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ABSTRACT: We have studied the equilibrium unfolding of staphylococcal nuclease and two of its variants,
V66W and V66W, over two perturbation axes (acid-induced unfolding as a function of urea concentration
and urea-induced unfolding as a function of pH). The transitions were monitored by simultaneous
measurements of circular dichroism and fluorescence. With this multidimensional array of data (2
perturbation axes and 2 signals), we present a strategy of performing a global analysis, over as many as
12 individual data sets, to test various models for the unfolding process, to determine with greater confidence
the pertinent thermodynamic parameters, and to characterize unfolding intermediates. For example, wild-
type nuclease shows a cooperative two-state transition with either urea or pH as denaturant, but the global
fits are improved when the model is expanded to include a pH dependence of tha uagee or when

two distinct classes of protonic groups are considered. The best fit for wild-type nuclease A&Rithn

= 6.4 kcal/mol at pH 7, with the acid-induced unfolding being triggered by protonation of three to five
carboxylate groups (with possible contribution from ¥l and with the urean = 2.5 kcal mott M—1,

V66W lacks the last 13 amino acids on the C-terminus, has a tryptophan at position 66, has a predominantly
B-sheet structure, and is less stable than the wild type. For V68®W°,un = 1.6 kcal/mol,m = 1.2

kcal molrt M~1, and there are two or three groups responsible for acid unfolding. V66W, a full-length
mutant with two tryptophan residues, unfolds via a three-state mechanism: ratintermediate=
unfolded. It appears that if8-barrel subdomain retains structure in the intermediate state. Assuming
that the unfolding of V66W and the3-barrel subdomain of V66W can be described by the same
thermodynamic parameters, a global analysis enabled a description @fghiedomain of V66W with

AG°yn = 2.7 kcal/mol, niy = 1.1 kcal moft! M~1, and with the acid unfolding being triggered by
protonation of a single group. This group haska, pround 6 in the unfolded state, suggesting that the
state of protonation of a histidine residue may contribute significantly to the stability of V66W.

We have studied the dependence of the free energy of Wild-type staphylococcal nuclease A (WT SNase) is a
unfolding for staphylococcal nuclease on both pH and urea small protein of 149 residues, having a secondary structure
concentration. Theoretical models have been developed tocomposed of 3x-helices and §3-sheet strands. There is
predict a protein’s stability as a function of pH (Tanford, only one tryptophan residue at position 140, which is near
1970; Alonso et al., 1991; Yang & Honig, 1994) or as a the end of the last and longeathelical segment in the
function of urea concentration (Tanford, 1970; Schellman, protein. Thea-helix regions (residues 3270 and 99-141)
1978). Previous studies (Pace et al., 1990, 1992; Yao & and thes-barrel part (residues-131 and 71-98) form two
Bolen, 1995), which have involved both urea and acid as Subdomains which unfold in a cooperative way (Xie et al.,
denaturants, have not attempted to fit all of the data to a 1994). If the coupling between the domains is perturbed or
composite thermodynamic model. One study which con- if the S-barrel is stabilized by mutations, it has been shown
sidered a simultaneous analysis of pH- and urea-inducedthat the unfolding can deviate from a two-state process (Carra
unfolding was that of Barrick and Baldwin (1993) on the et al., 1994c).
stability of apomyoglobin. In the work presented here, we  In the studies presented below, we find that the acid- and-
have globally analyzed circular dichroism (Gnd fluo- urea induced unfolding of WT, at low ionic strength and 20
rescence data (which were simultaneously recorded for the°C, can be described by a two-state process. The same
same protein sample), and we have used a more flexibleconclusion is reached for the case of V66W variant of
model than that previously used by Barrick and Baldwin WT SNase that contains only residues1B36 and has a
(1993). The “global analysis” represents a concomitant single tryptophan residue at position 66 (instead of valine).

analysis of multiple data sets; in our case, 12 data sets were The full-length mutant V66W, with tryptophans at posi-

considered for each protein. tions 66 and 140, contains a fluorescent residue in each
subdomain. This mutant clearly shows a deviation from a
" This research was supported by NSF Grant MCB 9407167. two-state process, when unfolded by temperature or guani-

* To whom correspondence should be addressed. dine hydrochloride (Gittis et al., 1993; Carra et al., 1994c).

Qf AAﬁ;gtrac_:t publisréeDd in_’\du?ncé?_ A}:CS Abgraﬁganuaryd_l, 129;. As will be shown, an intermediate state becomes significantly
reviations: , Circular aicnroism; Gu , guanidine nydro- : _ _ H :
chloride; SNase, staphylococcal nuclease; V66W, SNase mutant thatpopu!ated during pH and urea-induced unfolding of this
has tryptophan at position 66 instead of valine; V8B¥agment of protein, as reflected in both CD and fluorescence data. We

V66W containing only residues-1136; WT, wild type. have performed a global analysis for V66W by considering
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the unfolding to occur as a succession of two first-order phasepH was around 4.5, 5.5, and 6.5, with a larger variation (4%)
transitions, corresponding to the unfolding of theand 5 for the lower pH range. This dependence was extrapolated
subdomains, respectively. A very good fit to the data was to higher urea concentrations, at which the pH electrode
obtained when the second transition (corresponding to thebecomes unresponsive (Yao & Bolen, 1995).

p-barrel unfolding) was assumed to be described by the same For the acid-induced unfolding experiments, a computer-
thermodynamic parameters as those found for the unfolding controlled pH meter was included in the system. The syringe

of V66W'. was filled with 1 N HCI, and the pH was automatically
adjusted as described in Ramsay et al. (1995), in order to
MATERIALS AND METHODS collect data at evenly spaced pH intervals. The volume of

each acid aliquot was recorded to calculate protein and urea
concentration at every pH. The dilution at the end of each

Plasmids (kindly supplied by Dr. Wesley Stites, University experiment was less than 10%. N
of Arkansas) containing the genes of the WT, V66W, and At a particular set of experimental conditions (pH and urea
V66W' variants of SNase were expressed B colj concentration), the signal (either CD or fluorescence) was
following the protocol described by Shortle and Meeker Measured for 25 s, with an integration time of 1 s. The
(1989). The purity of the proteins produced was found by average and standard dewathn of the 25-\_/alues set were
denaturing electrophoresis to be higher than 95%. ProteinCalculated, corrected for protein concentration, and stored
concentration was determined using molar extinction coef- together with the urea and pH values for further global
ficients at 280 nm of 15 600 M cm™ for WT and V66W, analysis. _ _
and 21100 M! cm! for V66W. The samples were For_each protein studied (WT, V66Wor V66W), 12
prepared in 0.02 M phosphate buffer containing 0.05 NaCl. unfolding profiles were globally analyzed. These correspond
Urea was obtained from Sigma Chemical Co. and was usedt© three acid-induced unfoldings (at different urea concentra-
without further purification. Urea concentration was deter- tions) and three urea-induced unfoldings (at different pH

mined from refractive index measurements (Pace, 1986). values) for two different signals (CD and fluorescence). The
number of experimental points was 390 for WT, 437 for

Methods V66W, and 310 for V66W We used a two-state model

. ) ) for WT and V66W and a three-state model for V66W; these
Circular dichroism spectra were recorded at room tem- mgdels will be described below.

perature with an AVIV 62DS instrument (Aviv Associates, Thermodynamic ModelA two-state model implies that
Lakewood, NJ) using a 0.02 cm path length. The protein the unfolding occurs only between two states, native (N) and
concentration was in the range-380uM. No aggregation  ynfolded (U), with any other intermediate forms being less
was found to occur within this range, either in the native or staple than either N or U, so that their population can be
in the unfolded state (Carra et al., 1994a). The spectra showncgnsidered negligible. For the reaction=N U, the equi-
represent the average of three experimental curves. librium constant isKun = [UJ/[N], and the free energy
The unfolding transitions were monitored using an AVIV  change for unfolding ifAG°yy = —RTIn Kyy.
62DS spectropolarimeter to which a second photomultiplier A thermodynamic model should describe the dependence
has been adapted at right angle for fluorescence measureef the free energy changeAG°un, on the denaturant
ments. In this arrangement, CD and fluorescence data forconcentration. According to Tanford (Aune & Tanford,
the same sample can be obtained almost simultaneously. The 969), the effects of urea and pH can be considered, to a
instrument and the data acquisition protocol were describedfirst approximation, to be independent, so that
in detail elsewhere (Ramsay & Eftink, 1994; Ramsay et al.,
1995). All the experiments were done at 2C, the AG®y = AG®; yy — f(pH) — g([ureal]) 1)
temperature being controlled by a thermoelectric cell holder.
The pH measurements were performed with an ORION pH | this equation AG°uy is the difference in standard free
meter (model 720A) having a combination pH electrode. The gnergy between the unfolded and the folded states in the
cells used were 1 cm 1 cm, and the protein concentration  apsence of urea and at a pH where both states are fully
was in the range 35 uM. The fluorescence unfolding  ynprotonated, anél andg are two different functions that
profile was obtained with an excitation wavelength of 295 depend on pH and urea concentration, respectively.
nm, and the emission at 340 nm was selected by an A general expression fd¢pH) has been given by Tanford
interference filter. (1970), considering that the pH dependence of the free energy
For urea-induced unfolding experiments, the spectropho-is determined solely by the titratable groups that have
tometer was coupled to a computer-controlled syringe pump, different K,'s in the native and unfolded states. If the

so that an unfolding profile was automatically recorded. The groups titrate independentlf(pH) has the expression:
accuracy of the titration was checked at the end of each

Materials

experiment; the difference between the measured and the n 1+ 10 PHHPKay
calculated final urea concentration never exceeded 0.1 M. f(pH)=RT In—— (2)
In order to assure that equilibrium was reached after each =1 14 10 PHPKan

denaturant injection, a subroutine for signal equilibration was

run prior to data acquisition (Ramsay et al., 1995). Early where K,y and K, are the K, of the titratable group
experiments revealed that addition of urea increases the"i” in the unfolded and native state, respectively, anid
measured pH of aqueous solutions (Bull et al., 1964). For the number of such titratable groups (having differek p
phosphate buffer, we found a linear dependence of pH onvalues in the native and unfolded states). Barrick and
urea concentration in the range-B M, when the starting  Baldwin (1993) simplified eq 2 to
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f(pH) = NRTIn(1 + 10 PHPKav ©)

based on the following assumptions: (1) there is only one
type of titratable group; and (2) the titratable groups remain

unprotonated in the native state, due to an abnormally low

pKayN.

For g([urea)), the function that describes the dependence

of the free energy of unfolding on urea concentration, we
have used

o([urea])= m[urea]

(4)

as suggested by Pace (1986) and Schellman (1978).
Independent effects of urea and pH imply a constant
value over the entire pH range studied and no dependenc

of pKau on the concentration of urea.

Five cases, corresponding to different dependencies of
protein stability on pH and urea, have been considered in
the data analysis. Case 1 corresponds to the above mode

proposed by Barrick and Baldwin, and it was used for all
the proteins studied; in cases 2, some restrictions imposed

by this model are released, in order to determine their effect

on the goodness of the fit. Cases2were considered only
in the analysis of the WT data.
Case 1. From egs 1, 3, and 4, one deduces

AGOUN ==
AG®,yn — NRTIN(L + 10 P24 — mjurea] (5)

There are four global thermodynamic paramet&&Y( un,

e
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1+ 1077 Prau

1070 + 107 Pew
m[urea] (8b)

AG°yy = AG% yy — NRTIN

Thus, the value od represents the shift inkg of the side
chain that occurs upon acid-induced unfolding. In case 4,
the global parameters areG°o un, N, pKau, M, ando.

Case 5 This model is for the situation when the titratable
groups are not “identical”; that is, they do not have the same
pK, in the unfolded state. If the acid unfolding is triggered
only by aspartates and glutamates, which havigapound
4, the assumption that the titratable groups are identical is
not very drastic. The situation is different if some histidine
residues (K, around 6) are also involved in the unfolding.
II\IMR studies (Alexandrescu et al., 1988) have shown that
His™?! of WT SNase has a relatively lowkp of 5.5 in the
native state. If the titratable groups of SNase can be divided
into two subgroups, (a) aspartates and glutamates, which do
not become protonated in the native state, and (b) one
perturbed histidine, which can be protonated in both the
native and the unfolded state, then from egglbne obtains

AG® = AG%) yy — NRTIN(L + 107PHPKay) —
1+ 10_pH+pKa,UHiS
"1 0

RTI — mlurea] (9)

n, pKau, and m), and they describe the simplest dependence

of AG°yy on pH and urea concentration, withand @<,y
being independent of pH or urea concentration.

Case 2 In this casem was considered to be linearly
dependent on urea concentratioms= my, + (anvad[urea]) —
[urea], wheremy is the value ofm in the absence of urea
andonmyd[urea] represents the dependencenafn denaturant
concentration. There are five global paramet&& un,

n, pKau, Mo, andam/dfurea]) and

AG°yy = AG® yy — NRTIN(L + 107 PHPlay) —
(m0 + o furea])[urea] (6)

dlurea
Case 3 This case corresponds tm being linearly
dependent on pHN = my + (dmM/opH)pH, wheremy is the
value ofm at pH 0 andom/apH represents the dependence
of mon pH. The global parameters at&°, yn, N, pPKau,
Mo, and dm/opH and

AG® = AG®, yy — NRTIN(L 4 10 PPy —

(m0 + zflo—n:lpH)[urea] (7

Case 4 The protonation of the native state is taken into

account in this case. From eqs 1 and 2, one obtains,

assuming that the titratable groups are identical, the following
expression for the free energy of unfolding:

1+ 10 PP

AG"yy = AG% gy~ NRTIN == =

— murea]
(8a)

If one defines) = pK,u — pKan, then eq 8a can be rewritten

Using for K, 'S a fixed value of 5.5, the global parameters
for this case ar\G°o un, N, M, pKau (the K, of aspartates
or glutamates in the unfolded state), ar, g™'s (the K, of
the histidine in the unfolded state).

The three-state model, B | == U, considers that an
equilibrium intermediate becomes significantly populated.
There are two equilibrium constants involvégy = [1)/[N]
and Ky, = [U]/[l]. If the pKys of the titratable groups
involved in the first transition are the same in the intermediate
and unfolded states K11 = pKaui), then the dependencies
of the free energy differences on pH and urea are given by
(Barrick & Baldwin, 1993)

AGOIN = AGOO,lN _ anTIn(l + 10_pH+pKa,I1) _
my[urea] (10)

AGOUI = AGOO,UI _ anTIn(l + 1O_pH+pKa,UZ) -
my[urea] (11)

wheren; and n, represent the number of titratable groups
involved in the N== | and | == U transitions, respectively,
pKa,1 is the (K, in the | state of the groups responsible for
the first transition (Kain = pKaui > pKang, and gz is

the K, in the U state of the groups that are responsible for
the second transition Ka.u2 > pKai2 , pPKang.

Data Fitting. If the N and U states have different signals,
Yn and Yy, respectively, then the measured sigak an
average over the two populationg,= XyYn + XuYu; Xy
and Xy represent the mole fraction of each state, and for a
two-state transition, they are given by the following relation-
ships:
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1 . _ KUN _ % 15000 E ‘:AAA T T T T T T —
WNETH Ry VT Trk,, % (2 £ 2
&> toooo - ° 4
As a denaturing agent is added, the difference in free energy g .
between the two states changes. This will affect the § 5000 - - -
fractional occupation of each state, so that, for example, an = N
unfolding profile starts with a signal characteristic for the 2> 0
native state Xy &~ 1) and ends with a signal characteristic 2 0
of the unfolded stateX(;, ~ 1). Our fitting program takes £ -s5000 - -
also into account a linear dependence of the intrinsic signals Z
Yn or Yy on the denaturing agents through the relationships: 2 -10000 - -
Y Y §
Yy = Yo (1 + olpH + pYurea]ly; (13a) S ~15000 - ~
g -
Yo=Yo(l+alpH+ pilurealy;  (18b)  E -eoone S e e

whereY? is the value of the signal at pH 0 and [urea]0, weovelength (nm)

o andp” are the relative slopes that describe the dependencericure 1: CD spectra of wild-type SNase in 0.02 M phosphate
of the signal Y on pH and [urea], respectively, ands a buffer, 0.05 M NaCl, 20C; (a) pH 7.4; ©) pH 2.0; @) pH 0.5;
scaling factor. When several data sets are simultaneously{—) PH ~1.5 and 6 M urea; (- - -) pH=7 and 6 M urea;¢-) pH

fitted, we considered it more suitable to use “relative” values ~2 and 6 M GuHC.

for the slopesx” and5¥ in order to minimize, as much as  gpecies. vy andYy are described by the same relationships
possible, the dependence of these parameters on the absolutss in the two-state model, angl is

value of the signal Y. In our global analysis of 12 unfolding

profiles, Y is the CD signal at 222 nm for 3 profiles, the Y = Yo(l + aYpH +ﬁY[urea])y- (15)
CD signal at 228 nm (at 235 nm for V66Wor 3 profiles, ! ! ! ! !

and the fluorescence intensity for 6 profiles. Thus, the slopesyye further assumed that the slopes of the intermediate state

and intercept represent linking parameters among a groupsignal are averages of the slopes for the native and unfolded
of three, or another group of three, or a group of six, gtate signals:

respectively, experimental curves. Due to the inherent

i i ini Y Y Y Y
experimental errors in determining the molar value of the v omtol . BNHBY
signal Y (e.g., due to irreproducibility in alignment, deter- o =5 ok E
mination of the protein concentration, lamp intensity, etc.),

the above linkage requires some “scaling” factpror the e nymber of fitting parameters increases for a three-state
amplitudes. For a group of three curves, one needs tWo 4| compared to a two-state model by 7; these include
scaling factors, and for a group of six curves, one needs five ¢, aqgitional thermodynamic global parameters and three

scaling factors. , , Y/'s (the signal of the intermediate state at pH 0 and [urea]
In summary, for wild type, the 12 unfolding profiles were  — 'tor cD at 228 nm. CD at 222 nm. or fluorescence
fitted with 31 (or 32, depending on the thermodynamic roqhectively), ' ’ ’

model) fitting parameters, including 4 (or 5) global thermo- 114 fittings were performed with the NONLIN program

H Y Y . . .
dynamic parameters, ® values, 6o¥ values, 5 values,  (3ohnson & Fraiser, 1985), and confidence intervals were
and 9 scaling factors. None of these fitting parameters cangyajyated at 67%. In all the analyses, the variance of the
be considered “local” for an individual data set. For VE6W 42 was used as an indicator of the goodness of the fit

the slope of the CD signal at 235 nm of the unfolded state (ideally, 2= 1). In order to calculatg?, the fitting program

and the slope of the CD signal at 222 nm of the native state rgjires the standard deviation of each experimental point.
were poorly defined, so we reduced the number of fitting The standard deviation for each measured point has been

parameters to 27, by setting,“*** = $,°P?% = 0 and evaluated experimentally as described under Methods.
oNCP?22 = B\CP?222 = (0. The thermodynamic parameters P y

obtained with these slopes differ by less then 2% from the RESULTS
thermodynamic parameters recovered with the above slopes
fixed at the values of those of the wild type.

For a three-state model & | == U, the partition function
is Q =1+ Ky + KnKui, and the mole fraction of each

(16)

Wild-Type SNaseFigure 1 presents the CD spectra for
WT in native and denaturing conditions. As can be seen,
decreasing the pH below 2 changes the acid-induced unfolded
state, due to the formation of the A-state (Carra et al., 1994b).

SPecies 1S The A-state of SNase has a relatively compact size,
Xy = 11Q (14a) substantial non-native secondary structure, and little or no

tertiary structure (Fink et al., 1993). Since the analysis of

X, = K\/Q (14b) the unfolding profiles is limited to the pH range-2.5 and

the experiments were done at low ionic strength, the

Xp=1-—Xy— X (14c) contribution of the A-state is not taken into account in the
data analysis. The CD spectra of the acid-induced and urea-
The measured signal in this casé’iss XyYn + XY, + XyYu, induced unfolded states are different, suggesting that more

where Y, is the characteristic signal for the intermediate residual structure is present in the first case. No differences
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very much. They? decreased considerabhy?(= 13.18) in

Table 1: WT SNase Secondary Structure Content ¢ )
case 3, whem was considered to be linearly dependent on

data o S other

state type  program (%) (%) (%) reference p_H. A linear c_iependence oh on pH was chosen as the _
ative CD SELCON 35 30 35 this paper simplest p055|ble. pH dependence of a thermodynamic
CD  K2DP 26 15 59 this paper parameter, and this is experimentally supported by results
CD LINCOMB® 36 16 48 this paper obtained on ribonuclease A (Pace et al., 1990). In case 4, it
gfay CHANG' 2 » Eirr‘]i”efg";"-(%%%) is considered that the titratable groups can exist in both
ETIR 25 44 32 Finketal (1993) protonated and unprotonated fprms in the natiye state of the
acid-unfolded CD  SELCON 5 38 57 this paper protein. The parameted, which was described under
staté gg E?\I%OMB 1; 22 % :L‘!S paper Materials and Methods, represents the difference between
is paper . . .
CD  CHANG — 52 48 Chenetal. (1991) the K, of the tltra_table groups in the unfolded and native
urea-unfolded CD SELCON 10 48 42 this paper state of the protein. 1D is allowed to float and i,y is
staté CD  K2D 6 42 52 this paper fixed at the value 4.6 (an expected value for a glutamic acid

CD LINCOMB 12 20 68 this paper side chain in an unfolded protein) the result of the fif is

2 Sreerama & Woody (1993).Andrade et al. (1993}.Perczel et 1.06 (see Table 2). The for this fit is larger than the values

al. (1992).Chang et al. (1978f:pH 2.0.74M urea. obtained for the other cases, and jRéncreases if the fixed
value for K,y is lowered.

were found between the spectra recorded in the presence of 556 5 jn which the contribution of one histidine residue
high urea concentration at high and low pH. It is interesting '
to note the differences between the spectra of the urea- an
GuHCl-induced unfolded forms.

The deconvolution of the CD spectra using different

js taken into account, resulted in a global fit that is even
etter than that obtained for case 3; g#idor the fit in case
5is 12.33. In this fit, the K, of the considered histidine

; . . _residue increases from 5.5 [a fixed value, to correspond to
programs prqwdes rgsults for the native state that are 'n_the value from the NMR data of Alexandrescu et al. (1988)]
agreement with previous Teported data (Chen et al, ;ggl'to 6.7 upon unfolding, and thekp , for the other perturbed
Fink et al., 1993). Analysis of the unfolded state prowdes groups was found to be 4.4, a value that is characteristic for
questionable results, probably due to the contribution of the

aromatic residues, to the poor definition gfaheet spectrum glutamates or aspartates. The fit in case 5 results in a small
: . ' P P increase iNAG% yy compared to the values obtained when
in the basis spectra, and to the narrow wavelength range '

(205-260 nm) accessible for investigation in the presence all the groups were considered identical. The increase in
. 9 Pres AG°yun t0 6.6 kcal/mol reflects the fact that the free energy
of urea. The persistence of a compact structure in the

change, according to this model, is defined for the transition
unfolded state cannot be excluded (Shortle & Meeker, 1986; ' ' )
James et al., 1992). Results of the CD deconvolution are between the fully unprotonated U and N states; from eq 9

shown in Table 1. and the values in Table 2, one obtah&°yn = 6.4 kcal/

: ) . . mol at pH 7.

The unfolding profiles for WT using acid or urea as ) )
denaturants are shown in Figure 2. For the acid-induced V66W. In Figure 3 are shown the unfolding curves for
unfolding (Figure 2A), the midpoint of transition shifts to V66W'. For the acid-induced unfolding (Figure 3A), the
higher pH values, and the cooperativity of transition de- CD signal at 235 nm decreases in absolute value upon
creases slightly as the unfolding occurs in the presence ofunfolding. This direction of change in CD signal may be
higher urea concentrations. For urea-induced unfolding Somewhat surprising, but, according to the characteristic
(Figure 2B), the midpoint of transition shifts to lower urea spectra ofa-helix, f-sheet, and random coil, reported by
concentration when the unfolding occurs at lower pH. Chang and co-workers (1978), the CD signal at 235 nm can

Independent of the denaturant used, the profile shapes aréecome more negative as a predomin&sheet structure is
characteristic of a two-state transition. The results of the converted to a random coil. The fluorescence shows an
global analysis over 12 curves are shown in Table 2. The increase in the range pH-4, followed by a marked decrease
thermodynamic model used was described under Materialsbetween pH 4 and 2. The variation of fluorescence intensity
and Methods. In case 1, the four global fitting parameters around pH 5 is not sensitive to addition of urea (the midpoint
were the same as those considered for a two-state transitiorfloes not shift in the presence of denaturant), so we attribute
by Barrick and Baldwin (1993). The free energy of it to minor changes in the environment of Ptgaused by
unfolding AG°un = 6.2 kcal/mol and them value of 2.6 protonation of a neighboring group. The CD signal changes
kcal molt M~ are in good agreement with previously occur only in the region where the fluorescence intensity
reported values (Sugawara et al., 1991; Creighton & Shortle, decreases. The global analysis for this protein was performed
1994). There seems to be three or four groups that triggeronly in the pH range 24.5, assuming that only one native-
the pH unfolding, and these groups haveka plose to that  like state is populated at pH 4.5. The urea-induced unfolding
expected for aspartic or glutamic acid. A relatively good of V66W' (Figure 3B) shows, for the pH domain 45.5,
fit was obtained for the acid-induced unfolding curves, but almost no dependence of the transition midpoint on pH. The
the urea unfolding profiles show larger deviations between thermodynamic parameters obtained from a global fitting of
the calculated and experimental poingd € 42.79, see the  the experimental curves shown in Figure 3 are presented in
dashed lines in Figure 2). Table 2. The fit for V66Wwas very good? = 5.01), so

Several constraints of the model were released, in orderwe did not consider other versions of the basic model to
to see which would significantly improve the goodness of improve the fit. For this fragment, the analysis yields
the fit (see Table 2). In case #y) was considered to be  AG%un = 1.6 kcal/mol andn = 1.2 kcal moft? M~%; the
linearly dependent on urea concentration, as Johnson anchumber of titratable groups, compared to that in WT, is
Fersht (1995) found for barnase. Thedecreased, but not  decreased by one, and thi€p, value is smaller for V66W
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Ficure 2: (A) Acid-induced unfolding of wild-type SNase at different initial urea concentratiéi@sM (circles), 0.50 M (triangles), and

1.0 M (squares). (B) Urea-induced unfolding of wild-type SNase at different initial pHs of 4.7 (circles), 5.5 (triangles), and 6.5 (squares).

In both panels A and B, open symbols represent CD data, and filled symbols represent fluorescence data. In order to reflect better the

relative change of the signal upon unfolding, the CD amplitudes were normalized so that the amplitude of the native state corresponds to

a value of—1. For absolute values, refer to Figure 1. The experiments were done in 0.02 M phosphate buffer, 0.05 M Nal, ah20

dashed lines are curves obtained using the fitting parameters listed in Table 2, case 1, and the solid lines are curves obtained using the
fitting parameters listed in Table 2, case 5.

Table 2: Thermodynamic Parameters of Unfolding of Wild-Type SNase and V66W’, As Resulted from Global Analysis

protein case AG°un (kcal/mol) n pPKau m (kcal molt M~1) additional parameter Va
wild type 1 6.26 3.42 5.02 2.66 42.79
(6.01-6.50) (3.29-3.56)  (4.95-5.10) (2.56-2.77)
2 6.47 3.70 4.95 2.99 om/d[urea]= —0.10 kcal moft Mt 42,22
(6.11-6.84) (3.52-3.88)  (4.88-5.02) (2.84-3.13)
3 5.17 5.13 4.33 3.98 om/opH = —0.27 kcal mott M~ 13.18
(4.97-5.36) (4.82-5.43)  (4.27-4.41) (3.89-4.07)
4 6.16 6.40 4.60 2.70 0¢=1.06 64.81
(5.87-6.45) (5.78-7.01) (fixed) (2.55-2.86)
5 6.63 4.58 4.42 2.55 K s =6.74 12.33
(6.45-6.81) (4.34-4.84) (4.34-4.49) (2.56-2.60)
V66w 1.59 2.63 3.38 1.19 5.01
(1.39-1.79) (2.29-2.98)  (3.28-3.49) (1.14-1.23)

aThe values in parentheses are the 67% confidence inteP&id M urea.c At pH = 0.96 = pKau — pKan.

V66W. In Figure 4 are presented CD spectra of the V66W al. (1993). Later, from calorimetric studies, Carra et al.
mutant obtained under different conditions. Under native (1994c) found that the thermal unfolding of V66W comprises
conditions, the spectrum resembles that of the WT, but it two successive first-order phase transitions. Neither the
has a slightly smaller amount ofhelix. As seen with the  differential scanning microcalorimetry profile nor the dena-
WT, there is a tendency for V66W to form an A-state at turant-induced unfolding profile shows a well-defined peak
very low pH (~0.5); the CD spectrum of the latter form is  for the intermediate as is seen in the acid-induced unfolding.
completely different from that found at pH 3.7. In Figure 4 A global fit was then performed for this protein using a
is also shown the CD spectrum of the fragment V& three-state model, as described under Materials and Methods.
pH 3.4, which almost superimposes on the spectrum obtainedThe fitting parameters are given in Table 3. In case a, the
for the full-length V66W mutant at a similar pH. parameters describing the second transitior>(lJ) were

The acid- and urea-induced unfolding curves for V66W fixed at values obtained for the unfolding of V66WThis
are shown in Figure 5. The presence of an equilibrium constraint assumes that the second transition for V66W is
intermediate is clearly seen in the pH-induced unfolding due to the unfolding of th¢g-barrel subdomain, which is
profiles (Figure 5A) by both CD and fluorescence signals. equivalent to the main structural component of V86\the
In the urea-induced unfolding (Figure 5B), there are also fitting curves shown in Figure 5 and the variance of the fit
deviations from a two-state profile. The poor fit of the two- of 17.35 support this equivalence hypothesis. Even though
state model (case 1) is evidenced by the lgr§e= 81 in this is not direct proof that the intermediate formed during
Table 3. The deviations from two-state are clearly seen asthe unfolding of V66W is thermodynamically similar to the
a nonrandom plot of the residuals, the differences betweennative state of V66W the global analysis strongly suggests
the experimental and calculated values, for each of the datathis to be so.
sets [residual plots not shown; but see Eftink et al. (1996) In case b, all the parameters were allowed to float. One
for an example]. The presence of an equilibrium intermedi- can see that the changes of the fitting parameters from case
ate during GuHCI unfolding was first reported by Gittis et a to case b are small. Moreovg?,drops from 17.35 in the
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Ficure 3: (A) Acid-induced unfolding of SNase fragment V66¥t different initial urea concentration§ @ M (circles), 0.46 M (triangles),

and 0.87 M (squares). (B) Urea-induced unfolding of SNase fragment V&6Wferent initial pHs of 4.7 (circles), 5.5 (triangles), and 6.5
(squares). In both panels A and B, open symbols represent CD data, and filled symbols fluorescence data. The CD amplitudes were normalized
so that the amplitude of the unfolded state corresponds to a valud @f panel A, and the amplitude of the native state corresponds to

a value of—1 in panel B. The experiments were done in 0.02 M phosphate buffer, 0.05 M NaCl;@t Ze lines are the curves resulting

from the global analysis using the parameters listed in Table 2.

induced unfolding is about 20% (at pH 7.0, 1.6 M urea) and
10000 | : | that the maximum population reached during the acid-
g induced unfolding is about 75% (at pH 3.8, 0.2 M urea).
: The high population of the intermediate state, together with
5000 . ] a favorable spread of the signals corresponding to the native,
: intermediate, and unfolded states, may explain why the three-
state unfolding process is easier to observe in the acid-
induced unfolding.

-5000 ’
DISCUSSION
-10000 } u S . In this study, we attempted to use a single thermodynamic
S model to describe the effect of two denaturing agents (acid
—-15000 b e ) and urea) on the stability of a protein. The global analysis
s that we performed on each of the proteins involves a
simultaneous fit of six CD profiles (as an indicator of the
secondary structure content) and six fluorescence profiles
wavelength (nm) (as an indicator of the local environment of tryptophan
FiGURE 4: CD spectra of V66W mutant of SNase in 0.02 M residues). There are two major advantages of the global
phosphate buffer, 0.05 M NaCl at 2@; (-++) pH 7.4; (-) pH 3.7, analysis, as compared to analysis of individual data sets. First,
(©) pH 1.8, @) pH 0.5; () CD spectrum of SNase fragment  the fitting parameters can be recovered with smaller uncer-
;/Sr?m\évagttﬁ; glf4\'/ggv‘?/ (;tD spectrum of V66Vt pH 1.8 is the ~iniies “and second, different physical models can be more
pH 1.8. . " . - . - .
easily distinguished according to their capability to describe

first case to 16.42 for the second case, which is not the entire set of data (Beechem et al., 1991).
significant, considering that four additional parameters were  Early studies on protein folding (Epstein et al., 1971a)
introduced. As listed in Table 3, the#¢ | and the I= U found that the acid-induced unfolding of WT SNase is
transitions have similar values of, with AG° v being reversible. More recent studies (Sugawara et al., 1991; Carra
slightly larger tham\G°, 5. The number of titratable groups et al., 1994a) have confirmed that both the acid-induced
is not equally distributed for the B> | and 1== N transitions unfolding (at low ionic strength) and the urea-induced
for V66W. There is one titratable group associated with the unfolding are reversible processes for WT SNase, and that,
first transition (with a high K value) and two or three with  in both cases, no significantly populated intermediates are
the second (K, value close to that for aspartic or glutamic formed.
acid). We have used what Barrick and Baldwin (1993) have
Using the thermodynamic parameters obtained in case acalled “the simplest model, containing the minimal number
for V66W and eq 14b, we have calculated the mole fraction of parameters” to simultaneously describe the urea- and acid-
of the intermediate species at different pH and urea values.induced CD and fluorescence unfolding profiles. Neverthe-
The results are shown in Figure 6. The same surface isless, this model is based on certain assumptions. The first
rotated to show two perspectives. One can see that theassumption is that the acid-induced and urea-induced un-
maximum population of the intermediate state during urea- folded states are thermodynamically equivalent; that is, they

ellipticity (deg*cmz/dmol)

80 200 210 220 230 240 230 280
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Ficure 5: (A) Acid-induced unfolding of V66W SNase mutant at different initial urea concentratib@svb(circles), 0.50 M (triangles),

and 0.97 M (squares). (B) Urea-induced unfolding of V66W SNase mutant at different initial pHs of 4.7 (circles), 5.5 (triangles), and 6.5
(squares). In both panels A and B, open symbols represent CD data, and filled symbols fluorescence data. The CD amplitudes were normalized
so that the amplitude of the native state corresponds to a valuel oTThe experiments were done in 0.02 M phosphate buffer, 0.05 M

NaCl, at 20°C. The lines are the curves which result from the global analysis using the parameters listed in Table 3, case a.

Table 3: Thermodynamic Parameters of Unfolding for V66W, As Resulted from the Global ARalysis

two-state  AG°,un n pKa m (kcal Va
fit (kcal/mol) mol~t M)
case 1 1.96 0.79 6.01 1.18 81.3
(1.79-2.15) (0.76-0.87) (5.88-6.14) (1.06-1.30) (1.06-1.30) (1.06-1.30) (1.06-1.30) (1.06-1.30)  (1.06-1.30)
three-state AG°,n n pKaz, mi (kcal AG% u ny pK az,u my (kcal Va
fit (kcal/mol) mol~tM™1) (kcal/mol) mol~t M%)
case a 2.70 1.04 6.25 1.14 1.60 2.64 3.39 1.19 17.35
(2.49-2.90) (0.96-1.12) (6.15-6.36) (1.07#1.21) (fixed) (fixed) (fixed) (fixed) (fixed)
caseb 2.78 1.06 6.29 1.25 2.21 2.37 3.66 1.40 16.42

(2.54-3.04) (0.99-1.14) (6.18-6.41) (1.16-1.33) (1.86-2.61) (1.85-2.93) (3.45-3.87) (1.22-1.58) (1.22-1.58)
2 The values in parentheses are the 67% confidence intervals.

have the same free energy undative conditions. Inother  populations within the ensemble of the unfolded state
words, the model embodied by eq 1 assumes A&ty un configurations and an intrinsic dependence of the CD signal
is the same when extrapolated back to native conditions alongof the unfolded protein on urea concentration.

either the pH or the [urea] axis (or a combination thereof).  Another assumption of the simplest model (case 1) is that
If the acid- and urea-induced unfolded forms are different the effects of acid and urea are independent. In the other
thermodynamic states, this should be a three-state modelversions of the two-state model (cases5), some of the
The Occam'’s razor approach is to assume a single unfoldedconstraints imposed by this assumption were released. As
thermodynamic state, unless the data show a convincingwill be discussed below, this led to a significant improvement
deviation from the two-state model. Further, our strategy of the goodness of fit.

of monitoring the unfolding transition by a combination of Finally, there is a set of assumptions made in order to
CD and fluorescence signals is designed to try to detectexpress the explicit dependence/d®°yy on the denaturing
deviations from a two-state model. On a related matter, the agents. A general relationship for the pH dependence of
small spectral differences observed in Figure 1 between thethe free energy change for the unfolding of a protein was
low pH and high urea forms of the protein need not indicate given by Tanford (1970). We used a simplified form of this
the existence of two thermodynamically distinct unfolded relationship, as proposed by Barrick and Baldwin (1993),
states for the following reasons: (i) the CD spectra recorded which assumes that the acid-induced unfolding is caused by
at any points along two perturbation axes (e.g., at any the protonation oh identical and independent groups, which
particular low pH or high [urea]) correspond to different have an abnormally lowky, in the native state. There are
values of AG°yy (i.e., different degrees of destabilization different models that can describe the effect of urea on
with respect to the native state); and (ii) adding urea to an AG°yy (Pace, 1986). We have chosen among these the one
acid-unfolded protein sample induces a gradual change inthat assumes a linear dependence\&°yy on denaturant
the CD signal (data not shown), not a sigmoidal shape asconcentration, which seems to be followed by urea more so
would be expected for a transition between two thermody- than by guanidine-hydrochloride (Staniforth et al., 1993;
namically distinct states. We consider this shift in the CD Makhatadze & Privalov, 1992). Bolen and Santoro (1988)
signal to have two possible causes: a redistribution of the and Yao and Bolen (1995) have shown that the free energy
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M~1 at pH 0, and witham/opH = —0.27 kcal mott M1,
one obtains a value agh = 2.1 kcal moft M~ at pH 7.
Whether or notm depends on pH seems to differ from
protein to protein. Previous studies (Pace et al., 1990, 1992)
have found a linear (for ribonuclease A) or more complex
dependence ah on pH (for ribonuclease T1 and barnase).
There is a narrow pH interval accessible for this type of study
with SNase. However, the fit improved significantly when
m was considered dependent on pH (case 3), although the
sharpness of the urea unfolding profiles (which is related to
the magnitude of m) does not appear to change significantly
over the pH range investigated. SNase is a basic protein
with the isoelectric point at 10.3; the net charge varies
approximately from+10 at pH 7 to+30 at pH 3.0 (Kéméan
et al., 1995). Statistics from over 45 proteins have revealed
a strong correlation between and the amount of protein
surface exposed to solvent upon unfolding (Myers et al.,
1995). Since we found thatis larger at low pH, this would
correspond to a more solvent-accessible conformation of the
unfolded state as the net charge of the molecule increases.
The same correlation betweemand net charge was found
by Pace and co-workers (Pace et al., 1990, 1992) for other
proteins. In a different approach, Makhatadze and Privalov
(1992) concluded thatn should decrease with increasing
protein stability, which is in accord with our findings that
is smaller at neutral pH than at acidic pH. If the unfolded
conformation n 6 M urea becomes more expanded as the
pH is lowered, due to a net increase of the protein’s charge,
‘“Qg‘.g.g.- this might be expected to be reflected in the CD spectrum.
~ We did not find any difference between the CD spectra in 6
M urea at pH 7 and at pH 1.5 (Figure 1). Similarly, Chen
et al. (1991) found no difference between the CD spectra of
this protein h 2 M GuHCI at pH 7 and at pH 2.2.

Fic 6: Mole fraction of the intermediate of V66W as a function The results of the global analysis suggest that there may
IGURE 6: - . .
of [urea] and pH. The fraction was evaluated using eq 14b and the be three to five groups that are responsible for the acid-

intermediate molar fraction

intermediate molar fraction

fitting parameters shown in Table 3, case a. Two perspectives areinduced unfolding of WT SNase. This number is larger than
shown for the surface. One view (upper graph) is from pH and n = 1 that was derived from the pH dependence of the
urea ranges favorable to the native state, and the other view (lowerdenaturation temperature (Carra et al., 1994a) and also is
graph) is from pH and urea ranges favorable to the unfolded state.|arger tham = 2.5 determined from a previous analysis of

. . ) a fluorescence unfolding profile (Chen et al., 1991). The
change in the absence of denaturd¥®?o u, obtained from  555umption that the titratable groups are identical and

the linear-dependence model, has the properties required fo\'ndependent is probably the most questionable aspect of the

a function of state. Their results were obtained from studies ,qdel described by eq 5. The values that we have obtained
on two proteins,a-chymotrypsin (a modified form) and o and K, , must represent an average over the groups
ribonuclease A. We assume that their conclusions extend;, 4 trigger the unfolding. The pH dependence of the free
to SNase. energy of unfolding indicates that three to five amino acid

For WT SNase, the values that we have obtained for side chains do not become protonated in the native state as
AG®%un range from 5.2 to 6.6 kcal/mol, depending on the pH is decreased, so these residues must have an abnormally
assumptions of the model used to fit the data. These valuesow pK_ in the native state. Theky of acidic residues can
for AG®,un are similar to the values found in the literature pe lowered by interaction either with positively charged
(6.3 kcal/mol at 10°C, pH 8, Creighton & Shortle, 1994;  neighboring groups or with polar, neutral groups. Th& p
6.1 kcal/mol at 20°C, pH 7, Shortle & Meeker, 1986). A  shifts are usually within 1 pH unit (Tanford, 1970). How-
more complete list of literature values 6§G° un for WT ever, there are cases in whicKpshifts larger than 2 pH
SNase is given in Eftink et al. (1996). units have been observed (Oliveberg et al., 1994).

We have foundn (=0AG°yn/0[urea]) to be about 2.6 kcal The K,u ~ 4.5 obtained from the fit indicates that the
mol~t M~ for the different cases we have studied. Creighton titratable groups involved are mainly aspartates and glutamates.
and Shortle (1994) reported a valuernf= 2.5 kcal mot? Out of the four histidine residues of nuclease, only'His
M~ (at 10°C, pH 8), and Sugawara et al. (1991) reported has a low K, of 5.49 in the native state (Alexandrescu et
a value ofm = 2.2 kcal moft! M~? (at 4.5°C, pH 7) for al., 1988). Our analysis (via case 5) suggests that this residue
WT SNase. The value 2.6 kcal méIM~1 is obtained with may be involved in the acid-induced unfolding of SNase.
a model that assumasto be independent of pH. A larger Epstein etal. (1971b) deduced from NMR studies that a local
value is obtained for a fit that assumasto be linearly conformational change may occur in the environment of
dependent on pH. The latter fit gives = 3.9 kcal mot? His*?! during progressive acidification.
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Table 4: Acidic Residues That Have the Side Chain Oxygens cleft. HiS%Zl and Arg®were also represe;nted to emphasize
Participating in Several Hydrogen Borids the coupling between SNase subdomains.
acceptor atom donor atom V66W. Small-angle X-ray scattering studies (Flanagan
G OFL Ly Nz et _al., 1992) have shown t_hat the-136 fra_\gment (_)f SNase
OE2 Hig2 NE2 (without tryptophan substituted at position 66) is compact
OE2 Ty#3 OH under physiological conditions, although this fragment was
Asp’? oD1 Tye! OH found not to have persistent secondary structure. Alexan-
oD1 Thr20 N drescu and Shortle (1994) performed NMR studies on a
OoD2 Thr20 0G1 similar fragment of SNaseA131A, as a model of an
OD2 Lys™ N unfolded protein under nondenaturing conditions. They
Asp® OoD1 Ty N observed that substitution of \&lwith a more hydrophobic
881 S%";j N residue can stabilize the fragment’s conformation. Gittis et
oD2 Argt’ NE al. (1993) were the first to report that V68Wndergoes a
oD2 Argf’ NH1 cooperative transition upon GuHCI-induced unfolding. Our
Asp® oD1 Lys) N lab has recently presented (Eftink et al., 1996) a global
OoD2 Lys’ N analysis of data for the GuHCI-induced unfolding of V66W
0oD2 Lys™* N For V66W, the urea unfolding profiles exhibit a sigmoidal
Glut3s OE1 Glrf3t NE2 shape, usually associated with a two-state transition. The
OEl Arg NH1 acid-induced unfolding, monitored by fluorescence, presents
OF2 Arg®® NH2 a more complex profile. During progressive acidification,
2 Selected from the tables published by Hynes and Fox (1999t there is a slight increase of the fluorescence intensity, and

listed as an H-bond in Hynes and Fox (1991). It was included in the {pic i i ; ;
table due to the small dis)'iance betweer$ OEl)oFGIDd NZ of LyS. this IS not associated with any Cha_nges of the .CD 5|gnal_.
We did not observe a fluorescence increase during the acid
unfolding of WT SNase, but it should be emphasized that
In order to identify the aspartates and glutamates that maythe location of the fluorescent reporter group is different in
be responsible for the acid unfolding of SNase, we have WT (Trp at position 140) compared to V6B8WTrp at
followed the strategy of Aune and Tanford (1969) and have position 66). We assume that the increase of fluorescence
inspected the structure of nuclease for examples of positivefor V66W' is due to minor changes in the Pfgnvironment
charges in the proximity of carboxyl side-chain groups. Using when a neighboring group becomes protonated. There are
the program RasMol, we searched the X-ray structure of two reasons to make this assumption. First, the variation of
SNase (Hynes & Fox, 1991) for the nitrogen atoms that are the fluorescence signal has a titration-like profile; and second,
within a sphere of radius 3.5 A from the side-chain carboxyl the changes occur in the same pH range in the absence or
oxygens of aspartic or glutamic acids. There are 8 asparticpresence of urea. Since we monitored the unfolding process
acids and 12 glutamic acids in the 149 polypeptide chain of by the fluorescence intensity at 340 nm, the observed increase
WT SNase (since the X-ray structure does not contain themay be due to a red shift of the emission spectrum,
coordinates of residues 14249, the side chains of Gitf, corresponding to a slight increase in solvent exposure of the
Asp*43 and Asp*® were not included in this analysis). The indole ring. It is unlikely that the fluorescence increase
result of our search provided 14 acidic residues: 10 have corresponds to an increase of the quantum yield, because
bothcarboxyl oxygens at less than 3.5 A from nitrogen atoms any protonated neighbor would act as a quencher.
(Asp'®, Aspt, Asp’?, Asp®, Asp®, GIU®?, GIUE7, GIu™, GIu%°, The global analysis of CD and fluorescence data (versus
Glu'®), and 4 have only 1 carboxyl oxygen in the vicinity pH and urea concentration) for V66\WrovidedAG% yn =
of a nitrogen atom (Asp, GIu®?, GIu'®, GIu?? . Since this 1.6 kcal/mol andm = 1.2 kcal mot! M~1. The value of
approach was not very selective for the particular case of the free energy of unfolding that we obtained by simultaneous
WT SNase, we have added as a supplementary criterion foranalysis of CD and fluorescence data is between the values
selection the number of hydrogen bonds in which the found by individual curve analysis of CDAG%.un = 1.0
carboxyl oxygens participate. Inspecting the list of H-bonds kcal/mol) and fluorescenceAG% un = 2.4 kcal/mol) data
in WT SNase (Hynes & Fox, 1991), we suggest that the by Gittis et al. (1993) for the GuHCI-induced unfolding of
following residues may trigger the pH-induced unfolding: this fragment at neutral pH. The number of titratable groups
Glu™, Asp’’, Asp®, Asp®, and GId3®. The list of the responsible for the acid induced unfolding of V66l4/two
H-bonds in which the side-chain oxygens of these residuesor three (approximately one less than that for the WT), and,
are involved is given in Table 4. Three of these residues based on the value ok, = 3.4 obtained from the fit, one
(Asp’?, Asp?®, and GIU® have already been proposed by may suggest that they are mainly aspartate residues.
other authors to have a significant contribution to the protein  V66W. Anfinsen (1972) reported 24 years ago what he
stability. Wang and Shortle (1995) suggested that protona- called “a striking example of the principle of cooperativity
tion of Asp® destabilizes the tight turn involving residues in protein structure”. He found that SNase fragments
83—87. Carra et al. (1994c) found that an intermediate state comprising residues-648 and 49-149 are structureless in
becomes significantly populated during thermal unfolding solution, but they associate to form a complex that is
if Glu is mutated to valine and that ASpplays an important  extremely similar to that of the native protein. Later, it was
role in stabilizing the native state. Shown in Figure 7 is a proposed by Carra et al. (1994c) that SNase’s structure
ball-and-stick representation of GhuAsp’?, Asp®, Asp®, should be considered to be composed of two subdomains,
and GIU3, with the carboxyl oxygens shown as spheres. It with predominantlya-helix and3-sheet structure, respec-
is interesting to note that four of these residues are clusteredtively. These subdomains are in contact along the active-
within the same region of the protein, along the active-site site cleft, and the tightness of the structure is maintained by
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Ficure 7: Ribbon drawing of wild-type SNase, according to the X-ray structure resolved by Hynes and Fox (1991). Reshlaes 1
142-149 are missing. The figure was generated using the program Molscript (Kraulis, 199%). A&/, Asp?®, Asp®, and Glu?? are
shown in ball-and-stick with the side-chain oxygens as sphere&?!tdisd Arg% are shown in ball-and-stick.

electrostatic bonds across the contact region. The bonds mayubstitution of valine with tryptophan affects the bonds across
be strongly perturbed at pkk4 and high ionic strength or  the contact region. The fact that V66W unfolds in a three-
by mutating the residues involved in the salt bridges. If the state process may be due to a stabilizing effect of the
interaction between the subdomains is weakened, the coopimutation on the intermediate state (Carra et al., 1994c).
erativity of unfolding of SNase is decreased, and the two- V66W possesses two tryptophan residues, each positioned
state process N= U may become a three-state process N in a different subdomain. From thermal unfolding studies
= | == U, with the intermediate state having the more stable of another SNase mutant, V66L, it was concluded that the
p-barrel subdomain still folded in a native-like manner (Carra first transition (N = ) is associated with changes of
et al., 1994c). At pH~4 and high salt concentration, WT  fluorescence originating from TH? and with large changes
SNase unfolds in two distinct stages during thermal unfolding of the CD signal, whereas the second transitior=(U) is
(corresponding to the unfolding of tlee andj3-subdomains); monitored only by changes in the fluorescence of®Trp
under the same conditions, a fragment containing residues(Carra et al., 1994c¢, 1995). Our results show that, under
1-136 unfolds around the melting temperature at which the certain conditions where the population of intermediate is
fp-barrel subdomain unfolds (Griko et al., 1994). The high (~75%), both CD and fluorescence reflect the=NI
presence of equilibrium intermediates during the unfolding/ and I== U transitions (Figure 5A).
refolding of a protein has attracted more attention since it We have performed a three-state analysis of the V66W
was found that such intermediates can resemble the transienmutant assuming that the second transition corresponds to
species that appear during protein folding (Fink, 1995). the -barrel unfolding and that the thermodynamic param-
Pulsed hydrogendeuterium exchange studies have revealed eters associated with the latter transition are those obtained
that the P117G mutant of SNase (a variant that has prolinefrom the V66W study. The fit was good, as can be seen in
at position 117 replaced by glycine) has a fast refolding Figure 5, which strongly supports this hypothesis. The
intermediate in which theS-sheet region is modestly results for V66W show that the free energies of unfolding
protected from exchange, whereas thbelix regions are  of the two subdomains arAG°% y = 2.7 kcal/mol and
not (Jacobs & Fox, 1994). For the same mutant, P117G, AG°% u = 1.6 kcal/mol. These values are very close to those
the thermal unfolding at low pH and high salt concentration reported by Gittis et al. (1993) for V66W for GUHCI-induced
is a three-state process, and structural thermodynamicunfolding AG°yn = 2.3 kcal/mol, AG® y = 1.7 kcal/mol).
calculations predict that the most stable equilibrium inter- These authors also found a close agreement between the
mediate is one in which thg-subdomain is almost intact thermodynamic parameters describing the second transition
and the rest of the molecule is unfolded (Xie et al., 1994). and those found for the V66\W The sum of the free energies
Position 66 is at a considerable distance from the interface of unfolding involved in the two steps is about 1.5 kcal/mol
between the subdomains, and it is very unlikely that the less than the value obtained for the unfolding of WT SNase,
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suggesting a nonnegligible perturbation of the structure by
the mutation. From the magnitudes of the free energy
changes, we conclude that | is slightly closer in free energy
to U than it is to N, and, interestingly, the same trend was
observed in the three-state unfolding study of apomyoglobin
(Barrick & Baldwin, 1993). In addition, the two transitions
for apomyoglobin were found to be equally sensitive to urea,
and we also finany ~ my & 1.2 kcal mott M~1 for V66W.
Comparing the sum of m and my values of V66W, 2.4
kcal mol* M~%, with the m value of WT, 2.5 kcal mot*
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J. Q., & Maki, A. H. (1996)Biochemistry 358084-8094.

Epstein, H. F., Schechter, A. N., Chen, R. F., & Anfinsen, C. B.
(1971a)J. Mol. Biol. 6Q 499-508.

Epstein, H. F., Schechter, A. N., & Cohen, J. S. (197Bb)c.
Natl. Acad. Sci. U.S.A. 62042-2046.

Fink, A. L. (1995)Annu. Re. Biophys. Biomol. Struct. 24195~
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M~ it seems that the same total surface area is exposedsittis, A. G., Stites, W. E., & Lattman, E. E. (1993) Mol. Biol.

upon complete unfolding of both proteins.

Another result of the global analysis for V66W is that the
acid-induced unfolding is triggered by one titratable group
for the a-subdomain and by two or three groups for the

232, 718-724.

Griko, Y. V., Gittis, A. G., Lattman, E. E., & Privalov, P. L. (1994)-
J. Mol. Biol. 243 93—99.

Hynes, T. R., & Fox, R. O. (199Broteins: Struct., Funct., Genet.
10, 92—105.

f-subdomain. Some of the titratable groups may be the samejacops, M. D., & Fox, R. O. (1998roc. Natl. Acad. Sci. U.S.A.

as for WT, but the lack of an X-ray structure of V66W
precludes any identification.
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