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High-Pressure Denaturation of Staphylococcal Nuclease Proline-to-Glycine
Substitution Mutants

Gediminas J. A. Vidugiri$,Dagmar M. Truckse8John L. Markley and Catherine A. Royer*
School of Pharmacy and Department of Biochemistry.drsity of Wisconsin at Madison, Madison, Wisconsin 53706
Receied August 23, 1995; Rised Manuscript Receéd December 4, 1995

ABSTRACT. Our recently reported pressure-jump relaxation kinetics experiments on staphylococcal nuclease
folding and unfolding [Vidugiriset al. (1995) Biochemistry 344909] demonstrated that both transitions
exhibit positive activation volumes, with that of folding being much larger than that of unfolding. Thus
high pressure denatures proteins by slowing the rate of folding more than that of unfolding. In the present
work, we take advantage of the very slow folding and unfolding rates under pressure to examine the
kinetics and volume changes along the reaction coordinate for protein feldirfglding for an interesting

set of mutants of staphylococcal nuclease: P42G, P47G, P117G, and the double mutant PA7G.
Previous studies have shown that replacement of an individual proline residue at position 42, 47, or 117
by glycine leads to paradoxical protein stabilization against denaturation by guanidine chloride, high
temperature, or high pressure. In order to observe unfolding over an attainable pressure range, guanidine
hydrochloride was employed. Within experimental error, the activation volumes and equilibrium volume
changes were independent of the concentration of this denaturant and our analysis of the rate constants
is consistent with the generally accepted hypothesis that this denaturant acts both by increasing the rate
of unfolding and decreasing the rate of folding. We show that the stabilization resulting from each of the
proline-to-glycine substitutions arises primarily from a decrease in the unfolding rate, and to a small
degree, from an increase in the folding rate. The changes in rate constants upon proline-to-glycine
substitution can be modeled in terms of small stabilization of the unfolded state, a greater stabilization of
the transition state, and a still greater stabilization of the folded state. Although the rates were found to
change for all of the mutants in the set, no changes greater than experimental error were found in the
corresponding equilibrium volume changes and activation volumes for folding and unfolding. At low
pressures (well below the onset of unfolding) the pressure-jump relaxation profiles for wild type proteins
(both Foggi and V8) showed kinetic complexity. Although the effect was attenuated somewhat in pressure-
jump profiles of one proline-to-glycine mutant (P42G), its persistence in data from all the mutants studied
leads us to conclude that its origin is notais/transpeptide bond isomerization at proline 117, 47, or 42.

It has long been known that the application of high unfolding rate as a function of pressure, the activation volume
hydrostatic pressure results in the unfolding of globular for folding is significantly larger in magnitude than that for
proteins as determined by changes in-tlsible absorption unfolding. Thus, the application of pressure slows the
(Brandtset al, 1970; Zipp & Kauzmann, 1973), fluorescence folding rate much more than the unfolding rate.

(Li et al, 1976), infrared (Heremans & Bormans, 1986;  The folding and unfolding transitions of Whre reason-
Wong & Heremans, 1988; Takedd al., 1995), and NMR ably well represented by a simple two-state model (Schechter
(Samarisinghet al, 1992; Royeet al, 1993) spectra. This  etal, 1970; Shortle, 1986; Shorttt al., 1988, 1990; Eftink
effect of pressure on the stability of proteins arises becauseet al, 1991; Ramsay & Eftink, 1995; Royast al, 1993;

the volume of the proteinsolvent system is smaller in the  Vidugiris et al, 1995), although the kinetic (Chest al,
unfolded state of the polypeptide than in its folded state. The 1992a,b; Nakanet al,, 1993), NMR (Foxet al, 1986; Evans
microscopic contributions to this volume change of unfold- et al, 1987, 1989; Alexandresacet al, 1989, 1990; Lolet

ing, although they involve differential solvation and excluded al., 1991; Jacobs & Fox, 1994), and calorimetric (Caata
volume in the two states, are not well-understood (Heremans,al., 1994) evidence has revealed small populations of
1982; Weber & Drickamer, 1983; Royer, 1995; Mozhatv  intermediates. Nonetheless, our previous high-pressure
al., 1994; Prehoda & Markley, 1996). We have recently unfolding studies on nuclease WT were well-described by a
demonstrated (Vidugiriet al, 1995) by pressure-jump two-state model, except as noted in the low-pressure region
relaxation kinetics on staphylococcal nuclease that this where little unfolding occurs (Royeat al., 1993; Vidugiris
destabilization by pressure results from the fact that, althoughet al,, 1995). We suspected, on the basis of the above-cited
the activation volumes for both folding and unfolding are kinetic and NMR data, that this non-two-state behavior
positive, leading to a decrease in both the folding and observed in the low-pressure range could arise in part from
prolyl peptide bond isomerization reactions. In order to test
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Ficure 1: Molscript diagram (Kraulis, 1991) of nuclease H124L
taken from the crystal structure coordinates of Trucksesl.
(submitted). Indicated are the positions of residue 124 as well as

Vidugiris et al.

cherichia coliand purified as described by Alexandrestu

al. (1989) and Royeet al. (1993). H124L differs from the
nuclease from the Foggi strain &. aureus(WT) by
replacement of histidine at position 124 by leucine. The
purified protein was lyophilized and stored in that form.
Solutions of nuclease were prepared from the lyophilate for
the folding—unfolding experiments at a concentration ef2

uM (as determined by UV absorption at 280 nm and an

extinction coefficient of 15 631 cmt M~1); aggregation can
occur in these experiments at higher protein concentration.
The buffer solution used was 10 mM bis-Tris at pH 5.5. Bis-
Tris provides a pressure-insensitive buffer owing to the fact
that the net charge in the protonated and unprotonated forms
is equivalent; in the protonated form the bis-Tris bears one
positive charge, and in the unprotonated form the dissociated
proton bears a positive charge. Thus the buffer exhibits no
volume change and has & pwith a negligible pressure
dependence. All experiments were carried out at@1

Pressure-Jump Experiment$he high-pressure generating
system used was similar to that described by Paladini and

the positions of the three proline-to-glycine substitutions studied Weber (1981). Pressure-jump relaxation experiments were

here, P42G, P47G, and P117G. Also shown is the single tryptophan
residue (W140), the intensity of which is the observable in the
present experiments.

determine which proline, if any, is involved in populating
the low-pressure intermediate(s), a study was undertaken t
characterize the equilibrium and kinetics of the pressure-
induced unfolding of the nuclease H124and a series of
mutants in which proline residues have been substituted by
glycine.

Indicated in the ribbon diagram of nuclease H124L
(Truckseset al., submitted) in Figure 1 are the positions of
the proline-to-glycine substitutions tested in the present
studies (P42G, P47G, and P117G, as well as the R47G
P117G double mutant) and the position of the substitution
that differentiates nuclease H124L from WT. It can be seen
from Figure 1 that proline 117 is located in a turn connected
to the C-terminala-helix. The tryptophan residue (also
shown) which gives rise to the fluorescence signal used to
monitor unfolding in the present studies is found at position
140. The loop in which tryptophan 140 is located follows
the helix which connects to the loop containing proline 117.
The other two prolines whose replacements by glycine have

been studied here are found in a loop region that connects

the a-helical ands-barrel subdomains of the protein. Studies
of protein unfolding by chemical denaturants, heat, and pH
have demonstrated that each of the proline-to-glycine
substitution mutants is more stable than the parent protein,
nuclease H124L (Trucksest al, submitted; Royeet al,,
1993). Increased stability brought about by the P117G

()

carried out in a Vascomax high-pressure cell. A UV
multifiber bundle (Oriel Corp., Stratford, CT) with focusing
optics coupled the exciting light at 295 nm from the
monochromator to the pressure cell. Tryptophan emission
was monitored at 90through a Corion 340 nm high-pass
filter. Pressure jumps of 75250 bar were made by closing
the valve to the sample compartment, pumping to the desired
new pressure, and then rapidly reopening the valve. Fluo-
rescence intensity data were acquired wittb 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°@3
which at the sample temperature of Z1 would not perturb
the folding equilibrium of nuclease significantly. Moreover,
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).
Data Analysis. The pressure-jump fluorescence intensity
relaxation profiles were fitted to a single-exponential decay
by using the time-domain fluorescence global analysis
program described by Beechem and co-workers (1992). The
intensity of fluorescence at timt after the pressure jump
I(t) was taken to be an exponentially decaying function

Ity =1,e" 1)
where |, is the intensity prior to the jump and is the
relaxation time. In some cases, data at lower pressures
required a long component with a negative amplitude for a

substitution was also observed in the background of nucleasegood fit to account for the complexity in the profiles. In

WT (Chenet al, 1992a,b; Nakanet al, 1993; Hyneset
al., 1994).

MATERIALS AND METHODS

Protein Purification. Recombinant staphylococcal nu-
clease with the sequence of nuclease A from the V8 strai
of Staphylococcus aureu@i124L) was produced irEs-

n

2H124L denotes recombinant protein produced fientoli whose
sequence is identical to the nuclease A produced by the V8 str&n of
aureus

these cases only the short relaxation time was used in the
subsequent estimation of rates and activation volumes.
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 rakgat a given
pressurep can be expressed in terms of the rate at
atmospheric pressui€ and the activation volumaV* for
the formation of the transition state (Gladstatel., 1941):

kp — koe[*p(AV*)/R'l] (2)
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Table 1: Equilibrium Parameters for Nuclease H124L and the Proline-to-Glycine Substitution Mutants

AG, (kcal/mol) AV, (mL/mol)

protein [GuHCI] (M) m-value (GUHCI) (GuHChH eq kinetics eq kinetics
H124L 0.5 5.8+ 0.1 3.4+0.1 2.4+0.2 35+ 14 79+ 4 135+ 115
H124L 0.75 5.8£ 0.1 1.9+01 0.8+ 0.1 1.1+ 0.9 75+ 8 134+ 105
H1241L+P42G 0.75 ntél nd 24+ 0.4 21+ 15 79+ 9 67+ 19
H124L+P47G 0.75 5403 2.8+ 0.4 2.8+ 0.5 3.0+ 2.0 75+ 15 84+ 15
H1241L+P117G 0.75 5201 3.2+ 0.1 3.1+ 04 25+15 79+ 11 72+ 64
H1241+P47G+P117G 0.75 5.2& 0.05 3.47+ 0.05 3.7+ 0.7 5.2+ 2.0 76+ 14 119+ 44

a Standard deviations on the equilibrium free energy change values represent the 67% confidence limits on the value obtained from rigorous
confidence limit testing (Beechem, 1992). Deviations on the equilibrium free energy derived from the kinetic rate constants were estimated from

the standard errors on the kinetic rate constéi®alculated from reported
for the GUHCI concentration used and indicated in columfrl, not det

free energies amgtalues given in column 3 (Trucksesal, submitted)
ermined.

For a simple, two-state system undergoing small perturba-
tions near equilibrium, the observed relaxation timat a

given pressure is represented by the inverse of the sum of

the two individual rate constants for the forward and
backward reactions, unfolding and folding,

T=1/(,+ k) ®3)

and as such should be independent of the sign of the
perturbation (Eigen & de Maeyer, 1963). We have fitted
the values ofr across the entire pressure range for the
transition in terms of the values of both the folding and
unfolding rate constants at atmospheric pressd;, énd
(k°)u, and their individual activation volumesVi* andAV,*
using nonlinear regression (Dugelby, 1984), a computer
program for which was kindly supplied by Dexter Northrup.
All of the points were equally weighted in the fits.

The values of the intensities 25 min after the jump were
taken as the equilibrium intensities, and these equilibrium
profiles were fitted using the BIOEQS analysis program for
the free energAG and volume changAV of the unfolding
(Royeret al, 1991; Royer & Beechem, 1992; Royer, 1993)
according to the relation

d(AG)/dp = AV 4)

100

80,

60

40

20

Fluorescence intensity (a.u.)

0 L. R T ;
500 1,000 1,500

Pressure (bar)

2,000

2,500 3,000

Ficure 2: Effect of GUHCI on the pressure unfolding profiles of
nuclease H124L. Equilibrium fluorescence intensity vs pressure at
0.5 M GuHCI| @) and 0.75 M GuHCI 4). Protein concentration
was 2-5 uM in 10 mM bis-Tris buffer at pH 5.5 and at 2’C.

Data were obtained as described in the Materials and Methods
section. Lines through the points represent the results of nonlinear
least-squares analysis of the data as described in Materials and
Methods.

required in order to observe unfolding of H124L and the
even more stable proline-to-glycine substitution mutants in
the pressure range—@B000 bar available with our present

equipment. Since our previous studies were carried out in

The BIOEQS program calculates data points at each pressureghe absence of GuHCI, the dependence of the pressure

from the current parameteradV, AG, and the asymptotic
values of the folded and unfolded state intensitieandl,
using the equilibrium constaile,, which is calculated from
the intensities measured at each pressyre,
AG = —RTIn Kyq= —RTIn(l = 1)/(1, = 1) ()

and minimizes on the basis of th@ difference between
observed and calculated data.

Estimates of the experimental error on the equilibrium
volume changes and free energies were obtained from
rigorous confidence limit testing of these two recovered

unfolding profiles on the concentration of GuHCI was
investigated in order to ascertain whether this chemical
reagent perturbs the volume change upon unfolding. In
Figure 2 are shown the equilibrium pressure unfolding
profiles of H124L at 0.5 and 0.75 M GuHCI. Whereas
GuHCI has a large effect on the stability of the protein, as
evidenced by the shift of the curves to lower pressures as a
function of increasing GuHCI, the slopes of the unfolding
profiles do not change. Indeed nonlinear least-squares
analysis of these unfolding profiles, as described in the
Materials and Methods section, yielded valuesA@;, (Table

1) that were consistent with the destabilizing effect of GUHCI,

parameters as described by Beechem (1992). Error estimateg|ihough indicative of somewhat less stability than obtained
on the rate constants and activation volumes were obtainediqm the GuHCI titrations of H124L under similar conditions

from the nonlinear least-squares error analysis.

RESULTS

(Truckseset al, submitted). Analysis of the data in Figure
2 also yielded values akV, for the unfolding of H124L at

the two GuHCI concentrations that were identical within

Guanidine Hydrochloride Dependence of the Equilibrium
Pressure Unfolding of H124LSince the variant of nuclease
produced by the V8 strain &. aureugH124L) is signifi-

experimental error to each other and to that observed
previously for WT in absence of GUHCI (Table 1; Vidugiris
et al, 1995). This is an interesting result. It indicates that

cantly more stable than that produced by the Foggi strain the effect of exposing protein surfaces and cavities to aqueous
(WT) and used in our previous studies, the addition of a solutions of GUHCI is equivalent, in terms of system volume,
small amount of guanidine hydrochloride (GuHCI) was to exposing them to pure water.
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Ficure 4: Plots of Int vs pressure for nuclease H124L solutions
containing (a) 0.5 M GuHCI and (b) 0.75 M GuHCI. Protein
concentration was-25 uM in 10 mM bis-Tris buffer at pH 5.5
and at 21°C. Lines represent linear least-squares fits to the data.

of the rate constants recovered from the nonlinear analysis
can be found in Table 2. The error on the values is quite

large. Nonetheless, the results indicate that the effect of
GUuHCI on pressure stability arises from an increase in the
rate of unfolding and a decrease in the rate of folding. This

effect of denaturant on the rates of folding and unfolding

has been interpreted as arising from stabilization of both the
unfolded and transition states through direct interaction of
the denaturant with these states (Tanford, 1970). The
unfolding free energy calculated from the ratio of the rate

constants at atmospheric pressure is within error of that
obtained from analysis of the equilibrium pressure unfolding

profile and is in reasonable agreement with those obtained
from GuHCI denaturation experiments under similar condi-

tions (Trucksest al., submitted).

_ Time_‘S) _ _ The analysis of the plots of vs pressure (Figure 4a,b)
Ficure 3: Fluorescence intensity vs time profiles for (a) nuclease g|so yielded large positive activation volumes for folding
H124L and (b) nuclease H124iP42G obtained after small rapid AVF (Table 2), within error of those previously reported for

jumps in hydrostatic pressure as described in Materials and ) L .
Methods. Protein concentration was®xM in 10 mM bis-Tris WT (Vidugiris et al, 1995). The activation volume for

buffer at pH 5.5 and at 21C. GuHCI concentration was 0.75 M. unfolding AV,# (Table 2) was small and positive, also
Lines through the points represent the results of nonlinear least- consistent with our previous results. The difference between
squares analysis of the data as described in Materials and Methodsthe activation volumes for folding and unfoldinghi* —
AV¥) was within error of that obtained from the analysis of
Guanidine Hydrochloride Dependence of the Kinetics of the equilibrium unfolding profiles, as would be expected for
Pressure Unfolding of H124LThe relaxation kinetic profiles  a two-state unfolding (Table 1). Despite the large uncertain-
for H124L at 0.5 and 0.75 M GuHCI obtained from small, ties in the values of the activation volumes, increasing GuHCI
rapid pressure jumps (in either the positive or negative does not appear to alter the general phenomenon observed
direction) (Figure 3a) were analyzed for the relaxation time, previously (Vidugiriset al., 1995), which is that the folding
as described in Materials and Methods and as was donerate is much more affected by pressure than the unfolding
previously with WT (Vidugiriset al,, 1995). The relaxation rate because of the large positive activation volume associ-
times for H124L increased with increasing pressure (Figure ated with this process. That the activation volumes exhibit
4a,b), just as for the previously studied WT (Vidugigs behavior in GUHCI solutions similar to that in water is
al., 1995). Nonlinear analysis afvs pressure was carried consistent with the observation reported above that the
out as described in Materials and Methods. A comparison equilibrium volume change for unfolding, which is more

Fluorescence Intensity (a.u.)

L ' 1 I 1 . 1

0 100 200 300 400 500 600 700
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Table 2: Results from Analysis of the Relaxation Times as a Function of Préssure

protein AVF AV (k) (k%)
H124L 135+ 115 0+ 73 2.3+8/—23 0.006+ 0.03~0.006
0.5 M GuHCI
H124L 154+ 105 20+ 13 0.12+0.12 0.02+0.01
0.75 M GuHCI
H1241+P42G 67+ 19 0+ 22 0.1+ 0.003 0.003+ 0.006/ 0.003
0.75 M GuHCI
H124L+P47G 88+ 15 4+ 8 0.24+0.14 0.0015+ 0.0013
0.75 M GuHCI
H1241+P117G 80+ 64 8+ 40 0.2+ 0.5~ 0.2 0.003+ 0.01+ 0.003
0.75 M GuHCI
H1241L+P47G+HP117G 119+ 44 0+ 16 4.6+ 12/—- 4.5 0.0007+ 0.0013+ 0.0007
0.75 M GuHCI

aNonlinear analysesAV values in mL/mol;k°® values in s?.

100 03 error (Table 1). They were also within error of that obtained

! for WT (Vidugiris et al,, 1995), thus demonstrating that the
80 substitution of proline by glycine at position 42, 47, and 117
or leucine for histidine at position 124 does not appreciably
60 alter the volume change observed upon unfolding within the
limits of the error on the recovered values.

a0 L Kinetics of the Pressure Unfolding of the H124L Proline-
to-Glycine Mutants. Values of the relaxation times were
obtained from analysis of the relaxation profiles in terms of
a single-exponential decay time as shown for H12B42G
in Figure 3b. Nonlinear analysis of the relaxation time as a
° 500 10w 1m0 2000 2500  seee  function of pressure was carried out as for the H124L
Pressure (bar) nuclease. Examination of the rates obtained from the
Ficure 5: Equilibrium pressure unfolding profiles for nuclease nonllnef':l.r ana}ly5|s (Table 2) mdlcate_s that the major effect
H124L+P42G @), H124L+P47G @), H124L+P117G @), and on stability arises from the decrease in the rate of unfolding.
H124L+P47G+P117G #). Protein concentration was—5 uM Only the double-substitution mutant exhibited a large
in 10 mM bis-Tris buffer at pH 5.5 and at 2C. The free energies increase in the f0|d|ng rate constant.
and volume changes of unfolding obtained from analysis of the o ] ] .
data can be found in Tables 1 and 2. Lines through the points  The activation volumes for folding and unfoldidg/s* and
represent the results of nonlinear least-squares analysis of the data\V,* obtained from the nonlinear analysis are given in Table

20

Fluorescence Intensity (a.u.)

as described in Materials and Methods. 2. The difference between each pair of values for each
precisely determined than the activation volumes, is unaf- mutant should equal the value of the equilibrium volume
fected by GuHCI. change of unfoldingAV,. It can be seen from the values

Equilibrium Pressure Unfolding of Proline-to-Glycine in Table 2 that the uncertainty in the activation volumes is
Mutants of H124L.In Figure 5 are shown the equilibrium  quite large, and the differences are well within the error of
unfolding profiles for the proline-to-glycine substitution the AV, values obtained from the equilibrium data (Table
mutants of H124L at 0.75 M GuHCI. All of the profiles 1). The average of the values obtained from the linear
are shifted to higher pressures compared to that of theanalysis for the six proteins/conditions presented in Table 2
unsubstituted H124L (Figure 2), consistent with the known s 107 mL/mol for AV and 5 mL/mol forAV,*. These
increase in stability caused by these mutations. A small yajues compare reasonably well with our previous values
amount of hysteresis in refolding was apparent at high for WT of 92 mL/mol and 20 mL/mol, respectively, fa/*
pressures for the mutants containing the P47G substitution,gngAy, (Vidugiris et al, 1995). Thus, these mutations do

presumably due to incomplete equilibration in the return o annear to have any significant effect upon the relative
measurements, but the atmospheric pressure intensity Valu%ystem volumes of the folded, unfolded, and transitions

was 100% revers?ble. This incomplete equiIibrat_ion in t_he states. There is also reasonable agreement between the free
return profiles at high pressures (data not shown) I'kely.ar.'sesenergies of unfolding obtained from the equilibrium and
from very slow unfolding rates for the mutants containing kinetic data (Table 1)

the P47G substitutions. The equilibrium pressure unfolding o i
profiles of the proline-to-glycine mutants were analyzed to  NOn-Two-State Behéor in the Low-Pressure Regions of
yield the free energy changesG, (Table 1) and volume  the Kinetics Profiles.The above analyses of the equilibrium
changesAV, (Table 1) for the unfolding reaction. In rank and kinetic data from nuclease H124L and its proline-to-
order, the stabilities were found to be H1241H1241+P42G glycine substitution mutants assumed a simple, two-state
< H124L+P47G < H124L+P117G < H124L+P47GH equilibrium between the folded and unfolded proteins, as was
P117G (see Figure 5). For all of the mutants, the free previously done with WT (Vidugirist al, 1995). Within
energies obtained from the pressure profile were in good experimental error, this model is adequate to describe the
agreement with those obtained previously in the GuHCI data presented here. The population of folding intermediates,
unfolding experiments (Table 1) (Trucksetsal., submitted). such as that observed in tifebarrel region by hydrogen
The values oAV, for all mutants were within experimental exchange measurements (Jacobs & Fox, 1994), would only
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FIGURE6: Ln 7 vs pressure plots for (a) nuclease H124242G, (b) nuclease H124tP47G, (c) nuclease H124tP117G, and (d) nuclease

H124L+P47GHP117G. Protein concentration was2uM in 10 mM bis-Tris buffer at pH 5.5 and at ZLC. The rates were recovered
from analysis of these data according to eqs 2 and 3 and are given in Table 2.
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Ficure 7: Complex, low-pressure, fluorescence intensity profiles for (a) nuclease H124 at 118 bar, (b) nuclease H124L at 86 bar, 0.75 M

GUuHCI, (c) nuclease H124LP42G at 145 bar, 0.75 M GuHCI, (d) nuclease H12447G at 55 bar, 0.75 M GuHCI, (e) nuclease
H124L4+P117G at 80 bar, 0.75 M GuHCI, and (f) nuclease H12B47G+P117G at 40 bar, 0.75 M GuHCI. Protein concentration was
2—5 uM in 10 mM bis-Tris buffer at pH 5.5 and at 2.

be observed in the event that these steps became rate limitingpositive activation or equilibrium volume changes. Nonethe-
to the final folding event, which is apparently not the case. less, we were interested to know whether the low-pressure
This apparent two-state behavior observed at relatively highintermediate(s) were related to prolyl peptide bond isomer-
pressures breaks down, as previously noted (Vidugtré., ization in the folded state. In Figure 7& are shown
1995), at low pressure, between 0 and 500 bar, dependingepresentative examples of dozens of collected profiles of
upon the protein and conditions. In the low-pressure range, ihese complex pressure-jump relaxation profiles for WT and
complex presshure—Jumpl relax?Uon prp{:les are obtained. In H124L as well as for the four proline-to-glycine substitution
some cases these could be fitted with two components, 4mnutants. It can be seen that the complexity is present for

short one and a very long one with a negative pre-exponential ) . .
factor. In such ca?;es '?he shorter cor%ponerr)]t wasr,) used inaII of the nuclease variants studied here and that, given the

the plots of relaxation time vs pressure. Otherwise, if the NUMPer of maxima and minima in these intensity profiles,
complexity of the profiles was too great for reasonable MOré than one intermediate is populated (Eigen & de Maeyer,

analysis, these points were not used in the above two-statel963). Of the four mutants, the P42G substitution has the
analysis. greatest effect in attenuating this complexity in the profiles;
Since this complex kinetic behavior is not observed at this suggests that isomerization of this prolyl peptide bond
higher pressures, we conclude that increased pressurenay contribute to some of the kinetic complexity. The
disfavors the population of the intermediate(s), either through profiles for the two mutants bearing the P117G substitution



are, if anything, more complex than those of both WT and
H124L.

DISCUSSION

Pressure Unfolding of Staphylococcal Nuclease Mutants Biochemistry, Vol. 35, No. 12, 1998863
The present pressure-jump relaxation and equilibrium
studies on proline-to-glycine substitution mutants of the V8

T b
U U
ﬂ
F
nuclease (H124L) have demonstrated, first, that the equilib- T T
: e

a
rium volume change observed for H124L is identical within
error of that previously obtained for WT (Vidugiret al,, u
1995). Moreover, the addition of GUHCI has no significant
effect on any of the volume changes. This is an interesting
observation. lItis believed that GuHCI destabilizes proteins F

by effectively competing with water for binding to the protein I
surface (Schellman, 1978, 1987, 1990; Timasheff, 1993). '
Identical volume changes for solutions of varying GUHCI Ficure 8: Diagram of the possible free energy effects of the
concentration indicate that the volume change for binding Proline-to-glycine substitutions. (a) Proline-to-glycine substitutions
L : . > lead to stabilization of the folded state, destabilization of the
f’an |lnd.|V|duaI water r.nol.ecule to exposed protein surface SIS nfolded state; (b) proline-to-glycine substitutions lead to destabi-
is similar to that of binding a molecule of GUHCI. The errors jization of both the transition and unfolded states, with greater
are relatively large for the determinations of the equilibrium destabilization of the unfolded state; (c) proline-to-glycine substitu-
and activation volume Changes for the pro|ine-t0-g|ycine tiqns lead to stab!l!zation of both the transition and folded.states,
substitution mutants, but within this error, the values obtained With greater stabilization of the folded state; and d) proline-to-
for these mutants are the same as for WT and H124L. Theglycme substitutions lead to stabilization of all three states in the
] > © rank order unfolded state transition state< folded state, with
observation of simila\V, values for WT, H124L and the  greater stabilization of the folded state.
proline-to-glycine substitution mutants is consistent with the
similarities in their folded structures (Hynes & Fox, 1991; these possibilities unlikely because of the expected stabiliza-
Truckseset al, submitted) and with the fact that the tion of the unfolded state by the proline-to-glycine substitu-
substitutions are in exposed loop regions of the protein.  tions. A final possibility (Figure 8d) is that all three states
Second, the present work demonstrates that the stabilizingare stabilized by the mutations, with the largest effect on
effect of the proline-to-glycine substitutions in H124L arises the folded state and the smallest on the unfolded state. An
primarily from decreases in the unfolding rate constant, effect of the proline-to-glycine substitution mutants on all
although an increase in the folding rate constant is observedthree states appears to be the most likely; this pattern is
for the double proline-to-glycine substitution mutant. Op- consistent with an entropy increase in the unfolded state.
posite effects on the folding and unfolding rate constants Moreover, by thermodynamic and volume criteria (Serrano
upon single-site mutation have previously been observed foret al, 1992; Otzeret al,, 1994; Vidugiriset al., 1995), the
mutants of dihydrofolate reductase (Garvey & Matthews, transition state is thought to lie close to the folded state on
1989). However, in tharc repressor system, substitution the reaction coordinate and should be likewise affected by

of proline 8 by leucine decreases the unfolding rate constantthe mutations, although the structural changes are very small
but has no effect on the folding rate constant (Schildietch  (Truckseset al, submitted).

al., 1995). i ) i We have previously reported that the folded states of the
In the present case, only relative differences in the 4124| proline-to-glycine substitution mutants exhibit very
stabilities of the unfolded, folded, and transition states can gmall differences in the fluorescence lifetimes compared to
be deduced from these kinetic rate constants. However, theyiy14)  which, nonetheless track with their relative stabilities
indicate that the free energy difference between the folded Ry eret al, 1993). This suggests that these mutations have
and the transition state increases with these proline-to-glycine,, affect on the dynamics of the native state in a manner
substitutions, resulting in a significantly slower rate constant - «i«tent with our present results indicating that the proline-

:‘jor E?fom'ntg Tetsﬁ pfrotelns. At I%q;t in the k():atse of t?r? to-glycine substitutions stabilize the native state. In addition,
ouble mutant, the iree energy diiference between e, percentage intensity change upon unfolding obtained from
unfolded and the transition states decreases, hence increasing, equilibrium unfolding profiles was smaller for each of

the folding rate constant as We".‘ A S|mple'explan:_;1pon the proline-to-glycine substitution mutants than for parent
would be that each proline-to-glycine substitution stabilizes . ;
nuclease and generally follows the trend of increasing

the folded state and destabilizes the unfolded state (F'gurestability. The change for H124L was 60% quenching upon

8a). Such a result seems unlikely because it is thought thatunfolding, while that for the double mutant was only 49%.

proline-to-glycine substitutions stabilize the unfolded state ; . . . .
by an increase in entropy. Moreover, it is unlikely that the These differences in the quenching efficiency in the unfolded
X fState are indicative of distinct distributions of unfolded

transition state would be unaffected by these substitutions i ‘ . for th . ith the eff
both the folded and unfolded state stabilities are changed. 1fON ormat|on§ or these mutant.s., consistent with the effects
of the mutations on the stability of the unfolded state

the proline-to-glycine substitutions alter the stability of the
transition state, then three alternatives need to be considered®’oP0sed here.

The unfolded and transition states could be destabilized and Finally, these studies have shown that the intermediates
the folded state remains unaffected (Figure 8b), or the in nuclease unfolding that are detected because of their
transition state and folded states could be stabilized and thedistinct tryptophan quantum yields (this work; O#o al,
unfolded state remains unchanged (Figure 8c). We consider1995; Nakanet al, 1993) arise largely from processes other
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than prolyl peptide bond isomerization. Mutation of proline
117 or proline 47 to glycine did not reduce the population
of the low-pressure intermediates.
attributed to prolyl peptide bondis/transisomerization at

A slow phase, not

Vidugiris et al.

Jacobs, M. D., & Fox, R. O. (199#roc. Natl. Acad. Sci. U.S.A.
91, 449-453.

Kraulis, P. J. (1991). Appl. Crystallogr 21, 946—950.

Li, T. M., Hook, J. W., Drickamer, H. G., & Weber, G. (1976)
Biochemistry 155572-5581.

position 117, has been observed previously in GUHCI jump Loh, S. N., McNemar, C. W., & Markley, J. L. (199Techniques

experiments with nuclease (Nakaebal, 1993). Substitu-
tion of proline 42 by glycine did diminish the observed
kinetic complexity but did not abolish it. Substitution of
proline residues in therp repressor, likewise, does not
eliminate or even simplify the kinetic complexity of the
folding of that proteins (Manret al, 1995). Thus, for

in Protein ChemistryVol. 2, pp 275-282, Academic Press, San
Diego, CA.

Mann, C. J., Shao, X., & Matthews, C. R. (19%ipchemistry 34
14573-14580.

Mozhaev, V. V., Heremans, K., Frank, J., Masson, P., & Balny, C.
(1994) Trends Biotechnol. 12493-501.

Nakano, T., Antonini, L. C., Fox, R. O., & Fink, A. L (1993)

nuclease H124L at low pressures, multiple intermediates with _ Biochemistry 322534-2541.

distinct tryptophan quantum vyields are populated, and the

majority of these species are not attributablectg/trans
isomerizations of prolyl peptide bonds.
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