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ABSTRACT The kinetics of chain disruption and collapse of staphylococcal nuclease after positive or negative pressure
jumps was monitored by real-time small-angle x-ray scattering under pressure. We used this method to probe the overall
conformation of the protein by measuring its radius of gyration and pair-distance-distribution function p(r) which are sensitive
to the spatial extent and shape of the particle. At all pressures and temperatures tested, the relaxation profiles were well
described by a single exponential function. No fast collapse was observed, indicating that the rate limiting step for chain
collapse is the same as that for secondary and tertiary structure formation. Whereas refolding at low pressures occurred in
a few seconds, at high pressures the relaxation was quite slow, ~1 h, due to a large positive activation volume for the
rate-limiting step for chain collapse. A large increase in the system volume upon folding implies significant dehydration of the
transition state and a high degree of similarity in terms of the packing density between the native and transition states in this
system. This study of the time-dependence of the tertiary structure in pressure-induced folding/unfolding reactions demon-
strates that novel information about the nature of protein folding transitions and transition states can be obtained from a
combination of small-angle x-ray scattering using high intensity synchrotron radiation with the high pressure perturbation

technique.

INTRODUCTION

The reversible folding of small, single-domain proteins of-
ten conforms reasonably well to a first order phase transi-
tion between the folded and unfolded forms. However, in
order to analyze a protein system within this framework, it
is important to investigate as many order parameters for the
protein structure as possible, using a large number of ex-
perimental observables. For example, due to high sensitivity
and rapid response times, the kinetics of protein folding is
typically assessed by UV fluorescence, which reports on
tertiary structure local to the intrinsic fluorophores of the
protein (tyrosine and tryptophan), and circular dichroism (or
laser T-jump IR), which provides an assessment of the
global secondary structural properties. More detailed infor-
mation can be obtained by quench-flow NMR, which can
inform on both secondary and tertiary structure throughout
the protein sequence. Recently, thanks to improvements in
sensitivity, a number of studies have appeared of protein
folding kinetics using stopped-flow small-angle x-ray scat-
tering to ascertain the evolution of the degree of chain
collapse (Semisotnov et al., 1996; Chen et al., 1998; Segel
et al., 1999; Plaxco et al., 1999). This order parameter is of
particular interest, because models of protein folding have
been proposed in which rapid chain collapse could be fol-
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lowed by a rate-limiting step which involves a reorganiza-
tion of the chain (Dill et al., 1995).

Like simple first-order phase transitions, protein folding
is accompanied by a change in enthalpy and heat capacity,
as well as by a change in volume. Thus, although the study
of protein folding has been undertaken primarily using
perturbation by temperature or chemical denaturants, a
complete thermodynamic description of the folding and
unfolding reactions requires the characterization of the re-
sponse of the protein structure to pressure (see, for example,
Bridgman, 1914; Kauzmann, 1987; Heremans, 1982; Silva
and Weber, 1993; Silva et al., 1994; Gross and Jaenicke,
1994). This pressure response is governed by the volume
changes (protein + solvent) associated with folding and
unfolding, and their determination provides unique insight
concerning issues of packing and hydration. Most proteins
studied to date exhibit a decrease in specific volume upon
unfolding (Royer, 1999; Frye and Royer, 1998; Mozhaev et
al., 1996; Silva and Weber, 1993) such that the application
of pressure results in a perturbation of the equilibrium
toward the unfolded state. The underlying molecular basis
for this decrease in system volume upon unfolding has been
attributed to the combined effects of electrostriction of
water molecules around newly exposed charged and polar
moieties, the decrease in specific volume of hydrophobic
residues upon transfer from a nonpolar protein interior to
water, and the elimination of packing voids upon unfolding
(Royer, 1999; Mozhaev et al., 1996). Though the relative
contribution of each of these effects remains subject to
debate, it is clear that they all involve an increase in the
hydration of the protein. Thus pressure studies provide
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unique information concerning packing and hydration in the
folding and unfolding process.

Staphylococcal nuclease (SNase) is a small, reversibly
folding single-domain protein that has served as a model for
the study of protein folding for some time. The folding of
this protein seems to conform reasonably well to a two-state
model at equilibrium, using chemical denaturants and dif-
ferential scanning calorimetry, although certain solution
conditions or mutations can result in the population of stable
intermediates (Shortle and Meeker, 1986; Shortle et al.,
1989; Shortle, 1995; Ionescu and Eftink, 1997; Carra et al.,
1994; Carra and Privalov, 1995). Moreover, the folding
kinetics of SNase are complex in both denaturant and pH-
jump experiments, in part due to prolyl peptide bond
isomerization in the native and denatured states (Chen et al.,
1992a,b; Nakano et al., 1993; Ikura et al., 1997; Walken-
horst et al., 1997) and in part due to non-concomitant
folding of the two subdomains (Walkenhorst et al., 1997). In
contrast to denaturant- and pH-jump kinetics, pressure-jump
fluorescence and Fourier transform infrared spectroscopy
(FTIR) relaxation profiles of the folding/unfolding of SNase
have been shown previously to exhibit identical mono-
exponential kinetics, indicating that under pressure, both
secondary structure formation (for both «-helix and
B-sheet) and tertiary structure formation conform to a sim-
ple two-state model (Vidugiris et al., 1995; Panick et al.,
1998, 1999) with the same rate-limiting step. Apparently,
the non-native prolyl peptide bond isomers are not signifi-
cantly populated at high pressures, in either the native or
denatured states, and moreover, the subdomains fold coop-
eratively under these conditions. Thus, folding and unfold-
ing kinetics using the pressure perturbation reflect directly
the global folding process for this protein.

Previous equilibrium small-angle x-ray scattering
(SAXS) studies by our groups demonstrated that increasing
pressure in the range of 1 bar to 3.5 kbar results in a
transition in the value of the radius of gyration, R, of SNase
from ~18 to ~33 A (Panick et al., 1998, 1999). However,
the 10-min acquisition time in these previous high-pressure
SAXS measurements precluded the detection of fast-form-
ing collapsed intermediates, which have been proposed to
occur in the folding process of some proteins (Dill et al.,
1995; Chan and Dill, 1998). In order to ascertain whether
chain collapse occurs before or concomitant with the rate-
limiting step in folding of SNase as assessed by FTIR and
fluorescence, we have carried out pressure-jump SAXS with
a l-s dead time performed at the high intensity APS syn-
chrotron source at Argonne National Laboratory. To our
knowledge, these measurements are the first of their kind.

MATERIALS AND METHODS

SNase was overproduced and purified as previously described (Panick et
al., 1998). Briefly, recombinant staphylococcal nuclease with the sequence
of nuclease A from the V8 strain of Staphylococcus aureus was obtained
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using the A expression system in the Escherichia coli strain ArA9 as
described by Shortle and Lin (1985). The cells were grown according to the
procedure described by Shortle et al. (1989), except that SB rather than
MOPS media was employed. The protein purification was carried out
according to the method described by Shortle and Meeker (1986) with
modifications described by Frye et al. (1996).

Sample concentration was 1 weight % SNase in 50 mM bis-Tris, pH
5.5, at either 25 or 40°C. The high-pressure apparatus was as previously
described (Panick et al., 1998; Woenckhaus et al., 2000). The high-pressure
SAXS sample cell is equipped with flat diamond windows of 0.8 mm
thickness (type Ila quality, Drukker, Cuijk, The Netherlands), and the
optical pathlength of the sample cell is 1.5 mm (for details, see Woenck-
haus et al., 2000). The pressure cell is equipped with a thermostatable
jacket. The temperature accuracy is £0.05°C by using a computer-con-
trolled thermostat. SAXS measurements were made at the third generation
synchrotron APS, Argonne National Laboratories, at the beamline 12-ID
BESSRC-CAT (Seifert et al., 2000). After subtraction of the background
scattering using the pure buffer solution data, taking into account the
different absorption factors, data evaluation of the SAXS measurements
was performed using the indirect Fourier-transformation method (Glatter,
1977, 1979; Miiller and Glatter, 1982).

The pair distance distribution function p(r), which depends on the
molecular particle shape and on the intra-particle scattering distribution, is
given by the indirect Fourier transform of the measured scattered intensity
(Glatter and Kratky, 1982). For a particle of uniform electron density, it is
given by

.
p0) = 5| 10)0r sin(0r)dQ M

0

where Q is the magnitude of the scattering vector defined by

4
0= N sin 6 (2)

(A is the wavelength of the radiation, and 20 is the scattering angle). The
function p(r) represents the frequency of vector length » connecting small
volume elements within the volume of the scattering particle, that is, the
protein molecule, with maximum dimension D,,.. As the use of the
Guinier approximation for the determination of the radius of gyration, R,,
might lead to errors caused by concentration or aggregation effects, we
used the normalized second moment of the pair distance distribution
function for calculation of R,

fployrar
2
Rg - 2f€"mp(l")dl" (3)

As a first estimate of the cutoff distances employed in the indirect Fourier
transform method of the SAXS analysis for calculation of Rg, values of
p(r) ~ 0 and D, ~ 4R, (with R, obtained from the Guinier plots) were
used.

For a two-state protein system, the measured R, is an average radius of
gyration of the species in solution (Segel et al., 1999):

Ry = fiRe e + fiRe 4)

where f; is the native fraction (folded state) and f, the unfolded fraction
(f; + f, = 1). Since Ré maintains a linear dependence upon the fractional
populations, Ré is the relevant quantity to fit.

Pressure-jump fluorescence measurements were carried out as previ-
ously described (Vidugiris et al., 1995, 1996). The optical pressure cell
used in these experiments was similar to that previously described, except
that the windows were sapphire and the seal was a C-seal, rather than a
Bridgman seal on all plugs. After pressure jumps spectra were acquired
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every 6 to 130 s, depending upon the relaxation times, with an integration
time of 6 s. The emission detection system was back illuminated UV/VIS
(512 X 512 pixels) MTE-CCD detector. Upon unfolding, emission spectra
shifts to the red followed the recorded loss in intensity. Intensity values are
those obtained at the weighted average emission wavelength. Protein
concentration was approximately 15 wM, and the buffer conditions were 10
mM bis-Tris, pH 5.5. A temperature controller bath was coupled to a brass
thermostating jacket around the high-pressure cell.

The equilibrium fluorescence intensity profiles versus pressure were fit
for the free enthalpy AGY and volume change AV of unfolding under the
particular solution conditions of each experiment, using

d(AG%/dp = AV° (5)

These fluorescence intensities were fit assuming a two-state model with a
folded and an unfolded state as populated species, so that

AG(p) = —=RTIn K.(p) = —RT In[£,(p)//ip)] ~ (6)

Observable mapping was carried out by assigning adjustable fluorescence
intensity plateau values to both the folded and unfolded states. The free
enthalpy and volume change parameters were adjusted using a Levenberg-
Marquardt nonlinear least squares algorithm until the minimum x* value
was attained.

RESULTS AND DISCUSSION

The rapid decrease of pressure for a solution of SNase at
25°C from, for example, 4000 bar (denaturing conditions) to
800 bar (native conditions) results in a relatively rapid
decrease in the value of the radius of gyration, R, from near
29 to 18 A (Fig. 1). For a random coil of the chain length of
SNase (149 amino acids), one would expect a much larger
value for R,, 45 A (Miller and Goebel, 1968), and thus the
pressure-denatured state of SNase, like the urea-denatured
state (Flanagan et al., 1992), is not completely random coil
in nature. The observed pressure-jump relaxation profile for
the decrease in R, fits well to a single exponential decay
with a time constant 7 of 4.5 s. Pressure jumps from 4000
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FIGURE 1 Time evolution of the radius of gyration R, after a negative
pressure jump from 4000 bar denaturing conditions) to 800 bar (native
conditions). The fit of data to a single exponential decay function (/ine)
yields a time constant of 4.5 s.
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bar to ambient pressure conditions yield similar results. At
40°C the relaxation times are quite similar, near 5 s (data
not shown). No burst phase is apparent in the profiles of R,
demonstrating the absence of any significantly populated
collapsed intermediates in the refolding reaction of SNase
under pressure.

In contrast, a positive pressure jump at 25°C from 1500
bar (near-native conditions) to 3000 bar (fully denaturing
conditions) results in a very slow relaxation of R, from 20
to 31 A (Fig. 2). Complete relaxation is observed only after
1 h. As for the negative pressure jumps, the positive pres-
sure jump profile is well fit by a single exponential function,
with a much longer time constant of 7 = 14 min.

More than 40 min after a positive pressure jump from
1000 to 3000 bar at 25°C, the pair distribution function p(r)
of SNase (Fig. 3) evolves from a symmetrical bell-shaped
peak indicative of a nearly spherical molecule under native
conditions to a more complex distribution at high pressure,
resembling that for an ellipsoidal particle. The maximal
real-space dimension of the pressure-denatured state is near
110 A, which is smaller than would be expected for a
random coil chain, yet twice that observed for the native
state, indicating significant disruption of the protein struc-
ture under pressure. No evidence for an intermediate form is
apparent in the time-evolution of the pair distribution func-
tion, consistent with the single exponential profiles for the
evolution of R,.

In simple two-state kinetics, the pressure dependence of
the experimentally determined relaxation times 7 can be fit
to the following function (Eigen and de Maeyer, 1963):

In 7(p) = In[k,(p) + kip)]™ )

where

ku(p) = kuexpl—(p — po) AVY/(RT)] ®)

L (A)

R

T
0 500 1000 1500 2000 2500 3000 3500

Time after pressure-jump (s)

FIGURE 2 Time dependence of the increase in R, after a positive
pressure jump from 1500 bar (near-native conditions) to 3000 bar (dena-
turing conditions). The fit of the data to a single exponential function (/ine)
yields a time constant of 14 min.
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5
FIGURE 3 Pair distribution function p(r) for SNase at 5-min 3
intervals after a pressure jump from 1000 bar (native conditions) to =
3000 bar (denaturing conditions). The first scan was acquired 5 s =
after and the last 40 min after the pressure jump.
and
.
kdp) = knexp[—(p — po)AVH/(RT)] )

where kg, and k,, are the rate constants for folding and
unfolding at atmospheric pressure (p,) and AV} and AV are
the activation volumes for folding and unfolding.

The values of k,(p) and AV% are constrained as follows:

kup) = kip)K.(p) (10)

and
AVE=AVE— AW (11)

using the values of the equilibrium constant for unfolding
and the equilibrium volume change upon folding, K,(») and
AV2(1.5+ 102 and 81 mL/mol, respectively), obtained from
the fit of the equilibrium fluorescence high pressure unfold-
ing profile (Fig. 4). We have shown previously good agree-
ment between the equilibrium pressure-induced unfolding
profiles obtained from fluorescence and FTIR (Panick et al.,
1999).

The fit to Eq. 7 of the pressure dependence of the relax-
ation times obtained from the SAXS data (Fig. 5, triangles)
yields a large positive value for AV# of 89 + 10 mL/mol.
The agreement between the present results, based on obser-
vation of chain collapse, with those obtained by fluores-
cence (AVE = 99 + 12 mL/mol, repeated here for compar-
ison, Fig. 5, open circles) and FTIR (Panick et al., 1998)
demonstrates that chain collapse depends upon the same
rate-limiting step as that for secondary structure formation
and tertiary structural contacts in the vicinity of the trypto-
phan residue of SNase. No rapidly formed collapsed inter-
mediates are apparent, indicating that in the case of pressure
denatured SNase, as for Protein L (Plaxco et al., 1999),
folding does not involve prior condensation of the chain.

Refolding of SNase from high guanidine hydrochloride
concentrations exhibits a complex kinetics (Carra and
Privalov, 1995; Chen et al., 1992a,b; Nakano et al., 1993;
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Ikura et al., 1997). Even for SNase mutants in which all of
the proline residues have been replaced, NMR evidence
(Walkenhorst et al., 1997) indicates the population of a
collapsed intermediate in the (3-barrel subdomain upon re-
folding from high guanidine hydrochloride, to which tryp-
tophan fluorescence is insensitive. However, refolding from
the pressure-denatured state is shown here by small-angle
x-ray scattering, at least within the accuracy of the experi-
ment, to proceed without the population of any collapsed
intermediates, and previous pressure-jump FTIR studies
showed no evidence for rapid formation of B-type structure
(Panick et al., 1998). Thus, the folding landscape appears to
be much smoother under pressure. Moreover, an increase in
specific volume associated with the rate-limiting step for
chain collapse implicates a significant degree of dehydra-
tion associated with this process.
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FIGURE 4 Equilibrium pressure induced unfolding profile of SNase as
observed by fluorescence intensity in 50 mM bis-Tris buffer, pH 5.5, at
21°C. The line through the points represents the fit to the data with the
AG. = 15.9 kJ/mol and the AV = — 81.6 mL/mol as described in the text.
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FIGURE 5 Comparison of the pressure-jump relaxation results from
SAXS and fluorescence. Dependence of the natural logarithm of the
relaxation time from fits of the SAXS (A) and fluorescence (O) data as a
function of pressure.

At 40°C, the relaxation times for the R, profiles measured
under high pressure (denaturing) conditions were found to
be approximately 10-fold faster than those observed at 25°C
(~25 s, data not shown). This is consistent with a decrease
in the value of AV} with increasing temperature (also ob-
served in fluorescence relaxation experiments; Panick et al.,
1999), since at 40°C, the effect of pressure on the folding
rate constant is much smaller than it is at 25°C. The change
in specific volume of activation with temperature (dAV#/dT)
corresponds to the difference in the coefficient of thermal
expansion between the transition state and the unfolded
state, A, and a negative value indicates that the thermal
expansion of the transition state is smaller than that of the
unfolded state. A decrease in thermal expansivity in the
transition state indicates that significant structural con-
straints are introduced at the rate-limiting step.

As a further means of characterizing the properties of the
transition state one can calculate a ®(V) value, reminiscent
of the mutational ® values used for characterizing the
amino acid residues that participate in the structure of the
transition state (Fersht et al., 1992; Fersht, 1999). The ®(V)
value represents a measure of the degree of likeness of the
transition and native states in terms of specific volume and
can be written as the ratio of the activation and equilibrium
volume changes for folding:

IAGY

( ap ) AVE
(D(V):aTG}’:TW (12)

( ap )

In the case of SNase, we show here that for the transition as
monitored by chain collapse, this value is approximately
unity (~89/81), indicating that the transition state is highly
native-like. The molecular basis for the decrease in system
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volume upon unfolding of proteins remains to be fully
elucidated. Investigations of m-value and cavity mutants of
SNase (Frye et al., 1996; Frye and Royer, 1998) suggest that
packing defects may contribute more significantly to the
value of AV, than electrostriction and hydrophobic hydra-
tion. The fact that the rate-limiting step for chain collapse of
SNase involves a large increase in system volume suggests
that in the transition state, the packing of the protein interior
is quite similar to that of the native state, and that this
rate-limiting step involves significant dehydration. In the
case of SNase, chain collapse depends upon the same rate-
limiting step as does the formation of the secondary struc-
ture and tertiary contacts.

This study of the time dependence of chain collapse in
pressure-induced folding/unfolding reactions demonstrates
that novel information about the nature of protein folding
transitions and transition states can be obtained from a
combination of high sensitivity SAXS with the high pres-
sure perturbation. The stage is now well set for work ad-
dressing more complex questions, such as the study of the
folding reaction of oligomers and protein complex forma-
tion (see, e.g., Mohana-Borges et al., 1999).

This work was supported by the Deutsche Forschungsgemeinschaft (DFG)
and the Fonds der Chemischen Industrie.
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