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Pressure Denaturation of Staphylococcal Nuclease Studied by
Neutron Small-Angle Scattering and Molecular Simulation

Amit Paliwal, Dilipkumar Asthagiri, Dobrin P. Bossev, and Michael E. Paulaitis
Department of Chemical and Biomolecular Engineering, Department of Biophysics, Johns Hopkins University, Baltimore, Maryland

ABSTRACT We studied the pressure-induced folding/unfolding transition of staphylococcal nuclease (SN) over a pressure
range of ~1-3 kilobars at 25°C by small-angle neutron scattering and molecular dynamics simulations. We find that applying
pressure leads to a twofold increase in the radius of gyration derived from the small-angle neutron scattering spectra, and P(1),
the pair distance distribution function, broadens and shows a transition from a unimodal to a bimodal distribution as the protein
unfolds. The results indicate that the globular structure of SN is retained across the folding/unfolding transition although this
structure is less compact and elongated relative to the native structure. Pressure-induced unfolding is initiated in the molecular
dynamics simulations by inserting water molecules into the protein interior and applying pressure. The P(r) calculated from
these simulations likewise broadens and shows a similar unimodal-to-bimodal transition with increasing pressure. The
simulations also reveal that the bimodal P(r) for the pressure-unfolded state arises as the protein expands and forms two
subdomains that effectively diffuse apart during initial stages of unfolding. Hydrophobic contact maps derived from the
simulations show that water insertions into the protein interior and the application of pressure together destabilize hydrophobic
contacts between these two subdomains. The findings support a mechanism for the pressure-induced unfolding of SN in which
water penetration into the hydrophobic core plays a central role.

INTRODUCTION

The central paradigm of protein folding in aqueous solution
is the existence of a thermodynamically stable, native state in
which amphiphilic polypeptide chains form unique three-
dimensional structures with a closed-packed hydrophobic
core (Kauzmann, 1959; Dill, 1990). Although a variety of
forces contribute to the stability of these three-dimensional
structures, formation of this hydrophobic core is thought to
play a dominant role. Based on an information theory model
of hydrophobic interactions, Hummer et al. (1998) proposed
that proteins stabilized by hydrophobic driving forces at
ambient pressure are destabilized at elevated pressures due to
water penetration into the hydrophobic core. Thus, pressure-
induced unfolding corresponds to the transfer of water into
the protein interior rather than the transfer of nonpolar
residues from the protein interior into water. The latter
transfer process provides an accurate, but primitive thermo-
dynamic model for heat denaturation of proteins. This so-
called liquid hydrocarbon model of protein folding accounts
for the large negative entropy and large positive heat
capacity of unfolding, properties shared with the transfer of
liquid hydrocarbons into water (Baldwin, 1986). However,
this model fails to predict pressure denaturation of proteins.
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As pointed out by Kauzmann (1987), the volume change for
unfolding is positive at low pressures and negative at high
pressures, whereas the transfer of hydrocarbons from a
nonpolar phase into water exhibits the opposite behavior:
the volume change is negative at low pressures and positive
at high pressures. To examine the proposition of Hummer
et al. (1998), we measured the reversible folding/unfolding
transition of staphylococcal nuclease at ambient temperature
and kilobar pressures using small angle neutron scattering
(SANS). The SANS experiments were complemented by
molecular dynamics (MD) simulations in which unfolding
was initiated by water insertions into the protein interior at
elevated pressures.

The protein we chose to study is staphylococcal nuclease
(SN), a small globular protein consisting of 149 amino acid
residues and no disulfide bonds with a folding/unfolding
transition that conforms to the two-state model of protein
folding (Shortle, 1986). The reversible unfolding of SN as
a function of pH, chemical denaturants, and temperature has
been studied extensively (Shortle and Meeker, 1986; Shortle,
1995; Ionescu and Eftink, 1997; Carra et al., 1994; Carra and
Privalov, 1995; Griko et al., 1988). Experimental studies of
the effect of pressure on the folding/unfolding transition have
also been reported (Vidugiris et al., 1995; Frye et al., 1996;
Panick et al., 1998, 1999; Lassalle et al., 2000; Woenckhaus
et al., 2001). These more recent studies indicate that the
ensemble of unfolding pathways for pressure denaturation is
inherently different from those for heat or chemical de-
naturation. For example, the pressure denaturation of SN,
unlike heat denaturation, leads to an unfolded state charac-
terized by significant residual secondary structure. The
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application of pressure also forces structural rearrangements
of the polypeptide chain leading to relatively compact chain
conformations that are nonetheless swollen compared to the
native state due to increased hydration. This increased hydra-
tion of the polypeptide chain and a concomitant decrease in
the total volume of the solution imply changes in protein-
solvent interactions across the pressure-induced folding/un-
folding transition. The pressure dependence of this transition
therefore can provide insights into these interactions, which
are difficult to obtain by manipulating other thermodynamic
variables, most notably temperature, or through addition of
the denaturing agents, such as urea and guanidinium
hydrochloride.

Similar pressure-induced perturbations of protein-solvent
interactions primarily at hydrophobic interfaces have moti-
vated practical applications of high pressure to reverse the ag-
gregation of folding intermediates (Gorovits and Horowitz,
1998) or to dissociate oligomeric proteins (Silva and Weber,
1993), multiprotein virus assemblies (Da Poian et al., 1993,
1994; Bonafe etal., 1998), and amyloid fibrils under aggregat-
ing conditions (Foguel et al., 2003). Pressure unfolding also
avoids irreversible aggregation common in heat denaturation
as well as the association of denaturing agents with unfolded
or partially unfolded proteins in chemical denaturation,
both of which can obfuscate an experimental characteriza-
tion of the unfolded state. Thus, the use of pressure to direct
protein unfolding can provide insights into the nature of the
unfolded state as well as the folding/unfolding transition.

METHODS

Scattering experiments were performed on the NG3 30 m SANS instrument
at the National Institute of Standards and Technology (NIST) Center for
Neutron Research (Gaithersburg, MD). Neutrons of wavelength A = 6 A
with a distribution AA/A = 15% were incident on samples held in a custom-
built high-pressure SANS cell. Sample/detector distances of 1.5 and
5 meters were used to obtain a g-range of 0.01 < g/A~" = 0.12 where
q = (4m/)\) sin(6/2) is the magnitude of the scattering vector. The upper limit
of this g-range was set by the geometry of the pressure cell. Sample scattering
was corrected for background and empty cell scattering, and the sensitivity
of individual detector pixels was normalized. Corrected data sets were
circularly averaged and placed on an absolute scale using standard samples
and software supplied by NIST (SANS Data Reduction and Imaging
Software, 1998). Instrumental smearing was simulated (Barker and
Pedersen, 1995) for the instrument configurations used, eliminating smeared
data points from the combined data set.

The custom-built, high-pressure SANS cell consists of a stainless steel
outer cell rated to 4 kilobar, and an inner cell that contains the protein
solution. The design of this high-pressure cell has been described in detail
elsewhere (Ferdinand, 2000). A unique feature of the cell design is to isolate
the sample from the pressurizing fluid and the metal walls of the outer cell by
enclosing the sample in the inner cell. This inner cell consists of a flexible
Teflon sleeve that fits tightly around the two sapphire windows of the outer
cell. The distance between the windows determined the sample path length:
2 mm. Changes in the path length due to deformation of the high-pressure
cell at kilobar pressures were accounted for based on an independent
calibration of this correction (Ferdinand, 2000).

Pressure was generated using a pressure generator and measured at the
cell using a Viatran Model 345 transducer (0-60,000 psi, <*=60 psi
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nonlinearity; Viatran, Grand Island, NY) and meter (£1 psi sensitivity). A
dedicated PC connected to the SANS data acquisition computer was used to
control pressure. Temperature was controlled by circulating ethylene glycol
through a constant-temperature bath provided by NIST (*0.01°C
sensitivity) and the aluminum jacket that houses the high-pressure cell.
The jacket temperature at the outer edge of the cell was monitored using
a thermocouple accurate to *0.1°C. This temperature was found to be
within £0.2°C of the temperature inside the high-pressure cell. The
uncertainty in the temperature inside the cell was estimated to be <0.5°C
with a stability of =0.1°C over the course of an experiment.

Wild-type SN was expressed and purified to >98% as determined by
SDS-PAGE following the procedure described previously by Shortle and
Meeker (1986). All experiments were performed at 25°C and a protein
concentration of 9.86 mg/ml in D,O and 50 mM bis-Tris-buffer adjusted to
pH 5.5. These solution conditions were chosen to match those reported in
previous studies of pressure-induced unfolding of SN (Panick et al., 1998).
Solutions were prepared by exchanging H,O for D,O in successive dilutions
using Amicon Ultra Centrifugal Filter Tubes with a 5000-MW cutoff
(Millipore, Bedford, MA). The samples were stored at 4°C before
transferring them to the high-pressure cell for the SANS measurements.

RESULTS AND DATA ANALYSIS

Scattering spectra at 25°C for representative pressures
between 1.0 and 3.1 kilobars are shown in Fig. 1. These
pressures span the midpoint of the folding/unfolding
transition at ~2.1 kilobar at 25°C (Panick et al., 1999).
The spectra were measured as a function of decreasing
pressure after first measuring the scattering intensity, /(g), at
1.0 kilobar. The reproducibility of I(g) at low pressures
corresponding to the refolded state of SN confirmed the
reversibility of the folding/unfolding transition. Decreasing
rather than increasing pressure has an added advantage of
reducing the equilibration time at each pressure since the
folding and unfolding rates of SN increase with decreasing
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FIGURE 1 Measured scattering intensities as a function of the magnitude

of the scattering wave vector for a solution of 9.86 mg/ml SN in D,0 and 50
mM bis-Tris-buffer at pH 5.5, 25°C, and selected pressures between 1.0 and
3.1 kilobars. The lines through the data at each pressure are obtained from
the P(r) shown in Fig. 3 as discussed in the text. The spectra at the three
higher pressures have been offset by factors indicated in parentheses in the
figure legend.
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pressure (Vidugiris et al., 1995). This effect can be large; for
example, SN unfolds in approximately an hour in response to
a pressure jump of a few kilobars, but refolds in less than
a minute in response to a comparable decrease in pressure
(Woenckhaus et al., 2001). At low g, the spectra are fit using
the Guinier approximation

I(q) = 1(0)exp[—R3q" /3], (1)

where R, is the radius of gyration and /(0) is the forward
scattering intensity. In each case, a linear plot of In[/(g)]
versus q2 is obtained for gR, < 1.0 (Semisotnov et al., 1996),
as shown in Fig. 2. At higher pressures, the g-range over
which this inequality holds shifts to lower values with the
expected increase in R, as the protein unfolds.

The radius of gyration and forward scattering intensity can
also be calculated from the pair distance distribution function,
P(r), defined as the distribution of distances between pairs of
scattering points within the protein and given by the inverse
Fourier transformation of the measured scattered intensity,

1 oo
~— / 1(q)gr sin(gr)dq. (2)
2’77 0

P(r) =
We obtained P(r) using the indirect Fourier transformation
method implemented in GNOM (Svergun, 1991), and then
calculated R, and /(0) from the standard relations
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FIGURE 2 Guinier plots of the measured scattering spectra in Fig. 1. The
linear fits to the data at low ¢ using Eq. 1 were uniformly constrained to
g-values such that gR, < 1.0. The results at the three higher pressures have
been offset as indicated in the legend for Fig. 1.
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where D, is the maximum dimension of the protein. The
only requirement in applying Eqs. 3 and 4 is an estimate of
Dpnax. These values of R, and 1(0) are considered to be more
reliable than those derived from the Guinier analysis since
the approach makes use of the measured /(g) over the entire
g-range (Glatter and Kratky, 1982). The P(r) derived from
the /(g) in Fig. 1 using Eq. 2 are shown in Fig. 3.

The symmetrical, bell-shaped P(r) curves at 1.0 and 1.7
kilobars confirm the globular shape of SN in its folded state
that is observed in the x-ray crystal structure (Hynes and
Fox, 1991). These two curves also virtually superimpose,
indicating that the protein retains its globular shape for
pressures as high as 1.7 kilobars. At 2.4 kilobars, P(r) is still
bell-shaped, but the distribution becomes slightly skewed to
larger values of r. At 3.1 kilobars, P(r) becomes distinctly
bimodal. In addition, the value of D,,,, increases from ~48
A at 1.0 and 1.7 kilobars to a value of 110 A at 3.1 kilobars.
The value of D, at the lower two pressures is comparable
to the maximum dimension extracted from the x-ray crystal
structure (Hynes and Fox, 1991). We do not attach physical
meaning to Dy« at intermediate pressures since an in-
terpretation is complicated by the presence of both folded
and unfolded states of SN.

The values of R, as a function of pressure derived from
P(r) and the Guinier analysis are in excellent agreement over
the entire range of pressures, as shown in Fig. 4. These
values are also compared with those obtained from a Guinier
analysis of small-angle x-ray scattering (SAXS) measure-
ments at the same solution conditions (Panick, et al., 1998).
We note good agreement at high and low pressures, but
slightly higher SAXS values for R, at intermediate pressures.
Consequently, the midpoint of the folding/unfolding transi-
tion is ~2.5 kilobars for our SANS results compared to ~2.1
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120
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FIGURE 3 Pair distance distribution functions for a solution of 9.86 mg/
ml SN in D,0O and 50 mM bis-Tris-buffer at pH 5.5, 25°C derived from the
measured scattering intensities in Fig. 1 at the same four pressures. The
arrow indicates the direction of increasing pressure. D, corresponds to the
first nonzero value of r at which P(r) = 0.
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FIGURE 4 Pressure dependence of R, for a solution of 9.86 mg/ml SN in
D,0 and 50 mM bis-Tris-buffer at pH 5.5, 25°C, and selected pressures
between 1.0 and 3.1 kilobars. The circles are obtained from the Guinier plots
in Fig. 2, and the squares correspond to values calculated from P(r) using
Eq. 3. Also shown for comparison are the R, values (triangles) obtained
from small-angle x-ray scattering measurements across the pressure-induced
folding/unfolding transition of SN at the same solution conditions (Panick
et al., 1998). The fit to the data is based on the two-state thermodynamic
model for the folding/unfolding transition (Eqs. 11 and 12) applied to Ré.

kilobars for the SAXS results (Panick, et al.,, 1999).
Nonetheless, both results show that the application of pres-
sure produces a twofold increase in R, across the folding/
unfolding transition for SN at 25°C, from 16.3 A at 1.0kilobar
to 34.7 A at 3.1 kilobar.

Kratky plots of ¢*I(q) versus g at the same four
representative pressures are shown in Fig. 5. At 1.0 and 1.7
kilobars, these plots have a maximum characteristic of
a globular protein (Semisotnov et al., 1996), and superimpose,
indicating that SN has a globular shape over this pressure
range, consistent with the P(r) in Fig. 3. This characteristic
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FIGURE 5 Kratky plots of ¢*I(g) as a function of ¢ for a solution of 9.86
mg/ml SN in D,0 and 50 mM bis-Tris-buffer at pH 5.5, 25°C, and selected
pressures between 1.0 and 3.1 kilobars. The /(g) correspond to the fits of the
data in Fig. 1 calculated from the P(r) in Fig. 3 using Eq. 2.
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maximum persists at higher pressures, but is lower in mag-
nitude and shifted to lower g-values, indicating an increase in
R, and a concomitant decrease in the overall compactness of
the protein structure. The presence of a distinct maximum at
3.1 kilobars indicates that SN still retains its globular shape at
this pressure.

Forward scattering intensities obtained from P(r) using
Eq. 4 and the Guinier analysis were also found to be in ex-
cellent agreement; therefore, only those values calculated
from P(r) are shown in Fig. 6 where the forward scattering
intensity divided by SN concentration is plotted as a function
of pressure,

A p Vel \’

Here c is the protein concentration in mass per unit volume,
N4 is Avogadro’s number, M is the protein molecular weight,
) b is the total scattering length of SN, V/, is the protein partial
specific volume, and pj is the scattering length density of the
solvent. This quantity is constant within experimental
uncertainties for pressures <1.7 kilobar, and then increases
with pressure across the folding/unfolding transition. The
increase in /(0)/c can be attributed to the effects of pressure on
V5, solvent density, and protein aggregation. We expect V,, to
decrease with pressure, and the maximum change to be <1%
over the pressure range of interest (Royer, 2002; Seemann
et al., 2001). The decrease in V, will also be offset by an
increase in ps through the solvent density, since these two
quantities appear as a product in Eq. 5. Thus, the effect of
pressure on the protein partial specific volume will have only
a minor influence on the pressure dependence of 1(0)/c. The
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FIGURE 6 Pressure dependence of the forward scattering intensity
normalized by the protein concentration for a solution of 9.86 mg/ml SN
in D,O and 50 mM bis-Tris-buffer at pH 5.5 and 25°C. The dashed line is
calculated from Eq. 5 using experimental liquid densities for D,O
(Bridgman, 1935) and assuming a pressure-independent partial specific
volume for SN of 0.708 cm’/g (Royer, 2002). Error bars account for
uncertainties in both the measured protein concentration and /(0).
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effect of pressure on solvent density is reflected in both the
protein concentration and the scattering length density of the
solvent, and accounts for most but not all of the observed
increase. The remaining contribution can be attributed to
protein aggregation as a consequence of the pressure-induced
unfolding of SN. Assuming a simple monomer-dimer
equilibrium, this contribution amounts to the formation of
~5% by weight SN dimers, which has only a minor effect on
the calculated R, and P(r).

The free energy change and volume change for unfolding
SN were estimated from a singular value decomposition
(SVD) analysis (Segel et al., 1998) of the measured SANS
spectra combined with a thermodynamic analysis based on
the two-state model for the folding/unfolding transition.
Pressure-independent P(r) for both the folded and pressure-
unfolded states of SN were also derived. In the SVD analysis,
the set of measured scattering spectra over the entire range of
pressures, 1(¢q,k), is expressed in the form a M X N matrix A
with each column representing /(g) at a single pressure k.
Here, M is the number of discrete measurements of /(¢) in each
scattering spectrum and N is the number of pressures at which
these scattering intensities were measured. The matrix A is
then expressed as a product of matrices,

A(g,k) = U(q, k)P, (6)

where U is a M X N matrix with columns that form
a complete set of orthogonal basis vectors, and P is the
product of two matrices, one a N X N diagonal matrix with
non-negative diagonal elements or the singular values cor-
responding to the weights of the basis vectors, and a second
N X N matrix whose elements define the pressure depend-
ences of these weights. Thus, each column of P contains
the set of pressure-dependent superposition coefficients
corresponding to each basis vector, such that the elements,
a(g.k), of A representing the scattering wave vector ¢ and
the pressure k can then be written as

a(q, k) = ui(q) p;(k), )

i=1

where u;(¢) and pj(k) are elements of U and P, respectively.
The truncated sum given by

-

a" (q,k) = Y uj(q) p;(k) ®)

1

J

is the optimal approximation to all a(g,k), when the standard
deviation of the n-component fit to the data expressed as

12

q=1 k=1

(€))
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approaches a value of 1.0 since each element of A is
normalized by the experimental standard deviation corre-
sponding to that measurement. The smallest value of n for
which o, ~ 1.0 is the minimum number of orthogonal basis
functions needed to describe the entire data set to within
experimental uncertainties. Here, we used the magnitudes of
singular values, the g-dependence of the basis vectors, and
o, ~1.0 as the criteria for selecting this minimum number of
basis functions.

The scattering intensities used in the SVD analysis were
derived from P(r) and were normalized to /(0) at 1.0 kilobar
(Perez et al., 2001). We found that two basis vectors were
needed to fit the entire set of measured /(¢,k) to within
experimental uncertainties. Fig. 7 illustrates this result by
plotting the g-dependence of the first three basis vectors
derived from the SVD analysis. Only the first two show
meaningful g-dependences, whereas the third corresponds to
noise. In Fig. 8, the measured /(g) at 1.0 and 3.1 kilobars are
compared to spectra reconstructed using one (SVD-1) or two
(SVD-2) basis vectors. The SVD-2 reconstruction clearly
provides a more accurate representation of /(g) for both the
folded and unfolded states.

Assuming a two-state model holds for the pressure-in-
duced unfolding of SN, the measured scattering intensities at
a given pressure k can be expressed as

1(g, k) = fe(k)Ie(q) + fu(k)lu(q), (10)

where Ix(q) and Iy(q) are the pressure-independent scattering
intensities for the folded and pressure-unfolded states, respec-
tively, and fr(k) and fy(k) are the corresponding fractions of
the molecules in each state. The free energy of unfolding,
AG(p), is defined in terms of ratio of these fractions,

_ et ®
AG(p) = —RT Iz
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FIGURE 7 The first three basis functions, #;(¢), i = 1,2,3 as a function of
scattering angle, ¢, obtained from the SVD analysis of SANS spectra.
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FIGURE 8 The one- and two-component SVD reconstruction of the
SANS profiles. (A, B) Pressure values of 1.035 and 3.105 kbar, respectively.
The line is /(g) derived from best-fit P(r), same as shown in Fig. 1.

where
AG(p) = AG®° + (p — po)AV°. (12)

Here AG® and AV® are the free energy and the volume
change of unfolding, respectively, at the reference pressure
Po, which we take to be one atmosphere. From the SVD
analysis, I(g,k) is expressed in terms of the two basis vectors,
uy and u,,

I(q, k) = ui(q)p: (k) + u2(q)pa(k), (13)

whereas Ix(q) and Iy(g) are given in terms of the same two
basis vectors and their corresponding weights, p; and p,,
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Ie(q) = wi(q)p1 (ke) + ua(q)p2 (ke) (14a)

ly(q) = ui(q)pi(kv) + uz(q)p2(ku)- (14b)
Combining Egs. 10, 13, and 14, we obtain the following
relationships at each pressure &,

pi(k) = fe(k)pi(ke) + fu(k)pi(ky) i=1,2. 15)
This set of equations is solved for fr(k) and fy(k) and the
weights p(k) and p,(k) for k = 1, 2, ..., N to give AG® =
3.4 £ 0.6 kcal/mol and AV°® = —58 = 11 ml/mol. These
values are in excellent agreement with those obtained from
high-pressure fluorescence measurements: AG° = 3.2 = 0.6
kcal/mol and AV° = —70 * 10 ml/mol at 21°C (Panick et al.,
1999); high-pressure Fourier-transform infrared spectroscopy:
AG® = 4.0 = 1.6 kcal/mol and AV° = —77 = 20 ml/mol
at 25°C (Panick et al., 1998); and high-pressure NMR mea-
surements: AG° = 3.2 = 0.5 kcal/mol and AV° = —83.3 = 20
ml/mol at 24°C (Lassalle et al., 2000).

The SVD analysis also gives I(g) for the folded and the
pressure-unfolded states of SN, which can be converted into
pressure-independent pair distance distribution functions for
these two states. The results are shown in Fig. 9. For the
folded state, the P(r) is unimodal with D ., ~ 46 A, whereas
for the pressure-unfolded state, a bimodal P(r) is obtained
with D, ~ 115 A.

Molecular dynamics simulations

The native structure of SN was taken from the crystal
structure determined by Hynes and Fox (1991). This
structure was inserted into a cubic box ~74 A on a side

0—© folded
B—8 unfolded

P(r) /a.u

0 20 40 60 80 100 120
r/A

FIGURE 9 Pressure-independent pair distance distribution functions for
the folded and pressure-unfolded states of SN obtained from the SVD
analysis assuming a two-state model for the folding/unfolding transition of
this protein.
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containing 13,705 TIP3P water molecules (Neria et al.,
1996). Water molecules within 4 A of the heavy atoms of SN
were then removed, resulting in 11,891 water molecules in
the system. The native state of SN was simulated using
NAMD (Kalé et al., 1999) and the CHARMM?27 force field
(MacKerell et al., 2000). Configurations were saved every
1 ps during a 1-ns constant NPT simulation with a time step
of 1 fs after equilibrating the system for 200 ps. The system
temperature was held constant at 298 K by applying the
Langevin dynamics method to all nonhydrogen atoms with
a damping coefficient of 1 ps~'. The system pressure was
maintained at 1 bar using a Nosé-Hoover Langevin piston
(Hoover, 1985) with a period of 200 fs and a decay set to 100
fs. Periodic boundary conditions were imposed and electro-
static interactions determined using the particle-mesh Ewald
method implemented in NAMD (Darden et al., 1993). A
cutoff of 12 A was applied to nonbonded and direct
electrostatic interactions. Water hydrogen-oxygen bond
lengths were constrained to within 10~ A using the SHAKE
algorithm (Ryckaert et al., 1977). These procedures were
also applied to all subsequent simulations at higher pres-
sures.

Previous simulations of protein unfolding after a pressure
jump showed only the elastic relaxation of the protein in
response to hydrostatic pressure (Paci, 2002). Moreover, the
application of several kilobars of pressure in MD simulations
slows protein conformational dynamics to such an extent that
the observation times for unfolding become prohibitively
large even for current high-performance computing capa-
bilities (Bagchi et al., 1997). To circumvent these con-
straints, we combined random insertions of water into the
protein interior with MD simulations at progressively higher
pressures to produce the onset of pressure unfolding. The
procedure we derived is as follows. The final configuration
from the MD simulation of SN at 25°C and 1 bar was taken
and contact pairs of amino acids within the protein interior
were identified. The interior of SN consists of 28 amino acids
that are solvent-inaccessible as determined by the DSSP
algorithm (Kabsch and Sander, 1983) implemented in ASA-
View (Ahmad et al., 2004). These amino acids are listed in
Table 1. As expected, most of the residues are hydrophobic.
A pair of residues in the interior was defined to be in contact
if the distance between their respective 3-carbon atoms was
<7 A. For glycine, this distance was calculated from

TABLE 1 Amino acids defining the solvent-inaccessible
interior of SN

Asp"? Val* Gly®® Leu'®
Gly* Gly* Ala” Val'®
AspZI Ala® Tyrgl Glle7
Val* Thr® Tle” Ala'%”
Leu® Val®® Ala®* Asn''®
Phe** Val™ Val” Leu'?
Leu®® Asp”’ Asn'® Ala'?
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a-carbon atom. We identified 59 such contact pairs for the
native state of SN. Next, a water molecule from the sur-
rounding bulk solution was randomly inserted at a point along
the line that defined each contact pair. Since the protein
interior is well packed, there are few cavities large enough
to accommodate a water molecule. Thus, the insertions
invariably produced high-energy steric overlaps that needed
to be eliminated. This procedure involved first minimizing
the total energy of the system with the inserted water mole-
cules held fixed to remove overlaps between these water mole-
cules and the surrounding amino acids, followed by a second
energy minimization to remove overlaps between the
inserted water molecules themselves. The two minimizations
were carried out for 5000 and 1000 steps, respectively,
and were followed by a 50-ps MD simulation to anneal the sys-
tem. After 10 cycles of energy minimization and annealing,
the number of contact pairs was reduced by ~50% with no
decrease in this number observed over the last few cycles.
A 1-ns MD simulation was then performed at 25°C and 1
bar. Additional water molecules were then inserted into
the final configuration from this simulation using the same
procedure without the annealing step. After 10 cycles, the
system pressure was gradually increased to 2 kilobars in a
250-ps MD simulation. Subsequent pressure jumps in incre-
ments of 2 kilobars were performed following this procedure.
The number of contact pairs became invariant at ~16—18 for
pressure jumps to 6 and 8 kilobars; therefore, 8 kilobars was
taken to be the pressure for a 3-ns MD simulation.

Fig. 10 shows representative structures for SN in the folded
state at 1 bar and in three different stages of unfolding at
various times during this 8-kilobar MD simulation. Also
shown is the P(r) for each structure calculated using
CRYSON (Svergun et al.,, 1995) and GNOM (Svergun,
1991). For SN in the folded state (Fig. 10 A), P(r) is unimodal,
as expected for the globular structure depicted, with D ,.x
~40 A. The slightly smaller D,,,.x compared to D,,,,x ~46 A
obtained from SANS (Fig. 9) can be attributed to 13 missing
amino acid residues from the terminal loop regions in the
crystal structure that was used in MD simulations. This
structure for the folded state of SN is significantly different
from that at the beginning of the 8-kilobar simulation (Fig. 10
B). Of the three major helices in the folded structure, only the
C-terminal helix remains essentially intact, whereas the other
two become partially unraveled. In addition, the 3-barrel in
the folded state has all but disappeared, although some
residual 3-sheet structure persists. The distinguishing feature
of SN in this initial 8-kilobar state is its expanded structure
relative to the folded state. This expansion is also reflected in
the calculated P(r), which remains unimodal, but has
broadened, and D, has also increased to ~53 A. Some
clustering of amino acids into two subdomains can also be
seen, which becomes more apparent in the 1.5-ns structure
(Fig. 10 C). This structure clearly depicts the two subdo-
mains—the smaller one contains the stable C-terminal helix,
and the larger one contains a remnant of the 8-barrel and the

Biophysical Journal 87(5) 3479-3492



3486 Paliwal et al.
1500 T T T
1200 P=1bar
900 -
a
600 -
300 -
0 ]
60 80
Distance / A
1500 T T T T
1200 P =8 kbar -+
t=0.0ns
900 -
a
600 -
300 | . )
FIGURE 10 Representative structures of SN
0 . " i i and the corresponding pair distance distribution
0 20 40 B0 an  functions derived from MD simulation. (A) The
Distance / A structure in the folded state at 1 bar. Helices
1500 . ; . (green) are marked HI-3 and pB-strands
L (yellow) as B1-5. (B-D) Structures at 8 kilo-
1200 F P =8kbar - bars and time intervals of 0, 1.5, and 2.5 ns,
=15ns respectively. The two subdomains are shown in
900 L | red and blue. The units of P(r) are arbitrary.
a
600 -
300 -
Q L L
0 20 40 60 80
Distance / A
1500 T T T T T T T
1200 | P =8 kbar -
g t=25ns
a

N-terminal loop region. The calculated P(r) continues to
broaden, and D,,,x has now increased to nearly 60 A.At2.5ns
(Fig. 10 D), the two subdomains have moved further apart,
and P(r) now shows bimodal character with a distinct
shoulder on the original unimodal distribution. Also shown
in this panel is P(r) calculated for the protein excluding the
smaller subdomain. The resulting distribution is unimodal
with a peak that corresponds to the primary peak of the
original bimodal distribution and the shoulder has now
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completely disappeared, suggesting that this shoulder corre-
sponds to the smaller subdomain. As the protein expands
during the simulation, the possibility exists that it can interact
with its periodic images. We determined that protein atoms in
adjoining unit cells were at least 20 A apart in the most
expanded state corresponding to the maximum R, at the end of
the 3-ns trajectory, which is sufficiently far apart to dismiss
artifacts that might arise due to such protein-protein
interactions.
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Fig. 11 shows P(r) obtained from simulation for the folded
state of SN at 1 bar and for the partially unfolded state at
2.5 ns into the MD simulation at 8 kilobars. These two
distributions are qualitatively similar to the two distributions
for the folded and unfolded states of SN derived from the
SANS spectra (Fig. 9). The inset of Fig. 11 shows radii of
gyration for the two subdomains and the entire protein as
a function of time over the entire 3-ns MD simulation. The
radii of gyration for the two subdomains are essentially
constant at roughly 12.5 and 15.0 A over the entire
trajectory. In contrast, R, for the protein increases from
~18 to 20.5 A during the 3-ns trajectory, which indicates
that the increase in R, as the protein unfolds is in large part
due to the relative motion of the two subdomains as they
move apart. The R, of 20.5 A at the end of the 3-ns trajectory
is close to the midpoint of the folding/unfolding transition in
Fig. 4 when the correction is made for the missing 13 amino
acids in the crystal structure used in the MD simulations.
Thus, this trajectory roughly corresponds to the initial stages
of unfolding.

DISCUSSION

The picture that emerges from the SANS measurements of
the pressure-induced unfolding of SN is remarkably similar
to that derived from earlier high-pressure SAXS measure-
ments (Panick et al., 1998). Both studies show an ap-
proximately twofold increase in R, across the folding/
unfolding transition, such that the values of R, at 3.1 kilobars
and 25°C (Fig. 4) are within experimental uncertainties:
35+ 2.1 A(SANS) and 37 + 1.4 A (SAXS). In addition, the
P(r) derived from SANS and SAXS spectra show a similar
broadening with a transition from a unimodal to a bimodal
distribution as the protein unfolds, indicating that pressure

1500 - - ; : -
24 —r—r—r—71

22|
1200 | 201 GlLoBAL =
s ‘. < 18 |
r : ;m 16| LARGER SUBDOMAIN 14

ik SMALLER SUBDOMAIN 1 4

80

Distance [ A

FIGURE 11 Pair distance distribution functions derived from MD
simulations of SN in the folded state at 1 bar and in a partially unfolded
state at 8 kilobars and 2.5 ns. (Inser) The radius of gyration for the two
subdomains of SN (see D in Fig. 10) and the entire protein as a function of
time derived from the MD simulation at 8 kilobars.
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denaturation produces a globular structure that is less com-
pact and elongated relative to the native structure. These
distributions also yield similar values for D, of the folded
and unfolded structures. From SANS, the values are 48 and
110 A, respectively, compared with 4548 and 112 A, res-
pectively, obtained from SAXS. This picture of unfolding is
also supported by Kratky plots of the SANS spectra (Fig. 5).
The shift in the characteristic maximum in these plots to
lower g with increasing pressure provides further evidence
that the globular structure of SN is retained whereas the over-
all compactness decreases across as the protein unfolds.
Conversely, Kratky plots of SAXS spectra for the urea-
unfolded state have no maximum over a g-range that extends
to much higher g; rather, ¢*1(g) increases almost linearly
with ¢ as expected for a Kratky-Porod or persistent coil
(Flanagan et al., 1993). Urea denaturation of SN nonetheless
produces an unfolded state with a similar R, ~33 Aat8M
urea (Flanagan et al., 1993), and with residual secondary
structure identified as a remnant of the B-barrel in native SN
that is stabilized by local, non-native interactions with
a cluster of four hydrophobic residues (Wang and Shortle,
1995; From and Bowler, 1998). The hydrophobic core of
native SN consisting of this B-barrel and portions of two
a-helices, which contribute to the stabilization of this residual
secondary structure, is thought to also play an important role
in the overall topology of the unfolded state of SN (Flanagan
et al., 1993, 1992; Wang and Shortle, 1995; Shortle and
Abeygunawardana, 1993; Shortle et al., 1990). The pressure
unfolded state of SN likewise retains (-like residual sec-
ondary structure as revealed by high-pressure Fourier-trans-
form infrared spectroscopy (Panick et al., 1998). In contrast,
thermal denaturation produces an unfolded structure with
a significantly larger R, ~45 A at 65°C and ambient pressure
(Panick et al., 1998), that is close to the value expected for
a random coil polymer of the same chain length (Miller and
Goebel, 1968), and with essentially no residual secondary
structure (Panick et al., 1998). These comparisons support
the view that the pressure-unfolded structure of
SN is globular, although swollen and elongated relative to
the native structure with significant residual secondary
structure that reflects the stability of the hydrophobic core
of the native structure. Indeed, it is the partial destabilization
of this hydrophobic core brought about by water penetration
at high pressures that we exploit in our MD simulations to
initiate unfolding.

A key structural feature of the unfolded state of SN is its
bimodal P(r), which is observed for a broad class of compact
unfolded states—e.g., thermally denatured ribonuclease A
(Sosnick and Trewhella, 1992), a stable intermediate in the
acid denaturation of apomyoglobin (Gast et al., 1994), and
a truncated form of SN (WT SNA) that is a stable analog of
the unfolded state (Flanagan et al., 1993)—although a variety
of bimodal distributions have been obtained ranging from
a pronounced shoulder on the primary peak to a well-
developed second peak. Lattman et al. (1994) found that the
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clustering of hydrophobic amino acids in particular leads to
a bimodal P(r) for amino acid sequences modeled as
hydrophobic or polar monomers on three-dimensional cubic
lattices, and thus, proposed defining compact unfolded states
based on the extent of hydrophobic clustering. Within the
context of their model, a bimodal P(r) correlated with the
formation of multiple hydrophobic clusters in lattice chain
conformations of intermediate compactness. On the other
hand, unimodal distributions tended to arise from chain
conformations with single hydrophobic clusters. Other
structural properties—e.g., radii of gyration, principal axes
of rotation, or moments of inertia—showed no such cor-
relations. To some extent, these ideas have already been in-
corporated into a model for the unfolded state of SN, as
well as for WT SNA. A number of experimental studies have
shown that the primary hydrophobic core in native SN
persists in some form in the unfolded state, as discussed
above, whereas other studies (Shortle et al., 1990) have
shown that a secondary hydrophobic cluster in the native
structure is likewise implicated in the unfolded structure. The
MD simulation results (Fig. 10) show that the bimodal P(r)
for the pressure unfolded state arises as the protein expands
to form two subdomains that effectively diffuse apart during
initial stages of unfolding. These two subdomains corre-
spond to two hydrophobic clusters as suggested by Lattman
et al. (1994)—the larger one consists of a remnant of the
B-barrel in the folded state (amino acids 1-98) and the
smaller one includes the two helices near the C-terminal of
the protein (amino acids 99-149). The initial stages of the
unfolding trajectory can be described by a collective, rigid-
body motion of the C-terminal helical subdomain away from
the larger subdomain, as seen in the time dependence of the
radii of gyration for the two subdomains compared to that for
the entire protein (Fig. 11). The radii of gyration for the
subdomains are constant over the entire trajectory, whereas
the radius of gyration for the protein increases as the protein
begins to unfold. The importance of these two subdomains in
SN folding/unfolding was first recognized by Anfinsen
(1972) who proposed that the folding/unfolding transition
could be understood in terms of folding/unfolding for the
subdomains and the conformational equilibrium between
transiently folded subdomains and the tertiary structure of
the folded protein. Carra et al. (1994) have since shown that
SN unfolding proceeds in two distinct stages, as indicated by
two separate heat absorption peaks in the calorimetric
melting profile for the protein. The separate peaks were
interpreted as originating from the sequential, cooperative
unfolding of the two subdomains, which further supports the
view that the folding/unfolding transition for SN is organized
around two folding centers corresponding to these two
subdomains.

The question that naturally arises is: How does the
mechanism of water insertions into the protein interior,
coupled with the application of pressure that we exploit in
our MD simulations to initiate unfolding, lead to the
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formation of these two subdomains? To answer this
question, we generated hydrophobic contact maps from
MD simulations of SN in the native state and at 1 bar and
8 kilobars after repeated cycles of water insertions as described
above. These maps are shown in Fig. 12. In the native state
(Fig. 12 A), there are 34 hydrophobic contacts between the
two subdomains, of which 15 are between pairs of solvent-
inaccessible amino acids. These 15 hydrophobic contacts are
therefore included in the 59 ‘‘buried’’ contact pairs we
probed by water insertions. After water insertions at 1 bar
(Fig. 12 B), we obtain an average number of 14 hydrophobic
contacts between the two subdomains during the first 50 ps
of MD simulation at this pressure, and 19 hydrophobic
contacts during the last 50 ps of this 1-ns simulation. The
increase in hydrophobic contacts between the two subdo-
mains implies that these contacts are stable at 1 bar, and
therefore, the water molecules inserted between hydrophobic
contact pairs of amino acids do not remain there. In contrast,
only five hydrophobic contacts are found between the
subdomains during the first 50 ps of MD simulation at 8
kilobars after water insertions at this pressure (Fig. 12 C).
This number also decreases to two contacts in a 50-ps
interval after 2 ns of MD simulation, indicating that the
hydrophobic contacts are destabilized at high pressure. Thus,
water insertions alone do not lead to the destabilization of
hydrophobic contacts between the two subdomains that
appear in the early stages of SN unfolding; pressure must
also be applied. Destabilization of these ‘‘buried’’ hydro-
phobic contacts by water intercalation at high pressure is in
essence the mechanism of pressure denaturation of proteins
proposed by Hummer et al. (1998). The importance of water
in addition to applied pressure was highlighted in an
experimental study of pressure-induced dissociation unfold-
ing of the Arc repressor protein (Oliveira et al., 1994), where
it was found that adding glycerol as a cosolvent to water
increases the pressure required for unfolding. An extrapo-
lation to zero water concentration led to the conclusion that
this protein would not pressure-unfold in the absence of
water; therefore, water is crucial for pressure-induced protein
unfolding.

Studies of protein denaturation, in general, can be
complicated by aggregation as the protein unfolds. The oc-
currence of aggregation is observed in small-angle scattering
experiments as an upturn in /(g) at low g, and a concomitant
increase in /(0). An increase in I(0) across the folding/
unfolding transition has been observed in a number of SAXS
studies of protein denaturation (Sosnick and Trewhella,
1992; Chen et al., 1998; Segel et al., 1999). Although the
presence of protein aggregates was not ruled out in these
studies, the increase in /(0) was attributed primarily to an
increase in the hydration layer of unaggregated protein due to
greater solvent accessibility in the unfolded state. Since the
density, and therefore, the scattering length density of the
hydration layer is greater than that of bulk solvent (Svergun
etal., 1998; Merzel and Smith, 2002), the effect is to enhance
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FIGURE 12 Hydrophobic contact maps of SN calculated from MD
simulations of the native state (A) and at 1 bar (B) and 8 kilobars (C) after
water insertions as described in the text. The point (i,j) represents a contact
between hydrophobic residues i and j if the distance between their 8-carbon
atoms is <7 A. This distance is calculated from the a-carbon atom for
glycine. All contacts have an occurrence probability >0.5 in the sampled
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the SAXS contrast leading to an increase in /(0) across the
folding/unfolding transition. We note, however, one SAXS
study of the refolding of cytochrome c (Segel et al., 1999) in
which the observed increase in /(0) was attributed explicitly
to protein dimerization. The increase in /(0)/c with pressure-
unfolding observed in our SANS experiments (Fig. 6) was
attributed to the effect of increasing pressure on solvent
density and protein aggregation due to the pressure-induced
unfolding of SN. A change in the hydration layer of SN
across the folding/unfolding transition was not invoked.
Assuming complete H/D exchange for SN in D,0, the mean
scattering length density of the protein is 3.4 X 10'© cm™
compared to a scattering length density of 6.4 X 10'® cm ™2
for D,O. An enhancement in the hydration layer of SN
would therefore increase the mean scattering length density
of the protein relative to that for D,O, thus lowering the
SANS contrast. The effect produces a decrease in /(0) with
pressure. Since the opposite behavior is observed, we ruled
out changes in the hydration layer of SN as a contributing
factor to the pressure dependence of /(0). We note that the
observed effect of pressure on /(0) is entirely reversible,
suggesting that any aggregation of pressure-unfolded SN is
also reversible.

Our SVD analysis of the SANS spectra combined with
a two-state thermodynamic model for the folding/unfolding
transition yielded a negative volume change for unfolding,
AV°® = —58 £ 11 ml/mol, as expected. The radius of
gyration of SN, however, increases by a factor of 2 as the
protein unfolds. These results imply that the expanded
(unfolded) protein and water pack more efficiently; conse-
quently the solution has a lower total volume at higher
pressures. A similar finding was noted by Hummer et al.
(1998) in their simulation study of the potential of mean
force between two nonpolar molecules in water as a function
of pressure. In that study, pressure was found to destabilize
the contact configuration between the two molecules relative
to a solvent-separated configuration in which a single water
molecule is inserted between them. The volume change for
the transition from this contact configuration to the solvent-
separated configuration is negative, and the radius of gy-
ration for the pair of nonpolar solutes clearly increases as the
two molecules move apart.

CONCLUSIONS

We have presented the results of a SANS study of the pressure-
induced folding/unfolding transition of SN complemented by

represent those probed by water insertions. (B, C) Unfilled circles represent
hydrophobic contacts found in the first 50 ps of MD simulation and crosses
represent hydrophobic contacts found in a 50-ps interval at 1 ns (B) and 2 ns
(C) of MD simulation. The dashed lines divide contacts into three regions:
the two triangles define contacts within the two subdomains of SN, and the
lower right-hand rectangle defines contacts between the two subdomains.
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MD simulations in which unfolding was induced by randomly
inserting water molecules into the protein interior and apply-
ing pressure. The SANS results are in excellent quantitative
agreement with earlier work—high-pressure SAXS measure-
ments (Panick et al., 1998), in particular—that showed the
protein structure in the unfolded state to be globular, although
less compact and elongated relative to the native structure. The
MD simulations of SN unfolding captured these structural
features at the level of qualitatively predicting the behavior of
a key experimental descriptor of the unfolding trajectory; i.e.,
the transition from a unimodal to a bimodal P(r) as SN unfolds.
The simulations also provided additional, molecular-level
insights into SN unfolding. Specifically, we were able to
interpret the bimodal P(r) for the pressure-unfolded state in
terms of the separation of two subdomains in the native
structure that effectively diffuse apart during unfolding.
Another key finding obtained from simulation was the
destabilization of hydrophobic contacts between these two
subdomains as a result of water insertions at high pressures;
these contacts were found to be stable in response to water
insertions at atmospheric pressure. Thus, we have shown that
high pressure in addition to water insertions into the
hydrophobic core is required to induce protein unfolding, as
proposed by Hummer et al. (1998).

Although limited to the initial stages of SN unfolding, the
insights obtained from simulation proved to be valuable in
interpreting our SANS results. Still, several improvements to
the water insertion algorithm and the unfolding simulation
itself can be made to enhance the utility of the simulations.
The most obvious improvement would be to extend the
simulations to trajectories further along the unfolding
pathway—optimally, to the unfolded state. The complete
unfolding trajectory would permit an unequivocal compar-
ison of structural properties of the unfolded state derived
from the SANS measurements with those calculated from the
simulation, which is likely to offer new insights into the
structure of the unfolded state. Extending the current MD
simulations of SN unfolding will, however, require mod-
ifications to the method described above. Specifically, the
SANS results indicate that the maximum dimension of SN in
the unfolded state is ~110 A, whereas the maximum
dimension obtained at the end of the current 3-ns MD
simulation is ~70 A. Extending the unfolding trajectory will
therefore require further elongation of the protein, which can
be accommodated in the simulations by allowing the
dimensions of the simulation box to be adjusted under the
constraint that interactions of the protein with its periodic
images remain insignificant. The current MD simulations did
not allow for these adjustments, and as such, was limited to 3
ns to avoid protein-protein interactions that could potentially
produce artifacts in the unfolding trajectory. The water
insertion algorithm can also be improved by including
additional pairs of amino acids; notably, those hydrophobic
amino acids that are partially solvent-accessible. For ex-
ample, an inspection of the hydrophobic contact maps at 1
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bar (Fig. 12 B) and 8 kilobars (Fig. 12 C) indicates that some
native contacts between buried amino acids and hydrophobic
amino acids that are partially solvent-accessible persist at
8 kilobars. Contact pairs formed by Ala'? with Val’* and with
Tle’? are two such contacts for which the mutations, V74G
and 172G, are known to be destabilize the native structure
(Shortle et al., 1990). Probing the stability of these contact
pairs by water insertions would allow us to determine
whether further unfolding of SN at high pressure could be
achieved by the destabilization of such persistent contacts.

Finally, we have demonstrated that small-angle scattering
measurements augmented by MD simulations can provide
valuable complementary information about the pressure
denaturation of proteins. The small-angle scattering experi-
ments probe both the size and shape of the species under
study with a spatial resolution on the order of nanometers,
and can be used to calculate thermodynamic quantities—
most notably, the free energy and volume change of un-
folding. The MD simulations add to this information a
molecularly detailed description of the system at higher spa-
tial resolution on the order of Angstréms, and the temporal
evolution of the system on timescales of nanoseconds during
unfolding. Clearly, our understanding of pressure denatur-
ation and the pressure-unfolded states of proteins, in particu-
lar, as well as other self-assembly processes, such as amyloid
fibril formation or protein aggregation, can benefit from the
combined use of SANS and MD simulations in an approach,
such as the one described herein.
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