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Abstract

The effect of xylose on the rates of folding and unfolding of staphylococcal nuclease (nuclease) have been investigated
using fluorescence-detected pressure-jump relaxation kinetics in order to establish the kinetic basis for the observed
stabilization of nuclease by this sugar (Frye KJ, Perman CS, Royer CA, 1996, Biochemistry 35:10234-10239). The
activation volumes for both folding and unfolding and the equilibrium volume change for folding were all positive. Their
values were within experimental error of those reported previously (Vidugiris GJA, Markley JL, Royer CA, 1995,
Biochemistry 34:4909-4912) and were independent of xylose concentration. The major effect of xylose concentration
was to increase significantly the rate of folding. The large positive activation volume for folding was interpreted
previously as indicating that the rate-limiting step in nuclease folding involves dehydration of a significant amount of
surface area. A large effect of xylose on the rate constant for folding provides strong support for this interpretation,
because xylose, an osmolyte, stabilizes the folded state of proteins through surface tension effects. These studies further
characterize the transition state in nuclease folding as lying closer to the folded, rather than the unfolded state along the
folding coordinate in terms of the degree of burial of surface area. The image of the transition state that emerges is

consistent with a dry molten globule.
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Sugars have been used as protein stabilizers for many years, but it
was not until recently that the mechanism of stabilization was
established (Timasheff, 1993). Timasheff and coworkers demon-
strated by equilibrium dialysis that sugars are preferentially ex-
cluded from the surface of proteins (Timasheff, 1993). In other
words, in a three-component solution of water, sugar, and protein,
proportionally more water molecules, and fewer sugar molecules,
are found at the surface of the protein than in the bulk. Addition of
sugar to a protein solution therefore results in a net increase in free
energy that is proportional to the amount of protein surface area
that must be hydrated preferentially. Hence, the addition of sugars
favors folding. Glycerol may be an exception, because in certain
cases it binds to proteins at specific sites, and its effects may be
stabilizing or destabilizing depending upon the observed property.
The stabilization of proteins by sugars must involve modifications
in either the rate of folding or unfolding or both, but the kinetic
basis for this stabilization has never been demonstrated. We were
interested in determining the effects of a sugar, xylose, on the
folding and unfolding rate constants and deriving information about
the degree of exposed surface area in the transition state.

In order to determine the effects of xylose on the rates of folding
and unfolding of staphylococcal nuclease (nuclease), pressure-
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induced unfolding was studied as a function of xylose concentra-
tion. High pressure leads to the unfolding of proteins because the
volume of the protein—solvent system is smaller when the protein
is in the unfolded state. Pressure-jump relaxation kinetics have
revealed that this destabilization occurs due to a large positive
activation volume for folding, leading to a significant decrease in
the rate of folding upon increasing pressure. The rate of unfolding
is also slowed by pressure, but to a much lesser degree (Vidugiris
et al., 1995). Nuclease was chosen as our model protein because
the wild type (WT) has been shown to be well represented by a
simple two-state equilibrium by a number of methods (Schechter
et al., 1970; Shortle & Meeker, 1986; Shortle et al., 1988, 1990;
Eftink et al., 1991; Royer et al., 1993; Eftink, 1995; Vidugiris
et al., 1995), although kinetic (Chen et al., 1992a, 1992b; Nakano
et al., 1993), NMR (Fox et al., 1986; Evans et al., 1987, 1989;
Alexandrescu et al., 1989, 1990; Loh et al., 1991; Jacobs & Fox,
1994), and calorimetric (Carra et al., 1994) evidence has revealed
small populations of intermediates under certain conditions. Pre-
vious high-pressure studies of WT nuclease were well described by
a two-state transition, except at low pressures, where little unfold-
ing occurs (Royer et al., 1993; Vidugiris et al., 1995, 1996). Thus,
the fluorescence signal of nuclease, which decreases in intensity
upon unfolding, is representative of the unfolding of the entire
protein even though it emanates from a single residue, tryptophan
140 (Shortle & Lin, 1985; Royer et al., 1993; Vidugiris et al.,
1995). This is not the case for all proteins. Non-two-state behavior
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has been observed by comparing pressure effects on the NMR
signals of individual residues of hen egg white lysozyme (Sama-
rasinghe et al., 1992) and the NMR and fluorescence signals of arc
repressor (Peng et al., 1993).

Results

Xylose equilibrium

The equilibrium unfolding of nuclease WT is displaced to higher
pressures with increasing xylose concentrations (Fig. 1), consistent
with previous results (Frye et al., 1996). The degree to which the
equilibrium free energy depends upon the xylose concentration is
termed the xylose m-value. It was found to be 153 £ 34, which is
slightly larger than reported previously, but not as well determined
(Frye et al., 1996). The observed change in volume upon unfolding
is independent of xylose concentration. The results for the equi-
librium free energy and volume change of unfolding at the various
xylose concentrations are shown in Table 1.

Xylose kinetics

Representative kinetic traces of the pressure-jump relaxation pro-
files at 5% xylose for the denaturation of nuclease monitored by
intrinsic tryptophan fluorescence can be seen in Figure 2. The
timescale for reaching equilibrium increases systematically as a
function of pressure, as was observed previously (Vidugiris et al.,
1995). The relaxation profiles were fit as described in the Materials
and methods for their characteristic relaxation times, 7. Plots of the
natural logarithm of 7 as a function of pressure for the four tested
xylose concentrations are depicted in Figure 3A, B, C, and D. It
can be seen that In 7 increases linearly with pressure up to a break
point that corresponds to the midpoint of the equilibrium unfolding
curve, and then increases linearly with a much smaller slope. The
values for the rate constants for folding were obtained from the
intercept of the linear regression of the In7 plots below the mid-
point (because k; predominates in the sum in Equation 3), whereas
those for unfolding are derived from the linear regression of the
points above the midpoint. The activation volumes, A\(f and
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Fig. 1. Unfolding profiles for WT nuclease as a function of pressure and
mole fraction xylose at pH 4.5 and 21 °C. Symbols are data from a repre-
sentative set; lines represent the global curve analysis fits to the data. B,
1.25% xylose; @, 2.5% xylose; A, 5% xylose; ®, 7.5% xylose.
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Table 1. Comparison of equilibrium and kinetic changes
in free energy and volume as a function of xylose concentration

Mole AG, AG, AV, AV,

fraction (kcal/mol) (kcal/mol) (mL./mol) (mL/mol)
xylose {eq) {Kinetics) (eq) (kinetics})
0.0015 22 * 0.2 2.4 + 04 768 £ 4 89.8 £ 17
0.003 25 +02 24 0.5 79.1 £ 4 83.6 + 13
0.006 32+03 3.0+ 0.6 86.4 £ 7 92.8 = 14
0.009 33+ 04 3.6+ 1.8/-0.8 83.8 £ 8 102.1 + 35

AV}, obtained from the slopes of the plots of In T versus pressure
(Fig. 3) at each xylose concentration are within error of one an-
other and within experimental error of those reported previously
for nuclease (Vidugiris et al., 1995, 1996) (Table 2}. The rate
constants and activation volumes from the kinetic analysis were
used to calculate equilibrium values for the change in free energy,
AG,, and volume, AV, upon unfolding in order to compare them to
those obtained from analysis of the equilibrium profiles. Their
values, given in Table 1, are within error of one another, validating
the two-state approximation. In Figure 4 are shown the plots of the
rate constants of folding and unfolding, &7 and k7, as a function of
the mole fraction xylose. The linear fits to the data points reveal
that the rate of folding increases significantly with increasing xy-
lose, whereas that of unfolding may decrease slightly, although the
effect is much smaller. Thus, we have found that xylose stabilizes
nuclease primarily by increasing the rate of folding.
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Fig. 2. Representative pressure-jump relaxation profile at 5% xylose for
WT nuclease at pH 4.5 and 21 °C. Fluorescence intensity is plotted on the
left side of the y axis and the final pressure from each pressure jump is on
the right side. Lines through the points represent the results of the global
curve analysis fits to the data.
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Table 2. Rate constants and activation volumes of folding and unfolding

as a function of xylose concentration

Mole fraction AVjjt AV} kf kg
xylose (mL/mol) (mL/mol) (s™h (s™H
0.0015 994 + 124 9.6 t 4. 0.54 = 0.26 0.010 £ 0.003
0.003 959 + 7.2 123 £ 5.7 091 £ 0.2 0.016 = 0.008
0.006 103.0 = 8.7 102 £ 55 1.9 = 0.7 0.012 £ 0.006
0.009 115.1 £ 245 13.0 = 10.5 3.0 + 8.0/-2.2 0.007 £ 0.010

Discussion

The energetic basis for the stabilization of proteins by osmolytes
such as xylose is accepted generally to arise from a preferential
exclusion of sugar from protein surfaces that increases the free
energy of all states of the protein (Timasheff, 1993). This net
increase in free energy for all of the states of the protein is nec-
essarily proportional to the amount of protein surface area exposed
in these states. States that expose the most surface area are desta-
bilized to the greatest extent, as depicted in Figure 5. Therefore,
the free energy of the unfolded state increases much more than that
of the folded state, which is preferentially populated in the pres-
ence of xylose. The kinetic basis for this increase in the free energy
of unfolding depends upon the effect of xylose on the transition
state relative to its effect on the native and denatured states. This
in turn depends upon the degree of exposure of surface area of the
transition state relative to the native and denatured states. We have
found that the kinetic basis for the increase in the AG of unfolding
upon increasing xylose concentration is due primarily to an in-
crease in the rate of folding, whereas the decrease in the rate of
unfolding plays a less significant role. This indicates that a greater
degree of surface area is buried between the unfolded and the
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Fig. 3. Natural logarithm of the relaxation time, In7, as a function of
pressure. Relaxation times are those obtained from the global analysis of
the relaxation data according to a single exponential decay model as de-
scribed in Materials and methods. Lines through the points represent the
results of linear regression analysis of the points above and below the
midpoint of the transition as described in the text. A: 1.25% xylose. B:
2.5% xylose. C: 5% xylose. D: 7.5% xylose.

transition states than between the latter and the folded state, and
suggests that the transition state in nuclease folding lies closer
along the folding coordinate to the folded, rather than unfolded
state in terms of amount of exposed surface area.

Fersht and coworkers (Serrano et al., 1992) have drawn similar
conclusions for barnase based on the effects of denaturant on the
rates of unfolding. Our previous interpretation (Vidugiris et al.,
1995) of the large positive activation volume for nuclease folding
was that the rate-limiting step involves dehydration of a significant
amount of surface area, and that the transition state is largely
dehydrated. The present results on the effect of xylose on the rate
constants provides additional evidence for this interpretation. The
resulting picture of the transition state in nuclease folding, and
perhaps generally, is consistent with what Finkelstein and Shakh-
novich (1989) have termed a dry molten globule, with dehydration
constituting the rate-limiting step. Dehydration of protein surfaces
manifests itself by a large difference in the heat capacity (AC,) of
the different states involved. In fact, Fersht and coworkers (Olive-
berg et al., 1995) determined the AC, of activation in barnase
folding, implicating an enthalpic, as well as entropic contribution
to the activation energy. Such a picture is in contrast to the in-
creasingly popular folding funnel theory (Dill et al., 1995; Socci
et al., 1996), in which the barrier to folding consists entirely of the
loss in configurational entropy. Further experimental as well as
theoretical work is needed to reconcile these inconsistencies.
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Fig. 4. Natural logarithm of the rate of folding and unfolding, Inkf and
Inky;, as a function of xylose concentration. Rate constants are those ob-
tained from the linear plots of the relaxation time as a function of pressure
as described in Materials and methods. Lines represent linear regression
analysis of the points. 8, Ink7, @, Ink;.
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Fig. 5. Free energy diagram of folded, unfolded, and transition states for
xylose stabilization of nuclease that emerges from the data presented.

Materials and methods

Protein purification

Staphylococcal nuclease from the nuclease A sequence from the
V8 strain of Staphylococcus aureus was produced in Escherichia
coli and purified as described by Alexandrescu et al. (1989) and
Royer et al. (1993). Purified protein was stored in concentrated
solutions. The final concentration used for experiments was less
than 10 uM (as determined by UV absorption at 280 nm and an
extinction coefficient of 18,050 cm™! M™!) in order to prevent
aggregation, which can occur at higher protein concentrations.
Bis-Tris buffer (10 mM bis Tris, pH 4.5) was used because it
exhibits no pressure dependence of the pK,,. The experiments were
conducted at four different xylose concentrations (1.25%, 2.5%,
5%, 7.5%) at 21°C.

Pressure-jump experiments

The high-pressure generating system used was similar to that de-
scribed by Paladini and Weber (1981). Pressure-jump relaxation
experiments were performed in a Vascomax high-pressure cell. A
UV multifiber bundle (Oriel Corp., Stratford, Connecticut) with
focusing optics coupled the exciting light at 295 nm from the
monochromator to the pressure cell. Tryptophan emission was mon-
itored at 90° to the excitation light through a Corion 340-nm high-
pass filter. Pressure jumps of 75-150 bar were made by closing the
valve to the sample compartment, pumping to the desired new
pressure, and then rapidly reopening the valve. Fluorescence in-
tensity data were acquired with 5-s integration times, which are
fast relative to the relaxation time scales. The pressure jumps were
small enough that the adiabatic heating of the sample amounted to
no more than 0.3 °C, which, at the sample temperature of 21 °C,
would not perturb the folding equilibrium of nuclease significantly.
In addition, the extent of the perturbation of the equilibrium due to
the pressure jump itself was less than 10%, such that the linearized
rate expression holds (Eigen & de Maeyer, 1963). All pressure
runs were >95% reversible.

Data analysis

The pressure-jump fluorescence intensity relaxation profiles were
fitted to a single-exponential decay using the time-domain fluo-
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rescence global analysis program described by Beechem et al.
(1991). The intensity of fluorescence at time ¢, after the pressure
jump I(¢) was taken to be an exponentially decaying function:

1(t) = Iye™ ", (1)

where I, is the intensity prior to the jump and 7 is the relaxation
time.

The effect of pressure on the Gibbs free energy of unfolding
necessarily arises from pressure effects on the rates of unfolding,
refolding, or both. A reaction rate k, at a given pressure p can be
expressed in terms of the rate at atmospheric pressure £° and the
activation volume AV* for the formation of the transition state
(Gladstone et al., 1941):

k, = kol —PAVHIRT] ()

For a simple, two-state system undergoing small perturbations near
equilibrium, the observed relaxation time 7 at a given pressure is
represented by the inverse of the sum of the two individual rate con-
stants for the forward and backward reactions, unfolding and folding,

T=1/(k, + k), (3)

and, as such, should be independent of the sign of the perturbation
(Eigen & de Maeyer, 1963). We have fitted the values of In7
across the pressure range above and below the midpoint, respec-
tively, for the values of unfolding and folding rate constants at
atmospheric pressure (k°);and (k°),, and their individual activation
volumes AVfi and AV, using linear analysis as described previ-
ously (Vidugiris et al., 1995).

The values of the intensities 25 min after the jump were taken as
the equilibrium intensities, and these equilibrium profiles were fit-
ted using the BIOEQS analysis program for the equilibrium free en-
ergy AG and volume change AV of the unfolding (Royer et al., 1990;
Royer & Beechem, 1992; Royer, 1993) according to the relation:

d(AG)/dp = AV. 4)

The BIOEQS program calculates data points at each pressure
from the current parameters, AV, AG, and the asymptotic values of
the folded and unfolded state intensities, Ir and I, using the equi-
librium constant, K., which is calculated from the intensities mea-
sured at each pressure, /,:

AG = —RTInK,, = ~RTIn(; — L)/, — 1,), (5)

and minimizes on the basis of the y* difference between observed
and calculated data. Although the intensity values were fit to obtain
the relevant parameters, both data and fits have been normalized in
Figure 1 for reasons of comparison.

Estimates of the experimental error of the equilibrium volume
changes and free energies were obtained from rigorous confidence
limit testing of these two recovered parameters, as described by
Beechem (1992). Error estimates on rate constants and activation
volumes were obtained from linear error analysis.

Acknowledgment

This work was supported by National Science Foundation grant
MCB9218461 to C.AR.



Kinetics of xylose stabilization

References

Alexandrescu TA, Hinck AP, Markley JL. 1990. Coupling between local struc-
ture and global stability of a protein: Mutants of staphylococcal nuclease.
Biochemistry 29:4516-4525.

Alexandrescu TA, Ulrich EL, Markley JL. 1989. Hydrogen-1 NMR evidence for
three interconverting forms of staphylococcal nuclease: Effects of mutations
and solution conditions on their distribution. Biochemistry 28:204-211.

Beechem JM. 1992. Global analysis of biochemical and biophysical data. Meth-
ods Enzymol 210:37-54.

Beechem JM, Gratton E, Ameloot M, Knutson JR, Brand L. 1991. The global
analysis of fluorescence intensity and anisotropy decay data: Second gen-
eration theory and programs. In: Lakowicz JR, ed. Topics in fluorescence
spectroscopy, vol 2. Principles. New York: Plenum Publishing Corp. pp
241-305.

Carra JH, Anderson EA, Privalov PL. 1994. Three-state thermodynamic anal-
ysis of the denaturation of staphylococcal nuclease mutants. Biochemistry
33:10842-10850.

Chen HM, Markin VS, Tsong TY. 1992a. pH-induced folding/unfolding of
staphylococcal nuclease: Determination of Kinetic parameters by the
sequential-jump method. Biochemistry 31:1483-1491.

Chen HM, Markin VS, Tsong TY. 1992b. Kinetic evidence of microscopic states
in protein folding. Biochemistry 31:12369-12375.

Dill KA, Bromberg S, Yue K, Fiebig KM, Yee DP, Thomas PD, Chan HS. 1995.
Principles of protein folding: A perspective from simple exact models. Pro-
tein Sci 4:561-602.

Eftink MR. 1995. Use of multiple spectroscopic methods to monitor equilibrium
unfolding of proteins. Methods Enzymol 259:487-512.

Eftink MR, Ghiron CA, Kautz RA, Fox RO. 1991. Fluorescence and conforma-
tional stability studies of staphylococcus nuclease and its mutants, including
the less stable nuclease-conclavin A hybrids. Biochemistry 30:1193-1199.

Eigen M, de Maeyer L. 1963. Relaxation methods. In: Weissberger A, ed. Tech-
niques of organic chemistry, vol 8, part 2. New York: Wiley. pp 895-1054.

Evans PA, Dobson CM, Kautz RA, Hatfull G, Fox RO. 1987. Proline isomerism
in staphylococcal nuclease characterized by NMR and site-directed muta-
genesis. Nature 329:266-268.

Evans PA, Kautz RA, Fox RO, Dobson CM. 1989. A magnetization-transfer
nuclear magnetic resonance study of the folding of staphylococcal nuclease.
Biochemistry 28:362-370.

Finkelstein AV, Shakhnovich EI. 1989. Theory of cooperative transitions in
protein molecules. II. Phase diagram for a protein molecule in solution.
Biopolymers 28:1681-1694.

Fox RO, Evans PA, Dobson CA. 1986. Multiple conformations of a protein dem-
onstrated by magnetization transfer NMR spectroscopy. Nature 320:192-194.

Frye KJ, Perman CS, Royer CA. 1996. Testing the correlation between AA and
AV of protein unfolding using m-value mutants of staphylococcal nuclease.
Biochemistry 35:10234-10239.

Gladstone S, Laidler KJ, Eyring H. 1941. The theory of rate processes. New
York: McGraw-Hill Book Co.

Jacobs MD, Fox RO. 1994. Staphylococcal nuclease folding intermediate char-
acterized by hydrogen exchange and NMR spectroscopy. Proc Natl Acad Sci
USA 91:449-453.

Loh SN, McNemar CW, Markley JL. 1991. Detection and kinetic characteriza-
tion of a novel proline isomerism in staphylococcal nuclease by NMR

793

spectroscopy. In: Techniques in protein chemistry, vol 2. San Diego, Cali-
fornia: Academic Press. pp 275-282.

Nakano T, Antonini LC, Fox RO, Fink AL. 1993. Effect of proline mutations on
the stability and kinetics of folding of staphylococcal nuclease. Biochemis-
try 32:2534-2541.

Oliveberg M, Tan YJ, Fersht AR. 1995. Negative activation enthalpies in the
kinetics of protein folding. Proc Natl Acad Sci USA 92:8926-8929.

Paladini AA, Weber G. 1981. Absolute measurements of fluorescence polariza-
tion at high pressure. Rev Sci Instrum 52:419-427.

Peng X, Jonas J, Silva JL. 1993. Molten-giobule conformation of Arc repressor
monomers determined by high-pressure 1H NMR spectroscopy. Proc Natl
Acad Sci USA 90:1776-1780.

Royer CA. 1993, Improvements in the numerical analysis of thermodynamic
data from biomolecular complexes. Anal Biochem 210:91-97.

Royer CA, Beechem JM. 1992. Numerical analysis of binding data: Advantages,
practical aspects, and implications. Methods Enzymol 210:481-505.

Royer CA, Hinck AP, Loh SN, Prehoda KE, Peng X, Jonas J, Markley JL. 1993.
Effects of amino acid substitutions of the pressure denaturation of staph-
ylococcal nuclease as monitored by fluorescence and nuclear magnetic res-
onance spectroscopy. Biochemistry 32:5222-5232.

Royer CA, Smith WM, Beechem JM. 1990. Analysis of binding in macromolec-
ular complexes: A generalized numerical approach. Anal Biochem 191:287—
294.

Samarasinghe SD, Campbell DM, Jonas A, Jonas J. 1992. High-resolution NMR
study of the pressure-induced unfolding of lysozyme. Biochemistry 31:7773—
7778.

Schechter AN, Chen RR, Anfinsen CB. 1970. Kinetics of folding of staphylo-
coccal nuclease. Science 167:886-887.

Serrano L, Matouschek A, Fersht AR. 1992. The folding of an enzyme IIL
Structure of the transition state for unfolding of barnase analysed by a
protein engineering procedure. J Mol Biol 224:805-818.

Shortle D, Lin B. 1985. Genetic analysis of staphylococcal nuclease: Identifi-
cation of three intragenic “‘global” suppressors of nuclease-minus mutations.
Genetics 110:539-555.

Shortle D, Meeker AK. 1986. Mutant forms of staphylococcal nuclease with
altered patterns of guanidine hydrochloride and urea denaturation. Proteins
Struct Funct Genet 1:81-89.

Shortle D, Meeker AK, Freire E. 1988. Stability mutants of staphylococcal
nuclease: Large compensating enthalpy—entropy changes for the reversible
denaturation reaction. Biochemistry 27:4761-4768.

Shortle D, Stites WE, Meeker AK. 1990. Contributions of the large hydrophobic
amino acids to the stability of staphylococcal nuclease. Biochemistry 29:8033—
8041.

Socci ND, Onuchic IN, Wolynes PG. 1996. Diffusive dynamics of the reaction
coordinate for protein folding funnels. J Chem Phys 104(15):5860-5868.

Timasheff SN. 1993. The control of protein stability and association by weak
interactions with water: How do solvents affect these processes? Annu Rev
Biophys Biomol Struct 22:67-97.

Vidugiris GJA, Markley JL, Royer CA. 1995. Evidence for a molten globule-
like transition state in protein folding from determination of activation vol-
umes. Biochemistry 34:4909-4912.

Vidugiris GJA, Truckses DM, Markley JL, Royer CA. 1996. High-pressure
denaturation of staphylococcal nulcease proline-to-glycine substitution mu-
tants. Biochemistry 35:3857-3864.



