Lauda, Lauda-gshofen,
ation, in the _presence of d|fferent cosolvents and the Germany) was used for the pressure- and temperature-
comparison with the corresponding data for the temperature-gyependent measurements to control the temperature to within
induced unfolding transition are still largely unknowtg( 0.1°C. The equilibration time before spectra were recorded
_20). To ylgld yaluable_data for a series of different cosolvents 4t aach temperature and pressure wag min. Fourier self-
is the objective of this paper. deconvolution of the FT-IR spectra was performed with a
resolution enhancement factor of 1.8 and a bandwidth of 15
MATERIALS AND METHODS cm™%; an example is shown in Figure 2A. The denaturation
Purification of SnaseRecombinant Snase with the se- profiles, i.e., intensityl versusp plots, were calculated
guence of nuclease A from the V8 strain®thphylococcus  following the intensity at~1627 cntl, which corresponds
aureus was obtained using thé expression system in to the content of3-sheet structures of Snaskl( 12, 39—
Escherichia colistrain Arl9 as described by Shortle and Lin  42). As an example, the denaturation profiles of Snase in
(33). The cells were grown according to the procedure solutions with different concentrations of sucrose are depicted
described by Shortlet al. (34), except that SB rather than in Figure 2B. The standard volume change of unfolditygs,
Mops medium was employed. The protein purification was at the temperatur@, was determined from
carried out according to the method described by Shettle
al. (35 with modifications described by Fryet al. (36).
Preparation of the Snase/Coseht/Buffer Solutions.
Infrared spectroscopic studies on proteins generally call for _ _
DO as the solvent. This is due to the strong absorption of WhereAG®(p) is the standard free Gibbs energy change at
H.0 in the amide | spectral range. With regard to structural Pressurep, which is determined from the denaturation
properties, the difference betweep@and HO as a solvent ~ Profiles, as shown in Figure 2B, from the equilibrium
is very slight; O has a slightly larger hydrogen bonding constantKeq(p):
strength only, but the structure of the liquid is essentially
the same within the accuracy of existing X-ray and neutron AG(p) = —RTInK,, = _RT|n|N —1(p) 2
scattering data. Hence, we assume that the Hofmeister series a I(p) — Ip
has the same sequence ipas in HO. To deuterate the
d-sorbitol (Fluka, Taufenkirchen, Germany) and sucrose wherel(p) is the intensity at pressuggandly andlp are

IAG®(p)

AV = [——
mp T

(1)
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87 Ficure 3: Denaturation pressumg, of Snase at different concen-
2 o none trations €) of cosolvents: [@) glycerol, ©O) sorbitol, (A) sucrose,
o 0.4+ |2 250 mM (m) potassium sulfate,a) calcium chloride, and®) urea. For
o o 500 mM clarity, only selected error bars are given.
c 0.24 A 750 mM
<& 1000 mM . .
| we are therefore careful and discuss only losses and gains
0.0 —T A of conformations which are significant (mostly in thestrand

region) and outside the range of error bat9(025) of the

p / kbar absorbanceA). Because the transition dipole moments of
FIGURE 2: (A) Fourier self-deconvoluted infrared spectra of Snase the different secondary structure elements are not known,
in the presence of 1000 mM sucrose at different pressures and (B)only qualitative trends can be given.
denaturation profiles of Snase in the presence of different concen-  ag high pressure causes compression of chemical bonds
trations of sucrose at pD 5.5 and 2T. equivalent to changes in the force constants between the

the asymptotic intensity values of the native (folded) and involved atoms, pressure-induced frequency shifts are fre-
denatured (unfolded) states, respectively. The standard Gibbgiuently observed. While this effect is usually revealed by

free energy chang&G® at 1 bar is obtained by extrapolation ~ blue shifting IR bands, the hydrogen-bonded systems, such
to 1 bar: as proteins, exhibit red shifts4%). This is due to the

_ strengthening of the ©H hydrogen bonds at the expense
AG® = Il?ﬁb AG°(p) 3) of the amide &0 bond. The frequency versus pressure plots
o bar generally feature a negative slope for inter- or intrachain

Different experimental techniques (fluorescence and FT- hydrogen bond structures (such@elices ang3-sheets),
IR spectroscopy and small-angle X-ray scattering) revealedand a positive slope for water-bound random cé8)( but
that the pressure-induced unfolding of Snase can, at leasthe slope is rather small (maximum of 0.2 Thkbar?).
within the accuracy of the experiment, be described as a fully These phenomena are clear evidence for the so-called elastic
reversible two-state process, and the secondary and tertiarypressure effects on proteins. Deviations from this behavior
structural changes occur on the same time sdalgl@, 53, can be attributed to pressure-induced conformational transi-
55). In our laboratory, the fractional intensities of the tions.
secondary structure elements are usually calculated from a Determination of m ValuesThe so-calledn value is a
band fitting procedure assuming Gausst&orentzian line measure of the degree of stabilization or destabilization of a
shape functions 10—15). In our case here, where the protein at ambient pressure against unfolding in cosolvent
observed conformational changes are rather small and duesystems and defined by
to the uncertainties in baseline corrections in a DAC, we .
chose to use FT-IR difference spectra instead to visualize m= — IAG (4)
the secondary structural changes. For calculation of the FT- ac
IR difference spectra, the FT-IR spectra of the amid&hd ) ) )
were corrected with a linear baseline and the intensity was Where ¢ is the molar concentration of the corresponding
normalized to the maximum intensity at1640 cntl. The cosolvent.
FT-IR difference spectra were calculated using the SpeCtraRESULTS
of the pressure-denatured state~at kbar and subtracting
the spectra of the native state of the respective protein/ From the analysis of the denaturation profiles such as those
cosolvent system. In several cases, the difference spectra arshown in Figure 2B, the transition pressure of the pressure-
completely negative, suggesting a strong attenuation ofinduced unfolding §m) and the standard Gibbs free energy
oscillator strength at high pressure. This might also be due (AG®) and volume AV°) change of unfolding of Snase have
to small pressure-induced baseline shifts (which might also been obtained at 24C (room temperature). The,, AG®,
be nonlinear) and changes in path length when the gasket ofand AV° data for all cosolvents that have been investigated
the DAC is compressed, which leads to small errors in the are plotted as a function of cosolvent concentration in Figures
normalization of intensities. In the discussion of the results, 3—5, respectively. The changes in the thermodynamic
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0 relative to the native proteir2p). Since this is energetically
101 costly, the native protein is stabilized relative to the denatured
-20] el protein.

—A—sucrose The 50% denaturation pressupg)as a function of molar
=301 e glycerol concentrationd] is depicted in Figure 3. The error
s 401 —e—urea’ bars as given in the figures have been obtained from at least
£ 50 two independent experiments. The magnitude of the error
I 60, #\ bar is largely due to the inaccuracy of the pressure deter-

< ¢ Jw | mination in a diamond anvil cell#200—300 bar). The
<-704 M | protein in pure buffer solution unfolds at3.2 kbar and 21
-80- A\ °C. In comparison to the pure protein buffer solution data,
90 there is only a slight change in the transition presgurap
100 A to a glycerol concentration 250 mM, which corresponds to
0 250 500 750 10001250 an~2.5 wt % glycerol solution. Whea> 500 mM, a drastic

c/mM stabilizing effect of glycerol is observed as seen by-tie7

Ficure 4: Volume change of pressure-induced unfoldiny;, of kbar higher denaturation pressure. In fact, also for a

Snase at different cosolvent concentratiogs () glycerol. ©O) signjficant stabilizatipn of proteins by.polyhydri(_: alcohols
sorbitol, (») sucrose, M) potassium sulfate &) calcium chloride, against temperature-induced denaturation at ambient pressure,

and @) urea. For clarity, only selected error bars are given. a minimum concentration of0.3 M is reported Z5). For
comparison, a stabilizing effect of 1%& M~ by glycerol

50 o giyoerol has been found by DSC studies of the temperature-induced
o sorbital denaturation of Snasd®). Here, the temperature of unfold-
404| —=—k.s0, ing (Tm) is used as an indication of protein stability. These
_ I results are in agreement with the general finding of a
E 30 stabilizing effect of glycerol against temperature denaturation
2 of proteins, which has been found for many other proteins,
= such as BSA49), lysozyme 60, 51), a-chymotrypsinogen
g 20 (24, 51), and Rnase AZ4, 50). With increasing glycerol
= concentrations, the 33 kDa protein of spinach photosystem
K Il (hereafter termed the 33 kDa protein) also exhibits an
< 104 increasing transition pressure upon pressure denaturation
(52.
: : : : Figure 4 shows the correspondiny° values as obtained
0 250 500 750 10001250 from the intensity versup plots using eq 1 as a function of
c/mMm glycerol concentration. For the pure Snase buffer solution,

FiGure 5: Standard Gibbs free energy chany@°, extrapolated aAV° value of—66 &+ 8 mL mol ! was determined. Within
to 1 bar, for the pressure-induced unfolding of Snase at different the experimental error bar, a simila° for the pressure-
molar concentrationsc) of coslcf)lvents EG)I glycerﬁ:, (%) sorb(;tol, induced unfolding of Snase was found with other techniques
EjArg;ulgg?sgéﬁzy?tgﬁis;%rg;lédagerrAé)r %21rcslu;?ecgi\?gn.e' ana&) (11, 18,53, 55). For the Iower_ glycerol concentrations up to
500 mM, a slight decrease in the absolute valudgf is
parameters obtained with increasing cosolvent concentrationbserved only, whereas at high concentrations of up to 1000
are summarized in Table 1. mM glycerol, the|AV°| value increases drastically, at a rate
Glycerol.Glycerol and other polyolic cosolvents have been of approximately—80 mL mol* M~ between 500 and 1000
shown to enhance protein stabilit®4 46, 47). It has been mM and reaches-94 mL mol? for the 1 M glycerol
proposed that the mechanism of this phenomenon is es-solution. This decrease inV° leads to no further increase
sentially due to a preferential hydration of the protein, i.e., in denaturation pressupa, however (Figure 3). A decreasing
the exclusion of the cosolvent molecules from the protein AV° has also been found for the 33 kDa protein up to 1 M
surface. For sugars (e.g., sucrose), glycerol, and polyhydricglycerol 62). In contrast, an increasingV° with increasing
alcohols (e.g., ethylene glycol and sorbitol), the preferential glycerol concentrations is found for the Arc repressor by
hydration was found also to induce protein stabilization. Oliveira et al (56). Interestingly, an effect opposed to the
Glycerol, being a strongly hydrophilic cosolvent, interacts pressure-dependent data on Snase is seen in the temperature-
strongly with the water and has a weaker affinity for the dependent PPC experiments of Ravinétaal. (48). The
polar residues on the protein surface, thus leading to ambient pressure data reveal a slight increage\Mf(1 bar)
preferential hydration of the protein. Furthermore, the steric of 2 mL mol~* M~! with increasing glycerol concentrations
exclusion principle should allow a distance of closest upon temperature-induced unfolding and denaturation. The
approach of a cosolvent with a molecular volume greater different behavior might be due to the temperature and
than that of water. As a result, the volume fraction occupied pressure dependenceA¥/° and, in addition, due to different
by the cosolvent at the surface of the protein should be lower unfolded state structures or, to be more precise, different
than that in the bulk solvent. Thermodynamically, this thus populations of unfolded state conformations in the temper-
also manifests itself as preferential hydration. Upon dena- ature- and pressure-induced unfolded states, respectively. The
turation, the surface of the protein increases, thus leading toobserved, if any, small changes &\Vv° for low glycerol
an enhanced preferential hydration of the denatured proteinconcentrations agree (up 4€0.75 M) with the data of Frye
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Table 1: Changes ipm, AV°, andAG® for the Pressure-Induced Denaturation of Snase with Cosolvent Concentrations at pD 5.5°@Ad 21

dpm/dc dAVe/dc dAG°/dc dTy/dc dAV°ppddc dAG°ppddc

cosolvent (kbar M%) (mL moltM™Y) (kJ moFrtM—1) (°CMY (mL mol"* M) (kI molFtM—1)
glycerol (+1.7+0.3) =20+ 7) (+24+5) +1.5 +2 +4
sorbitol +2.0+ 0.3 ~0 +17+5 +8 +10 +5
sucrose +2.3+0.3 ~0 +15+5

K2SOy +4.1+ 0.4 +65+7 0t7 +16 +33 b
urea —2.8+03 +10+ 7 —23+5 -8 —-25 -2
CaCl —-1.0+£0.3 —21+5 447

@ The glycerol data show no linear behavior; data were therefore calculated only for the concentration ranges06028M. The other values
were obtained by fits over the whole concentration range that was covered. Additionally, we show the effect of cosolvent concentiation on
AV°ppg and AG°ppd21 °C) for the temperature-induced denaturation process of Snase at pD 5.5 as revealed from PPC exp48imeNts (
exact value can be given, becaus€, could not be determined with sufficient accuracy.

0.10 Table 2: FT-IR Band Maxima of the Different Secondary Structure
0051 Elements of Snase in the AmideRegion Band in RO (11)
0.00 secondary structure element wavenumber{@m
S B-sheet ~1627
2 0.051 ~1674
< disordered ~1641
-0.10 o-helical ~1651
turns ~1659
-0.15 v v r : ~1666
1700 1680 1660 1640 1620 1600 ~1684

plcm’”

Ficure 6: FT-IR difference spectra between the pressure-induced . . : T .
unfolded state and the native state of Snase upon addition of 0,WhICh the most drastic change is visible in fligheet region.

250, 500, 750, and 1000 mM glycerol (error bar in the absorbance FOr glycerol concentrations of 250 and 500 mM, no
scale of+0.025). significant changes in the difference spectra of Snase in a

pure buffer solution (without cosolvent) are observed. The

et al. (19) for another stabilizing agent, xylose. They found addition of 750 and 1000 mM glycerol induces a denaturated
that the AV° of pressure-induced unfolding of Snase is state, however, which is closer to the native state conforma-
independent of the concentration of xylose up-~tb M. tion. This can be clearly seen when focusing on the

Figure 5 exhibits the concentration profile of the standard wavenumber region being characteristiggesheet structures
Gibbs free energy change upon unfoldifg3°, at 1 bar, as  that appear at~1627 cn?. At this position, the change in
obtained with egs 2 and 3. For the pure Snase buffer solution,intensity at high glycerol concentrations drastically decreases,
a AG°® value of 21+ 5 kJ mol is obtained, which is in indicating a higher level of-sheet structures remaining in
good agreement with data obtained previously by other the denaturated state compared to that of Snase in a pure
methods {1, 18, 53, 55). It can be clearly seen tha&tG° buffer solution. Within the experimental error, no major
increases drastically with increasing glycerol concentrations changes are observed in the other wavenumber regions,
above 250 mM glycerol. If a linear increase is assumed, which are characteristic of-helices ¢~1651 cnt?) and turns
linear regression results in a largevalue of —24 + 5 kJ (~1659, ~1666, and~1684 cnt'). Hence, although the
mol~* M~1. We note that Ravindrat al. (48) also found an absolute value ofAV° increases at very high glycerol
increase iNAG® (m = —4 kJ mol* M~%) with increasing concentrations, according to the IR data, the denatured state
glycerol concentrations for the temperature-induced unfolding structure seems to be less unfolded. A less unfolded state
process. The increase in the Gibbs free energy of unfolding for Snase has also been revealed for the temperature-induced
proves that glycerol acts as a stabilizing cosolvent. This is denatured state in the presence of glyce48).(One has to
also reflected in the increase in the denaturation pressure keep in mind that the apparent volume change of unfolding
as shown in Figure 3. (AV®), in addition to contributions from the loss of cavities

The corresponding FT-IR difference spectra, namely, the upon unfolding of the secondary and tertiary structures, also
spectra of the native state subtracted from the spectra of thedrastically depends on changes in hydration or solvation.
denaturated state at7 kbar, are shown in Figure 6. If These are known to contribute significantly to the apparent
pressure-independent extinction coefficients of the secondaryexpansion coefficient of the protein andA&®°, in particular
structure elements are assumed (which is in fact expectedalso when preferential hydration or direct ligand binding
because of the small energies that are involved), the changegffects occur 48). We thus presume that for the highest
observed in the FT-IR difference spectra directly reflect glycerol concentrations, the change AV° by solvation
changes in the secondary structure elements. The magnitudeffects exceeds the intrinsic volume change upon unfolding.
of the decrease in the level of a secondary structure element Sorbitol.Several reports state that stabilization of proteins
in the denaturated state thus corresponds to a negativan the presence of sorbitol, which is approximately twice as
amplitude of the intensity in the difference spectra at the large as glycerol, is also mainly due to it being excluded
corresponding band position of that secondary structure from the surface of the protein; i.e., in their presence, proteins
element (see Table 2). The pressure-denatured state of purare preferentially hydrated?®, 51). Figure 3 shows the
Snase without cosolvent contains Igssheeta-helical, and denaturation pressupg, of Snase at 22C as a function of
turn structures than the native state as seen in Figure 6, insorbitol concentratiorpn, shifts at a rate of~2.0+ 0.3 kbar
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Ficure 7: FT-IR difference spectra between the pressure-induced FIGURE 8: FT-IR difference spectra between the pressure-induced
unfolded state and the native state of Snase upon addition of 0,unfolded state and the native state of Snase upon addition of O,
250, 500, and 750 mM sorbitol (error bar in the absorbance scale 250, 500, 750, and 1000 mM sucrose (error bar in the absorbance
of £0.025). scale of£0.025).

M~ to higher pressures. As expected, Snase has also beestabilizing effect is thus similar to that of glycerol and

found to be markedly protected against thermal denaturationsorbitol. Also, the 33 kDa protein is protected significantly

by sorbitol @8). In this case, the increase in unfolding by sucrose at concentrations above 250 mM against pressure-

temperature (€,/dc = 8 °C M™1) is much larger than for  induced denaturatiorb®). A similar strong stabilizing effect

glycerol (dl/dc = 1.5°C M~1). The increased thermosta- of sucrose has also been observed in thermal denaturation

bility is in accord with measurements on other proteins, such studies oro-chymotrypsinogen A%7), Rnase %0, 57), BSA

as Rnase AZ?2), a-chymotrypsinogen&l), and lysozyme (58), and whey proteins5Q).

(5. As seen in Figure 4, theAV° value of Snase with
Figure 4 depicts the sorbitol concentration dependence ofincreasing concentrations of sucrose appears to be only

the volume change of unfolding. Within the experimental slightly smaller than that of Snase in a pure buffer solution,

error, AV° is found to be almost independent of the and is nearly independent of the concentration of sucrose.

concentration of sorbitol up to 750 mM. We note that for A similar weak, if any, dependence @fV° on cosolvent

the cosolvent xyloseAV° was found to be independent of concentration has been found for the disaccharide xylose by

the xylose concentration in pressure-dependent denaturatiorFryeet al. (19). In contrast, for the 33 kDa protein, a different

experiments 19). In contrast, the temperature-induced behavior is observed. With increasing sucrose concentrations,

unfolding process reveals a drastic decrease in the absolutéhe AV° value of the 33 kDa protein increases upon pressure-

value of AV° determined by pressure perturbation calorimetry induced denaturatiorbg).

[dAV°(1 bar)/cc = 10 mL mol* M~1]. However, this might Figure 5 shows thAG® value of Snase at different sucrose

largely be due to the temperature dependene&\6{1 bar) concentrations. As for the case of glycerol and sorbit@;

since an increasing sorbitol concentration increases theincreases significantly with increasing sucrose concentrations.

temperature of unfolding4g). An mvalue of =15 4+ 5 kJ mol* M~ is found by linear
Figure 5 displays the standard Gibbs free energy of regression. A similar behavior is found for the stabilization

unfolding, AG®, at 1 bar as a function of sorbitol concentra- of the disaccharide xylose by Fry al (19).

tion. Changes im\G® occur at sorbitol concentrations of 250 The changes in secondary structure upon pressure-induced

and 750 mM. If linear behavior is assumed ®G°(c), an unfolding in the absence and presence of sucrose are
mvalue of =17 & 5 kJ mol! M~1 can be determined far represented by the difference spectra shown in Figure 8. Up
values of>=250 mM. For comparison, DSC measurements to a sucrose concentration of 500 mM, no significant changes
yield anm value of —5 kJ mol'*t M1 for the temperature-  in the conformation of the denatured state are observed with

induced unfolding process. Hence, in contrast to the sorbitol respect to Snase in a pure buffer solution. For higher sucrose
concentration dependence pf and AG°, we observe no  concentrations, however, mgfesheet structure elements are
major changes iM\V°. retained in the pressure-denatured state.

FT-IR difference spectra were recorded to characterize the K,SQ,. The mechanism of stabilization by salt anions is
changes in the secondary structure of Snase in the presencessentially a reduction of the net positive charge on the
of sorbitol (Figure 7). As indicated by the figure, the addition protein through screening and anion binding. Stabilization
of up to 500 mM sorbitol does not drastically change the of proteins via ligand binding is more effective at lower pH
structure of the denatured state in comparison to Snase inthan at neutral pHg0). At a reduced protein surface charge
pure buffer solution. In the presence of 750 mM sorbitol, and at higher anion concentrations, the Hofmeister effect
however, the amount of remainiifysheet structures in the  prevails. Sulfate, for example, is known to be a good protein
denatured state becomes significantly larger than in the stabilizer, because sulfate strongly salts out nonpolar com-
denaturated state without sorbitol. pounds and only weakly interacts and thus salts in the peptide

Sucrose Figure 3 exhibits the plot of the denaturation group 60). Here we looked at the role of the kosmotropic
pressurey, of Snase as a function of sucrose concentration. salt K;SOy in a solvent environment, at pH 5.5, where Snase
At 250 mM sucrose, there is no significant chang@inA is not at its isoelectric point (p~ 9.5), at a pH, however,
similar finding has been observed for the 33 kDa protein where the net charge of the protein is still low and the direct
(52). At higher concentrations, up to a sucrose concentration binding tendency of the salt is still weak.
of 1 M, pn increases roughly linearly at a rate of 2:30.3 Figure 3 shows the denaturation pressig Of Snase at
kbar M™* with increasing sucrose concentrations. The 21°C and pD 5.5 plotted against the molar concentration of
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Ficure 9: FT-IR difference spectra between the pressure-induced Ficure 10: FT-IR difference spectra between the pressure-induced
unfolded state and the native state of Snase upon addition of 0 andunfolded state and the native state upon addition of 0, 250, and
500 mM K;SO, (error bar in the absorbance scaled60.025). 500 mM urea (error bar in the absorbance scale-0f025).

K>S0 As can be clearly seen, addition of the salt decreasesincreasing urea concentrations, the transition pressure de-
significantly the efficacy of pressure denaturation, apa/d creases linearly, at a rate 2.8 = 0.4 kbar M (Figure
dc rate of 4.1+ 0.4 kbar ML, An extraordinary large  3). A corresponding destabilizing effect ef8 °C M~ is
stabilizing effect of 16°C M~ by K,SO, has been found  found for the temperature-induced denaturation of Snase by
for the temperature-induced denaturation of Snase by Ravin-the DSC method48). Many examples for the destabilizing
draet al. (48). Also, Nishimureet al. (61) found a significant  effect of urea against temperature-induced denaturation can
protection against temperature-induced denaturation of Snasde found in the literature, such as for BSA9), lysozyme
at pH 7.5, as well as a marked protection against urea-(31), a-chymotrypsinogen 31), and Rnase T (23). An
dependent unfolding by addition of p&0,. An extraordinary extrapolation ofpy, versusc to a py of 1 bar yields a urea
stabilizing effect of KSO, against temperature denaturation concentration of 1.3 M for denaturation of Snase. This is in
was also found for Rnase 2Q, 31). accord with the observation of the pH-induced unfolding of
Figure 4 shows thatAV°| is reduced by 33 mL mot at Snase in the presence of 1.5 M urea, where the denaturation
500 mM K;SO,. Ravindraet al. found a large increase in  sets in at pH~5.5 63). In a urea-induced unfolding
AV° of 38 mL mol* M~ for the temperature denaturation experiment at pH 7.5, Snase is denatured2iM urea 61).

of Snase that finally results in positiveV° values above Increasing the urea concentration to 500 mM leads to a

500 mM K.SQO, (48). slightincrease im\V° of 10+ 7 mL mol~* M~. In contrast,
The AG° of Snase seems to be independent of th&®; for the thermal denaturation of Snagey® decreases with

concentration up to 500 mM as seen in Figurevb=f 0 + an increasing urea concentration, at a rai&/ddc of —25

7 kJ mof* M™1). In contrast, a largen value could be mL mol~t M1 (48), likely largely due to the decreaseTy,
estimated for the temperature denaturation of Snase. Also,as a function of urea and the large temperature dependence
in urea-induced unfolding experiments, an increasA®@?f of AV°.

is observed upon addition of 400 mM p&O, (61). Our data The plot of AG® versus urea concentration is shown in
indicate that, with regard tAAG° values, Snase is not Figure 5. With an increasing urea concentratiakG®
stabilized against pressure-induced unfolding in the presencedeceases significantly, indicating a drastic decrease in the
of K,SO,; thus, the reason for the increased pressure stability, stability of the protein. A linear regression yieldsmarvalue
i.e.,pm value, is the smallgAV°| value. A similar behavior  of 23 & 5 kJ molf* ML For the temperature-induced

is observed for the 33 kDa protein with the addition of 1 M unfolding transition, as revealed by DSC, arvalue of 2
NacCl (20). kJ molt M~1 has been found4g).

The FT-IR difference spectra are shown in Figure 9. At  The changes in the secondary structure in the presence of
500 mM K;SQ,, the amount of residugi-sheet structures  urea are revealed from the FT-IR difference spectra depicted
in the denatured state is much higher than that in the in Figure 10. These spectra are rather noisy, because of the
denatured state of Snase without addition of the salt. The strong absorption bands of urea appearing 5805,~1635,
conservation of secondary structures is even more pro-and 1685 cm’. Nevertheless, it is still clearly visible that
nounced than for that observed at high concentrations of the denatured state in the presence of 250 and 500 mM urea
glycerol, sorbitol, and sucrose. Similar conclusions have beencontains lesg-sheet structure than that without urea. Hence,
drawn for the effect of KSO, on the temperature-induced not only the temperature-denaturd@)(but also the pressure-
denatured state of Snas48]. The smaller changes in the denatured state contains less ordered structures in the
secondary structure upon pressure denaturation should resufpresence of urea.
in a greater compactness of the denatured state and hence a CaCh. CaC} is known as a rather potent protein desta-
smaller |[AV°| value (see Figure 4), which can indeed be bilizer (30). From the view of the Hofmeister series, Cl
deduced from the measured denaturation profiles. lies close to the transition region between kosmotropic and

Urea. It is well-known that the chaotropic agent urea chaotropic ions 49, 64, 65), whereas CH is a strong
causes destabilization of proteins by binding to the protein chaotropic ion. Thus, the overall chaotropic nature and
surface, in particular to the peptide bonds. Since the unfoldeddestabilizing effect of CaGlare a result of the strong
state presents many more sites for urea interaction, this statehaotropic nature of the €aion (64). CaC} salts in the
is stabilized relative to the folded state, and as a consequenceprotein, but is not preferentially excluded from or bonded
proteins unfold and attain a more or less random coil to the protein 2, 67). On the other hand, Clcan act as a
structure at high concentrations of ure27,(28). With stabilizer at low pH (screening effect), where the net charge
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0.10 pm is observed. The protection by these cosolvents against
0054 pressure-induced denaturation is a consequence of the
i increased AG°(1 bar) value with increasing cosolvent
concentrations. Fryet al. (19) report on a similar stabiliza-
tion mechanism and protection for the sugar xylose. AW&
seems to be almost independent of the concentration of these
cosolvents, except for high glycerol concentrations, where
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020 il \ |AV°| becomes larger, resulting in no further increasp,in

71700 1680 1660 1640 1620 1600 It is likely that the lack of an effect of these polyols on the
- volume change of unfolding is due to two competing effects.

Ficure 11: FT-IR difference spectra between the pressure-induced With an increasing polyol concentration, the protein is
unfolded state and the native state of Snase with addition of 0, preferentially hydrated; i.e., these agents are excluded from

250, 750, and 1250 mM CagLf{error bar in the absorbance scale the protein with the result of an increaseAG®. Since the
of £0.025). unfolded state exposes more surface area than the folded
of the protein is positive@g). As expected, the denaturation state, the difference in preferential hydration between the
pressurefy,) decreases with an increasing Ca@ncentra- two states is quite large, and this difference should become
tion as shown in Figure 3 fgh/dc = —1.04 0.3 kbar M™). larger as the concentration of polyols increases. This in turn
The destabilizing effect of Cagis thus roughly 3 times  should lead to an increase in the absolute value of the volume
smaller than that of the destabilizing agent urea. Observationschange of unfolding, sinc&V® depends strongly on the
of a destabilizing effect (By/dc = —13°C M) of CaCl degree of hydration. On the other hand, the FT-IR difference
for the temperature stability are reported for Rnase3@).( spectra demonstrate that the nature of the pressure-unfolded
Figure 4 shows that, with increasing CaGbncentrations,  state changes significantly at very high polyol concentrations,
AV° decreases, at a rate 21 &+ 5 mL mol* M~%, Contrary and more for glycerol than the others. Indeed, the unfolded
to the changes in denaturation pressure and volume, no majostate retains significant-sheet character at high polyol
changes iMAG° are observedni ~ 4 kJ mol'! M%) with concentrations, indicating that the protein is less unfolded
an increasing Caglconcentration (Figure 5), however. under these conditions. This should lead to a decrease in
Consequently, the reason for the decreasepiinis the the absolute value of the volume change. Apparently, these

increasing AV°| value with an increasing Cagtoncentra- two contradictory effects of polyols result in the near
tion. A similar behavior is also found for the 33 kDa protein independence of the volume change of unfolding upon polyol
by addition éd 1 M NacCl (20). concentration. With regard to temperature-induced denatur-

The corresponding FT-IR difference spectra are shown in ation, PPC investigations of the effect of polyols on the
Figure 11. The data clearly show that the amount of temperature-induced unfolding transition of Snade) (
remainingp-sheet structures in the denatured state of Snaserevealed a different behavior afVv°(c), which might be
decreases in the presence of Ga@lthough in a highly largely due to the strong temperature dependenc&\5t
nonlinear fashion. A large disruption of the residdasheet however.
in the high-pressure unfolded state at 250 mM Gai€l Ruanet al. (20) pointed out that the change iVv° by
followed by an attenuation of this effect as the concentration cosolvents is an important contribution to the stabilization
of CaCl is further increased. As only partial unfolding has of the 33 kDa protein upon pressure denaturation. According
been found for the pressure-induced denatured state ofto le CHaelier's principle, when pressure is applied, a
proteins such as SnaskEl, this means that Snase becomes reduction in the magnitude of the negati¥&/° will shift
further unfolded in the presence of CaGlhereby|AV°| is the equilibrium toward the native state, thus resulting in a
expected to increase, as has indeed been observed. Thprotective effect. We observed a marked decreasa V|
increasing|AV°| leads to a decrease py with increasing  in the presence of ¥5Q;, but without a significant change
CaCl, concentrations. in AG°. A similar behavior is found for the 33 kDa protein

in the presence of NaCR(). In the presence of 80, the
DISCUSSION pressure-denatured state still contains a large population of

Our goal was to understand how high-pressure denatur-ordered secondary structures, possibly resembling a molten
ation is affected in the presence of different cosolvents and globule kind of state. A similar structure is also expected
how these data compare with the corresponding scenario forfor the corresponding temperature-induced unfolded state
the temperature-induced unfolding process. In fact, the conformation 48). In the case of KSO,, the decrease in the
mechanisms of pressure- and temperature-induced unfoldinggbsolute value of the volume change of unfolding due to a
of proteins seem to be different (penetration of water into a more ordered or structured unfolded state, in contrast to the
swollen, molten globule kind of state vs exposure of more polyols, is not offset by the preferential hydration effect.
hydrophopic residues, respectively), but as the balance of Thus, the absolute value afv° decreases significantly with
hydrophilic versus hydrophobic residues does not changethis salt.
very much upon unfolding, one might assume the difference A more disordered structure in the pressure-denatured
between the Hofmeister series for pressure- and temperaturestate, with regard to Snase without a cosolvent, is observed
induced unfolding to be small. Minor differences being in the presence of Cagla strong chaotropic agent.
connected to the size of the cosolvent molecules could beConsequently, a linear increase AV°| and a pressure
expected, however. destabilization of Snase with an increasing Ga®hcentra-

Upon addition of the polyols glycerol, sorbitol, and sucrose tion are found, which leads to a slight reductionAG°,
to Snase solutions, an increase in the denaturation pressurenly.
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Upon addition of urea, Snase unfolds at lovpgrvalues 5.
and the effect of increasing urea concentrationsAMi is
small. As a resultAG® decreases markedly with increasing
urea concentrations. Urea induces a more disordered struc-
ture; i.e., the denatured state contains fewer ordered second-
ary structure elements than Snase in a pure buffer solution, -

as seen from the infrared difference spectra.

These data thus indicate that polyhydric alcohols, sugars,
and urea induce a significant change in the denaturation
pressure f§n) and AG® at 1 bar, whereas thAV°, within
experimental error, does not depend significantly on the
cosolvent concentration, except for glycerol at 1 M. In
contrast, the salts have almost no effect\@sf and the entire
effect on thep,, is due to changes iAV°.

From temperature- and urea-induced unfolding studies, it
is known that at neutral pH the net charge of Snase is positive
and repulsion destabilizes the structure of Snase. The addition
of salt stabilizes the protein by acting as a counterion for
the protein; thus, the net charge of the protein is reduced, in
addition to the level of repulsion (screening effect). If the
net charge is low or the salt concentration is high, the
Hofmeister effect prevail$(l). Then, the major effect results
from changes in the water-bonded structure and preferential
exclusion of the ions from the vicinity of the protein. From
the Hofmeister series, ions'kand SQ?~ are known as good
and excellent water structure makers, respectivehb@%
is hence preferentially excluded from the protein surface
accompanied by an increaseAits° as observed in temper-
ature- and detergent-dependent as well as dialysis unfolding
experimentsZ, 64, 67). In contrast, in the pressure-dependent
experiment, no significant changesAG° are found, but a
decrease iNAV°| is found. As a result of the stronger
structured water-bonded network shell around the surface
of Snase in the presence 0§30, a rather compact, molten
globule kind of state is probably formed. Thus, the population
of remaining secondary structure elements in the denatured 18.
state is higher, leading, consequently, to the redysad|
values.

In contrast, CaG| in particular because of the structure
breaking properties of the €aion, has the opposite effect.
The water-bonded network becomes weaker in the presence 5q
of CaCb. No significant change inG° is observed, but this
salt leads to an increase iAV°|. In the presence of Cagl
which is probably not preferentially excluded from or bonded
to the protein, the water-bonded network structure is weaker
(64, 67). As a result, the protein unfolds to a larger extent,
resulting in a more disordered structure and laidar°|, as
seen in the difference spectra.
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