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ABSTRACT. The temperature dependence of the pressure-induced equilibrium unfolding of staphylococcal
nuclease (Snase) was determined by fluorescence of the single tryptophan residue, FTIR absorption for
the amide 'l and tyrosine G-H bands, and small-angle X-ray scattering (SAXS). The results from these
three techniques were similar, although the stability as measured by fluorescence was slightly lower than
that measured by FTIR and SAXS. The resulting phase diagram exhibits the well-known curvature for
heat and cold denaturation of proteins, due to the large decrease in heat capacity upon folding. The volume
change for unfolding became less negative with increasing temperatures, consistent with a larger thermal
expansivity for the unfolded state than for the folded state. Fluorescence-detected pressure-jump kinetics
measurements revealed that the curvature in the phase diagram is due primarily to the rate constant for
folding, indicating a loss in heat capacity for the transition state relative to the unfolded state. The similar
temperature dependence of the equilibrium and activation volume changes for folding indicates that the
thermal expansivities of the folded and transition states are similar. This, along with the fact that the
activation volume for folding is positive over the temperature range examined, the nonlinear dependence
of the folding rate constant upon temperature implicates significant dehydration in the rate-limiting step
for folding of Snase.

In the case of small reversibly folding proteins, the that the folding reaction involves significant dehydration and
transition between the folded and unfolded conformation(s) collapse of the chain. The unfolded state retains some residual
can be treated often as a first-order phase transition. We havesecondary structural characteristics and has a radius of
used such an approach to analyze the pressure-inducedyration that is more than twice that of the native protein
unfolding of staphylococcal nuclease (Snaseider various  with a bimodal pair probability distribution and a complete
solution conditions, including pH, concentration of denatur- disruption of tertiary contacts.
ant, and concentration of osmolyte, and we have also Inthe early 1970s, Brandt8)(and Kauzmanng) explored
investigated the kinetic aspects of the unfoldimgfolding the temperaturepressure phase behavior of ribonuclease A
transitions {—7). To describe as thoroughly as possible the and metmyoglobin unfolding, respectively. The temperature
ramifications of pressure on the protein’s structure, we have pressure dependence of ribonuclease A unfolding has been
observed the pressure denaturation by tryptophan fluores-revisited recently by Jonas and co-workel@)(who reported
cence emission and histidirlel NMR (tertiary contacts),  a complete®—T phase diagram based on high-pressure NMR
peptide carbonyl FTIR (secondary structure), and small-anglefor this protein. A study of the fluorescence-detected pressure
X-ray scattering (compactness) both at equilibrium and in denaturation of a destabilized mutant of Snase as a function
pressure-jump relaxation experiments. The results of theseof temperature was carried out by Eftink and Ramskl. (
studies were consistent with two-state behavior and revealedHowever, beyond these few studies, there are few examples

of thorough pressuretemperature equilibrium thermody-

. . namic studies of protein folding transitions. Moreover, in
T This work was supported by a grant to C.A.R. from the National h b h h h di f .
Science Foundation (MCB9600523) and by a grant from the DFG to (N€ above cases where the phase diagram for protein
R.W. unfolding has been explored, a single observable parameter
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MATERIALS AND METHODS subtraction of the background scattering using the pure buffer
solution data, taking into account the different absorption
factors, we performed data evaluation of the SAXS measure-
Recombinant staphylococcal nuclease (Snase) with thements using the indirect Fourier transformatid8-20).
sequence of nuclease A from the V8 strairStdiphylococcus We have used SAXS to probe the overall conformation
aureuswas obtained using th& expression system in the of the protein by measuring its radius of gyration and pair
Escherichia colstrain Arl9 as described by Shortle and Lin  distance distribution functiop(r) which are sensitive to the
(13). The cells were grown according to the procedure spatial extent and shape of the particle. The square of the
described by Shortle et all4) except that SB rather than radius of gyrationR, of the scattering particle is obtained
MOPS medium was employed. The protein purification was from the normalized second moment uff)
carried out according to the method described by Shortle

Protein Preparation

and Meeker 15) with the modifications described by Frye fR'“a’p(r)rz dar

et al. @). The plasmid bearing the sequence for the V66A 2__J0 7 (1)
mutant was a gift from D. Shortle and was produced and szmaxp(r)r dr

purified as described by Frye and Royéy. ( 0

High-Pressure Fluorescence Measurements The pair distance distribution functigo(r) is given by

: . . . Ihe Fourier transform of the measured scattered inte
The optical pressure cell used in the experiments described ey

here was similar to that previously describ@d3), except 1 oo )

that the windows were sapphire and the seal was a C-seal, p(r) ===/, 1(Q)Qr sin(@Qr) dQ 2)

rather than a Bridgman seal on all plugs. The primary 27

hydraulic pressure was generated by the electric oil-filled

pump, followed by use of the pressure intensifier with the

intensification ratio of 1:20 and consequent separator for

separating primary pressure medium (oil) from the following

pressure medium (ethanol). This allowed for attaining higher

pressures. After pressure jumps, spectra were acquired ever

6—130 s depending upon the relaxation times with an N . i o

integration time of 6 s. The emission detection system was ?Zi)ndRma"N 4Ry (with R, obtained from the Guinier plots)

a back-illuminated UV/VIS (512 pixels 512 pixels) MTE- '

CCD detector (Instruments S. A., Inc.) coupled to a Triax- High-Pressure FTIR

180 Imagining Spectrograph, equipped with the UV blazed

double 600/300 g/mm grating (Instruments S. A., Inc.). The  High pressure FTIR spectra were recorded with a Nicolet

CCD detector and Spectrograph were interfaced with the Magna 550 spectrometer equipped with a liquid nitrogen-

computer by the AT-GPIB/TNT card (National Instruments). cooled HgCdTe detector as described previoug)y Row-
Upon unfolding, emission spectra shifts to the red followed deéreda-quartz was placed in the hole of the steel gasket,

the recorded loss in intensity. Intensity values are those @d changes in pressure were quantified by the shift of the

obtained at the weighted average emission wavelength. Theduartz phonon band at 695 cin(22). An external water
protein concentration was approximately 451, and the thermostat was used for pressure- and temperature-dependent

buffer conditions were 10 mM Bis-Tris at pH 5.5. The Measurements to control the temperature within°@1
temperature was regulated by a programmable temperature Snase (50 mg) was dissolved in 1 mL op® buffer
controller bath (VWR Scientific model 1157), reacting to Ccontaining 50 mM Bis-Tris (pH 5.5). Theia of Bis-Tris is

the external platinum resistance temperature detector (RTD)Préssure insensitive since both the acid and base forms
probe (Omega Engineering Inc.) placed near the insulated®Xhibit the same charge, thus eliminating electrostriction
high-pressure cell. The temperature controller bath was effects associated with deprotonation. To ensure complete

coupled to a brass thermostating jacket around the high-H—D exchange, the protein solution was heated td°@0
pressure cell. for 1 h and then stored overnight at room temperature.

Fourier self-deconvolution was performed with a resolution

Small-Angle X-ray Scattering enhancement factor of 1.8 and a bandwidth of 15%rhe

The SAXS experiments were performed at the X13 fractional intensities of th(_a ;econdary structure eI.ements were
beamline of the EMBL outstation at DESY in Hambuf( palculated frpm a band-fitting progedure assuming a Gauss—
17) as previously described), A protein concentration of ~ ian—Lorentzian line shape functior2g 24). Here it is
10 mg/mL in 10 mM Bis-Tris was chosen. With this protein assumed that the transition dipole moments of the different
concentration, typical exposure times were, due to the S€condary structure elements are similar.
window material, 40 min for the pressure—dependent mea- pata Analysis
surements. Pressure release always resulted in recovering o
the scattering pattern of the native protein, indicating that  Equilibrium Profiles.Equilibrium fluorescence intensity
no or only minor aggregation or radiation damage occurred and percent helix versus pressure profiles were fit for the
during the course of the experiments. The measurementsGibbs free energy of unfoldindG°, and volume change of
were performed in 10 mM Bis-Tris buffer adjusted to pH unfolding AV°, at atmospheric pressure under the particular
5.5. The cell was thermostated to the appropriated temper-solution conditions of each experiment using the BIOEQS
ature using a temperature jacket and water bath. After software 25—27) according to eq 3.

For a particle with uniform electron densitg(r) is the
frequency of vector lengths connecting small volume
elements within the whole volume of the scattering particle
with a maximum dimensioRnax As a first estimate of the
cutoff distances employed in the indirect Fourier transform
Ynethod of the SAXS analysis for calculation &, p(r) ~
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d(AG° )/dp=AV°, 3) 1ir(p) = kofe[*p(AV*f)/Rﬂ + koue[*p(AV*u)/Rﬂ (10)

These observable parameters were fit by BIOEQS assumingcgnsirained analysis was performed using eq 11 which takes
a two-state model with only folded and unfolded states as iyt account the relationships between the rate constants and
populated species. equilibrium constants (egs 12 and 13). In this manner, only

F—U (4) two parameters were adjustable in the fikss @nd AV¥),
while the values foKeq and AV°; were fixed at the values
where obtained from the fits of the equilibrium profiles.
AG(p) = ~RTINKofp) = —RTINIUIPVIFIO] () 1/g(p) = k & PAVIRT
The Gibbs free energy and volume change parameters are [kofe[_p(A\Ff)/R”]/[Keqfe[_p(Avcf)’R”] (11)

adjusted using a Levenberdlarquardt nonlinear least-

squares algorithm until the minimug? value is attained.  The rate constants and activation volumes for unfolding and

Observable mapping is carried out by assigning an adjustablefolding are related to the Gibbs free energy and equilibrium

fluorescence intensity plateau value to both the folded and volume change of unfolding through the following relations:

unfolded states. Thus, each fit involves four adjustable

parameters: the Gibbs free energy at atmospheric pressure, AG®, = —RTIn Ko, = RTIn(kykyy) (12)

the volume change of unfolding, and the plateau intensity

values. Raw data were fit, and then the data and the fits were and

normalized to the recovered plateau values for comparison. .

Uncertainty on the recovered parameters was estimated by AV, = AVjFu - AV*f (13)

carrying out rigorous confidence limit testing of the recovered

parameters, a process in which the fit is repeated at eachRESULTS AND DISCUSSION

one of a series of tested parameter values, allowing all other Temperature Dependence of the Fluorescence-Detected

parameters in the fit to float. In this manner, the estimated Equilibrium Pressure Unfoldingequilibrium fluorescence-

error takes into account the correlation between fitting detected pressure-induced unfolding profiles of Snase at five

parameters and is more realistic than errors derived from different temperatures are shown in Figure 1. The lines

the diagonal of the correlation matrix. through the points represent fits to the data to a simple two-
Relaxation Profiles and Kinetic ParameteiSits of the  state unfolding transition as described in Materials and

relaxation profiles for the relaxation timewere carried out  Methods, and the recovered values for the Gibbs free energy

assuming a simple single-exponential process and volume change of unfoldingG°, and AV°,, respec-
ur tively, can be found in Table 1. The profile of the Gibbs
=1le " +C (6)  free energy changAG°, of unfolding obtained from the

fluorescence profiles as a function of temperature is shown

in Figure 5a. The nonlinear behavior can be ascribed to the

. well-known increase in heat capacity upon unfolding and

any given pressure. . . has been observed previously for the temperature dependence
The dependence of the natural logarithm of the inverse of of the pressure denaturation of a mutant of this protein,

the relaxation time upon pressure was fit (o a two-state gnageconA K1), The cold denaturation of Snase at atmo-
transition between the folded and unfolded monomer. S'ncespheric pressure has been reported previously as 2@ (

the extent of the perturbation of the equilibrium due to the 114 <tudies of Eftink and Ramsay actually were carried out
pressure jump itself was less than 10%, and since we assumey o 1o our understanding of the large positive activation

a simple two-state model, the linearized rate expression in,,o1 me involved in folding of Snas@) which necessitates
eq 7 for a simple monomer unfolding reaction hol@s)( quite long equilibration periods. For example, complete
=1/ + 7 equilibration at 2C required upd 3 h ateach pressure point
() (P) + k()] () (see below) and the present estimateAGP, andAV°, are

where ki(p) and ky(p) correspond to the rate constants of probably a bit more accurate than those previously qulished
folding and unfolding at pressurp, respectively. The by ourselves and otherd,(11). Moreover, the previous
variation of the rate constants of folding and unfolding with temperature studied {) involved a mutant and not the wild
pressure is expressed in terms of their values at atmospheridyP€ protein. The overall trend in the Gibbs free energy as
pressure Ky and ko) and the activation volumes for the @ function of temperature is similar to the results of the

folding and folding reactionAV# and AV¥,, respectively ~ Previous studies on SnaseconA, although the wild type
protein is shown here (as expected) to be more stable. The

wherel(t) is the fluorescence intensity value at tité, is
the intensity at time zero, an@d is the asymptotic value at

k(p) = kofe[*p(AV*f)/Rﬂ (8) recovered values of the_ volyme changes as a function of
temperature are shown in Figure 6&)( We note that the

and error is significantly larger at low temperatures because the
extremely long equilibration times>@ h/pressure point)

k,(p) = koue[‘P(A\Fu)’R“ (9) precluded collecting a large number of points. And since

the reported error bars correspond to errors calculated from
Plots of In[1£(p)] versus pressure were fit by substituting rigorous confidence limit testing, the correlation between
egs 8 and 9 into eq 7 and taking natural logarithms. Gibbs free energy and volume change and the asymptotic
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Table 1: Equilibrium Unfolding Parameters for Snase from the & 1640 Y
Fluorescence-Detected High-Pressure Experiments = i "

AG®, AV® AG®, AV 1635+ .

T(°C) (kcal/mol) (mL/mol) T(°C) (kcal/mol) (mL/mol) 1630 - L L
2 26+1.0 90+15 30 21+0.2 58+6 % % 30 0 30 %0 70 30
10 3.2+ 1.0 84+ 10 40 1.2+£0.1 52+4 T/°C

21 3.2£06 70+10 FIGURE 2: Pressuretemperature FTIR results for Snass) (and

aUncertainty values were determined from rigorous confidence limit Snase V66AM). (Top panel) Shift in the maximum of the tyrosine
testing as described in Materials and Methods. O—H (1514-1520 cntl) and (next panel) amidé (1630-1640
cm™1) absorption band maxima as a function of pressure &25

intensity values is quite large. Nonetheless, it is clear from (Bottom two panels) Shift in the maximum of the tyrosine-B®

. ’ ’ . . 1514-1520 cnt!) and amide 'l (1630-1640 cntl) absorption
inspection of Figure 6a that increasing temperature resultsf)ands as a funz:tion of tempc(arature at atmos)pheric ppressure.

in a decreasing value for the volume change for foldigr. Conditions were as described in Materials and Methods.
The trend is roughly linear, and the slope of the linear fit of

AV°s versus temperature is1 mL mol~* deg*. This slope function of pressure (top two panels). The linear increase in
corresponds tday, which is the change in the coefficient frequency for the G-H stretch at high pressures is due to a
of thermal expansion upon foldin@)¢ This indicates, not  direct effect of pressure on the-® bond. The amide’l
surprisingly, that the thermal expansivity of the partial molar band at each pressure and temperature was analyzed by
volume of the unfolded state is larger than that of the folded Fourier self-deconvolution as described in Materials and
state. It also provides an explanation for the change in sign Methods. The decrease ixhelix andj-sheet content and
in the volume change of unfolding at high temperatures. In the concomitant increase in the content of random coil
fact, the phase diagrams for metmyoglobin published by structures as a function of pressure at°®0are shown for
Kauzmann @) exhibit curvature at high temperatures and V66A and WT Snase, respectively, in panels a and b of
low pressures such that the volume change for unfolding Figure 3. The loss of secondary structure confirms that the
becomes positive. Such behavior can be explained by thepressure-induced transition corresponds to unfolding of the
difference in thermal expansivities of the folded and unfolded protein. The values cAG®, and AV°, recovered from fits
states. Since the partial molar volume of the unfolded state of these data in terms of a two-state unfolding transition can
increases more significantly with temperature than that of be found in Table 2 and are plotted in Figures BB &nd
the folded state, the difference in volume between the two 6a @), respectively.
states must decrease with increasing temperature, first tending In Figure 4 are plotted the values of the radius of gyration
toward zero and then changing sign (see the schematicR, for Snase as a function of pressure at 25, 45, anti®G0
diagram in Figure 9). obtained from the Guinier analysis of the small-angle X-ray
Temperature Dependence of the Equilibrium FTIR and scattering profiles as described in Materials and Methods.
SAX ProfilesThe pressure and temperature dependence ofBoth temperature and pressure lead to an incread®,.in
the infrared absorption by the tyrosine-® stretch and the ~ Compared to the effect of temperature alone, which resulted
amide | bands of Snase and of a less stable mutant of Snasen Ry values of near 45 A7), even a small amount of
which we have previously studied V668)(was investigated  pressure at 60C results in a smaller value & (37 A).
using the high-pressure FTIR diamond anvil cell previously The pressure midpoints at several temperatures obtained from
described 7). Examples of the results at 2€C are shown the FTIR, SAXS, and fluorescence profiles of WT Snase
in Figure 2. The band corresponding to the tyrosineHD are plotted as a phase diagram in Figure 5b.
stretch and that of the amidedbsorption for both the V66A The phase diagram obtained from the FTIR measurements
mutant and wild type (WT) Snase exhibit a transition as a on the V66A less stable mutant is also shown. It can be seen
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FiIcurRe 5: Temperature dependence of the volume changes for
Snase folding determined from the fluorescence-detected equilib-
rium and kinetic profiles as described in Materials and Methods.
(a) AG®, the equilibrium Gibbs free energy change upon unfolding
(®) determined from fluorescence aril)(determined from FTIR,
and (b) theT—P phase diagram of Snase as detected by (*) SAXS
with WT Snase, 4) FTIR with WT Snase, andA) FTIR with

and (1) random coil structures at 2% as a function of pressure
for (a) V66A and (b) WT Snase calculated from Fourier self-
deconvolution of the pressure dependence of the arhatesorption
band as described in Materials and Methods. Conditions were as
described in Materials and Methods.

Table 2: Equilibrium Unfolding Parameters for Snase from the
FTIR-Detected High-Pressure Experiments

AG®, AV AG®y AV
T(°C) (kcal/mol) (mL/mol) T(°C) (kcal/mol) (mL/mol)
—45 2.0+0.75 92+20 200 4.6+:17 80+ 20
05 22+0.9 90+ 20 250 4.0:16 77+ 20
50 3.0+15 87+ 20 36.0 3111 67+ 20
10.0 4.15+17 87+25 400 2.1+0.8 55+ 25
15.0 4.5+17 84+ 20 450 0.6H05 35+15
401 T
351 A : TL.
L b .
¢ 30 | ) I
- ol .
& 25+ -
201
T - T
T T T
i5- L L
0 1000 2000 3000 4000
p/ bar

Ficure4: Radius of gyration of WT Snase as a function of pressure
at (x) 25, () 45, and @) 60 °C, calculated from Guinier analysis

Snase V66A and&) WT Snase. Error bars correspond to the one

standard deviation of the data as determined from rigorous
confidence limit testing of the recovered parameters, and include
uncertainty due to correlations between fitting parameters.

agreement, whereas those obtained from the fluorescence
profiles indicate that the protein is slightly less stable than
one would conclude from the FTIR and SAXS measure-
ments; however, individually the measurements are all within
experimental error. Moreover, the values are much less well
determined for the SAXS and FTIR measurements than for
the fluorescence measurements (see the uncertainties in
Tables 1 and 2). We cannot rule out the possibility that the
small deviation between fluorescence and FTIR and SAXS
represents a breakdown of the two-state behavior under
pressure. However, in atmospheric pressure experiments, the
fluorescence and CD denaturant unfolding profiles of Snase
are identical 15), and all of the data we have taken under
pressure by fluorescence, FTIR, and SAXS at equilibrium
and kinetically are consistent with a reversible two-state
transition. One difference between the experimental condi-
tions for fluorescence and FTIR and SAXS that cannot be
avoided is that fluorescence measurements are carried out

of the low-angle scattering profiles. Conditions were as described USing approximately 1M Snase, while the detection limits
in Materials and Methods.

of the high-pressure FTIR and SAXS measurements require
much higher protein concentrations, in the millimolar range.

that all of the phase diagrams exhibit the curvature typical It could be that at the higher protein concentrations,
of heat and cold denaturation of proteins. The data from the interactions between Snase monomers lead to a small degree
FTIR and SAXS measurements for WT Snase are in good of stabilization.
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parameters. As previously found at 2C, we find here a
relatively large positive activation volume for folding,
consistent with a rate-limiting step for folding involving
significant dehydration. Plots of the natural logarithm of the
rate constants for folding and unfolding at atmospheric
pressure as a function of inverse temperature can be found
in Figure 8a,b. It can be seen that similar nonlinear behavior
is observed for the natural logarithm of the rate constant for
folding and for the equilibrium Gibbs free energy change of
2 & 10 20 30 40 0 unfolding (Figure 5a). Such non-Arrhenius behavior of the
T(°C) natural logarithm of the folding rate constant with temper-
ature has been previously observed in other syst&fis (
and has been interpreted as implicating a large decrease in
heat capacity and thus, the extent of dehydration, in the rate-
limiting step of the folding reaction. Recent isostability
studies implicate the heat capacity change upon formation
of the transition state, rather than a fundamental non-
Arrhenius dependence of the folding reacti@i)( Due to
the paucity of points, we have not fit the plot for the value
of the heat capacity change between the unfolded and
transition statesACy*, since its value would be highly
50 underdetermined.
T(°C) The temperature dependence of the activation volume for

) folding (Figure 6b) is quite similar to the decrease in the
Ficure 6: Temperature dependence of the volume changes for the S . .
folding of Snase. (a) Equilibrium volume change for foldiAy®; value of the equilibrium volume change upon folding (Figure
as determined from thea( fluorescence-detected anml)(FTIR- 6a) with increasing temperature. This indicates that the
detected profiles. The line represents a linear regression of the valuegoefficient for thermal expansion of the unfolded state is
determined from the fluorescence data. (b) Activation volumes for |grger than that of the transition state which is itself quite

folding as determined from the fluorescence-detected pressure-jumpg; . "
relaxation profiles. The slopes of the linear regression of the two similar to that of the folded state (see the schematic diagram

plots which are the change in thermal expansivity of Snase upon In Figure 9). _ _ .
folding Aas are the same within error and are equal-th mL As can be seen from Figure 7b, the relationship between
mol~* deg. the natural logarithm of the rate constant for unfolding and

Temperature Dependence of the Fluorescence-DetectedN€ inverse kelvin temperature is linear. Following Eyring
Pressure-Jump Unfolding and Refolding Relaxation Kinetics. (32) and later Oliveberg et al3(), we have assumed a quasi-
Fluorescence-detected pressure-jump relaxation profiles werdhermodynamic equilibrium between the unfolded and ac-
obtained as a function of pressure at five different temper- tivated or transition state. In such a case, one can extract
atures and fitted to single-exponential decay functions as the enthalpy and entropy of activation for unfolding from
described previously2( 6). Plots of the inverse of the the plot of the Ink,/T) versus IT.

1004

75

AV, (ml/imol)

SOJ

AV (mlimol)

relaxation time X as a function of pressure at five KT _cmer

temperatures can be found in Figure-&a The data were Kou = e (14a)
fit according to eq 8 (Materials and Methods) for the

activation volumes and rate constants for folding and k, JTZ(kblc/h)e(Ast’R)e(’AH*’RD (14b)

unfolding. The values for the activation volumes and rate

constants for unfolding are not uniquely determined by the Thus, the intercept of the plot in Figure 8b isks(/h) +

data in an unconstrained analysis. We have previously AS/R, and the slope is-AH*/R. Assuming a transmission

reported a small positive activation volume for unfolding coefficientk of 1, we recover an entropy of activatids*

from linear fits of the data2). In fact, nonlinear fits reveal ~ equal to 227 J mol K* (or 54 eu) and an enthalpy of

that the effect of pressure on the unfolding reaction is so activationAH* of 36 kcal/mol. If the transmission coefficient

small that it does not provide a large enough perturbation to tends toward zero, then the value of the activation entropy

uniquely determine its effects. If we constrain the fit (eq 9) doubles. Thus, the entropy of the activated state is higher

using the equilibrium volume change for folding and the than that of the folded state. This can be understood because

equality between the ratio of the rate constants and thethe chain entropy has likely increased due to the breaking

equilibrium constant (Table 1), then the uncertainty for the of internal tertiary interactions, but no loss in the solvent

parameters for folding (activation volume and rate constant entropy has occurred since the transition state is not yet

at atmospheric pressure) is greatly reduced. And the param-highly hydrated like the unfolded state. The enthalpy also

eters for unfolding can then be calculated using the above-increases upon going from the folded to the activated state,

mentioned relations. These values are given in Table 3. which is also consistent with the disruption of tertiary
We note that the trend for the unfolding rate constant is contacts.

the same and also the numbers quite similar, regardless of

the fit method. On the other hand, the constrained analysiscoNCLUSIO'\IS

allows for the calculation of unfolding constants from the  In recent years, a number of investigatod$,(31, 33—

reasonably well-determined equilibrium and folding kinetic 39) have applied multiple perturbations (temperature, dena-
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Ficure 7: Plots of 1t vs pressure for Snase at (a) 2, (b) 10, (c), 21, (d) 30, and (&C4Qines through the points represent fits to the
data using eq 9. Values of(the relaxation time) were obtained from fits of the relaxation profiles at each pressure and temperature (data
not shown) according to eq 4. Conditions were as described in Materials and Methods.

Table 3: Kinetic Unfolding Parameters from the tion of the temperature and pressure axes using observables

Fluorescence-Detected Pressure-Jump Relaxation Experiments for tertiary structure, secondary structure, and degree of

TCO) k(s  AVE (mUmol) ke (s9) AVee (mL/mol) collapse. This study and the others on Snase pressure
unfolding (vs pH and GuHCI and osmolyte concentration,

2 0.007+0.001 80+ 5 0.00006 -10 . .
10  0.062+ 0.002 82+ 3 0.0002 o and observed using multiple order parameters for secondary
gé 8.178:&006224 ggi g 8.8007 —239 structure, tertiary contacts, and collapse) all generally concord

51+ 0. + .0154 ; : i ;
40 0.194% 0.007 431 0.281 11 to provide a picture of the transition state that lies closer to

- . —— — the folded than the unfolded state in terms of system volume,
a Analysis was carried out as described in the text, constraining the heat capacity exposed surface area. and thermal expansivity

value of the unfolding rate constaky, to be equal to the ratio of the . . L .
folding rate constant and the equilibrium constant for folding. The 1hiS leads to the conclusion that the rate-limiting step in

values forKeq and theAVeq were fixed at the values recovered from  folding corresponds to dehydration and collapse. Our pres-
the fits of the equilibrium fluorescence data at each temperature. Thus,sure-temperature studies on Snase, and recent isostability
only fitting parameters were the rate constant for folding at atmospheric temperature dependence studies by Scalley and Bakgr (
pressurek,s and the activation volume for folding V. . .

on protein L, provide food for thought to those proponents

turant, osmolytes, and pH) to small reversibly folding of the “new view” or energy landscape perspective of protein
proteins and have applied to the data a two-state analysisfolding (40). Both the pressure and temperature dependencies
which corresponds to a first-order phase transition. The of the folding reaction explicitly implicate desolvation in the
general result of these studies has been that the data in sdarrier to the folding reaction, whereas this process is only
many different dimensions actually correspond reasonably implicit in the contact models; the correspondence between
well to this simple picture. Within the limits of practicality, real proteins folding and these models remains to be
we have presented here the results of simultaneous exploradescribed in detail.
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the coefficient of thermal expansion for the folded statis smaller
than that of the unfolded state,, the decrease in volume upon

unfolding becomes smaller in absolute value as the temperature is
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