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pH Dependence of Stability of Staphylococcal Nuclease: Evidence of Substantial
Electrostatic Interactions in the Denatured State
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ABSTRACT. The pH dependence of stability of staphylococcal nuclease was studied with two independent
equilibrium thermodynamic approaches. First, by measurement of stability in the pH range 9 to 3.5 by

fluorescence-monitored denaturation with urdgf,), GdnHCI AGS,,), and heat AG)). Second, by
numerical integration of H titration curves AG; ) measured potentiometrically under native (100 mM
KCI) and unfolding (6.0 M GdnHCI) conditions. The pH dependence of stability describefidy,
AR, and AGY was comparable but significantly different from the one describedA®{,. The
decrease i\G;, between pH 9 and pH 4 was 4 kcal/mol greater than the decreasg)in, AG,, and
AG!in the same pH range. In 6 M GdnHCI, all the ionizable groups titrated with Kaev@lues of model

compounds. TherefordGy, represents the free energy difference between the native state (N) and an
ensemble of unstructured, or expanded, and highly screened conformations. In contrast, the shallower pH

dependence of stability described B3, and by AG; between pH 9 and 5 was consistent with the
titration of histidines with depressed, nativelik&values in the denatured state (D). These depressed
pKa values likely reflect long-range electrostatic interactions with the other 29 basic groups and are a

consequence of the compact character of the D state. The steep chahGg.irand AG’ at pH < 5
suggests that near pH 5 the structural and thermodynamic character of the D state shifts toward a state in
which acidic residues titrate with normaKpvalues, presumably because the electrostatic interactions
with basic residues are lost, maybe as a consequence of an expansion.

The stability of proteins is described most rigorously in compact. Under these circumstances, assumptions about the
terms of free energy differenceAG°) between native (N) structure of the D state and about its thermodynamic
and denatured (D) staté#\ goal of quantitative studies of  properties and the noncovalent factors that determine them
folding and stability of proteins is to determine the magnitude are not necessarily valid. Unfortunately, the structure of D
and balance between different noncovalent contributions to states is difficult to detect and to study in detail. Thermo-
stability and to interpret stability in structural terms. This dynamic properties of D states are equally difficult to
remains a challenging problem, especially since the D statesmeasure experimentally.
of many proteins are now known to be structured and As part of a comprehensive study of the contributions by
electrostatic interactions to the stability and folding of
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1 Abbreviations: SNase, staphylococcal nuclease; N, native state; degree that i, values of ionizable groups in proteins are
(r;]dnHCII’ gue;]nidine Iméldrocthlorti_cle; %denfatlgreéj sttatte por?'mat%d'dueriRAQ determined by electrostatic effects, the difference ih H
thermal or chemical denaturation; U, unfolded state achieved in i i i
GdnHCI; U, acid-unfolded state; H hydrogen ions, protongywy+, affinity Of. N anc.j D. states r(.aﬂeCtS differences m. th.e
difference in the number of boundHin two different states of SNase; eleCt.rOStat'C contributions to their fr_ee .energy. One o_bjeqnve
AG?, standard free energy difference between U and N states Of this study was to assess quant'tat've!)_’ the contributions
measured by numerical integration of Hitration curves;AGh‘)rea by electrostatic interactions to the Stabl'lty of the N state
standard free energy difference between D and N states measured byand to the structure and thermodynamic character of the D
urea denaturatiorAG,,, standard free energy difference between D  state.

and N states measured by GdnHCI denaturatid@;, standard free The pH dependence of stability of proteins is usually

energy difference between D and N states measured by temperature - ° -
denaturation; pkis, pH at the midpoint of an acid-induced unfolding studied by measurement &G° by chemical or thermal

transition; T, temperature at the midpoint of a temperature-induced denaturation over a range of pH valugs-(12). The net
denaturation; CD, circular dichroism; NMR, nuclear magnetic reso- difference in the number of Hbound to the N and D states

nance; DSC, differential scanning calorimetry. ; ;
2The word “state” is used to denote the dynamic ensemble of (Avyr) at a given pH can be obtained from the pH

conformations that are present under native, denaturing, or unfolding dependence oAG®. Aw+ is necessary but not sufficient to
conditions. understand the pH dependence of stability in structural terms
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or to infer the H titration behavior of the D state. The'H  copy. These K, values cannot be measured in the wild-
titration properties of the N state are also needed to providetype protein because the midpoint of the acid unfolding
a point of reference. For example/ Htration properties of  transition of SNase is very close to the normkl pf Glu
D states of barnas&,(6), chymotrypsin inhibitor 27), and and Asp.
ovomucoid third domain13) were deduced by analysis of Instead, in this study the Hititration behavior of the D
both the Avy+ obtained from the pH dependence AG° state of SNase was established by comparing the pH
and the H titration properties of the N state obtained from dependence of global stability determined with equilibrium
pKa values of individual groups measured by NMR spec- unfolding experiments, with the pH dependence of stability
troscopy. obtained by numerical integration of tHtitration curves

In these proteins, thelkp values of some acidic residues measured with direct potentiometric methods for native and
in the D states were found to be depressed relative to theunfolded SNase. Specifically, the pH dependence of stability
pKa values of model compounds in water. These depressedwas determined by measurement of unfolding free energies
pKa values signal the presence of stabilizing electrostatic in the pH range 9 to 3.5 by fluorescence-monitored dena-
interactions between acidic and basic residues in the D stateyration with urea 4G%), GdnHCI (AGY,), and heat

at the low pH values where th&dpvalues were measured.  (AGY). The pH dependence &G’ AGS,, andAG? were

In the case of the N terminal domain of the L9 protein, it compared with each other to determine if the measured
was even possible to show that th&apvalues of acidic  energetics were sensitive to the specific denaturant used. The
residues were depressed in the peptide fragments designegy dependence of stability was also measured by numerical
to mimic the D state of that protein in watde. In structure- jntegration of the difference between' Hitration curves
based calculations of the pH dependence of stability of (A2 ) measured potentiometrically in 200 mM KCI and in
proteins, the underlying assumption is that th& palues  oncentrations of GAnHCI much higher than those needed
of ionizable groups in the D state are those of model ; genature SNase. These potentiometridikiation curves
compounds in waterl( 4). Evidently, this assumption is not  cqnsitute the reference behavior that is essential for the
valid for some proteins. interpretation of the pH dependence of stability described

Our interest in SNase stems precisely from the fact that by AG® or AG%in terms of H titration properties of the D
the D states that are populated during hed),(GdnHCI s'?/ateq”ea Gri firation properti

(16), urea (1), and acid 18, 19) denaturation of this P“’teif‘ Previously, Bolen and co-workers tested the validity of

are thought to be structured and compact. SNase is a h'ghlyAG° values r'neasured by chemical denaturation for several

basic protein that contains 33 basic groups and only 28 acidic . . -
protein by comparing the pH dependence of stability

ones, 7 of which are tyrosines. Its isoionic point>40. . . )
. : ; o measured by thermal or chemical denaturation with the
This protein has a high number of positive charges over a ' . ; S
. . . . behavior obtained from potentiometric™Hitration curves.
wide range of pH. Electrostatic interactions in the D state . :
are likely to be substantial when it is both compact and highl For chymotrypsin 20) and ribonuclease A(), the pH
Y P gnly dependence of stability obtained by the two different

charged, as in the case of SNase. h . h rtually cal h
Quantitative studies of electrostatic effects in the D statest ermodynamic approaches was virtually identical. In the
of SNase were pursued for three reasons. First, it was of o> of SNase, a striking discrepancy was found between

P ' . the pH dependence of stability obtained by these two

interest to establish the magnitude Of the contribution by independent methods. This finding offers considerable new
electrostatics to thermodynamic properties and to the Compacﬁnsight about the structural and thermodynamic character of

character of the D state. Improved understanding of the the denatured ensemble of SNase, and it has important

gg{ggu(l)?r ?(;,'{g::z g esstzglrlllttigle;g? usggueigfné?nciwg?gr d:?l implications about the structural meaning of stability mea-
P 9 9sured by chemical or thermal denaturation for this protein

reaction. Second, it was of interest to establish if the :

measurement of Hbinding properties of the D state could and its mutants.

be harnessed to probe the presence of compactness. Thirex pERIMENTAL PROCEDURES

assessment of theftbinding properties of the D state was

necessary to understand how electrostatic interactions con- SNase was expressed and purified following the procedure

tribute to the stability of the N state. described previously by Shortle and Meek22)( The purity
When strong electrostatic interactions are present in the of the protein was established to b&8% by SDS-PAGE.

D state, the contributions by electrostatics to the stability of Protein concentrations were determined at 280 nm using an

the N state cannot be understood without knowledge of the optical density of 0.93. All measurements were performed

proton-linked thermodynamic properties of the D state. In at 20.04+ 0.1°C.

these cases, it is not valid to assume that the ionizable groups Acid/Base Titration Monitored by Fluorescence and CD.

in the D state titrate with thel, values of model compounds.  Acid unfolding was monitored by intrinsic fluorescence of

Unfortunately, proton-linked thermodynamic properties of Trp-140 @ex = 296 nM,Aem = 326 NmM). All measurements

the D state cannot be studied with standard experimentalwere performed with an AVIV automated titration spectro-

approaches because, in general, this state appears unfoldetliorometer (model ATF-105) equipped with Hamilton

by all useful probes for monitoring conformational trans- MicroLab 531C automated burets. The fluorescence mea-

formations (CD, fluorescenc@&C,). In the case of SNase, sured at every point represents a signal averaged over 10 s.

it was not even possible to deduce the titration of the D Samples consisted of 2.7 mL of approximately f&gymL

state from the difference betweéy+ obtained from the ~ SNase in 10 mM HEPES 100 mM NacCl. The titrant was

pH dependence oAG® and the H titration of the N state 0.1 N HCI or NaOH. One minute was allowed for equilibra-

described from Kas of acidic residues by NMR spectros- tion after each dose of titrant was delivered and before
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fluorescence was measured. pH was measured with aa Peltier thermoelectric system. One-minute equilibration was
combination electrode from Orion (model 8102) and an allowed between measurements. Samples consisted of 2.0
Orion benchtop pH/ISE meter (model 720 A). CD signals mL of protein at a concentration of approximately &6/

were measured at 215, 222, and 275 nm with an Aviv circular mL in 5 mM KPQ, 5 mM potassium acetate, and salt.
dichroism spectrometer (model 62A DS). Signals at 215 and Analysis of the temperature dependence of fluorescdrgde (
222 nm were measured with 2.0 mL of approximately 50 was also performed assuming two-state behavior. Equation
ug/mL SNase in 10 mM HEPES and 100 mM NaCl. At 275 3 was fitted to the experimental data with nonlinear least
nm, the experiments were performed with 2.0 mL of 1 mg/ squares:

mL SNase.
The acid/base titration of fluorescence was analyzed Fr = (f, + f, exp[-(AG°(T)/RT)])/
assuming two-state behavi®&3). Fluorescence intensity as (1 + exp[~AG°(T)/RT]) (3)

a function of pH,Fyu, can be represented &gy = (f, +

fuKapp/(1 + Kapp, Where f and f, represent the equations where

for the native and denatured baselines, respectively, and

Kapp = [UAJ[N] (20). According to the theory of linked ~AG*(T) = AH(T)[1 — T/T,] —

functions, the number of Hbound or released concomitant AC (T, —T) + TIn(T/T,)] (4)

with the proton-linked conformation transitiom\¢y+) is

equal todln Kapy2.3 apH. Therefore, In eq 4,Tn is the midpoint temperaturé\C, is the change
in heat capacity during thermal denaturation, aid (T,)

Fon = [f, + f,exp@ + 2.3Av, pH))/ is the enthalpy change @, A AC, of 2.32 kcal (mol K)*

[1+expf + 2.3Av,. pH)] (1) was used in the initial fit18).

T values were resolved with very high precisiah Q.5
whereKapp = exp + 2.3Avy+ pH), andp is an integration  °C) by fitting with eq 3. The uncertainties iAH(Ty,),
constantAvy+ was obtained by fitting eq 1 to the data with  however, were large, as high as 10%. To improve the
the NONLIN program for nonlinear least-squares fitti2g)( accuracy and precision with whichG(20 °C) was deter-
PHmig, the midpoint along the acid unfolding transition, was mined, AC, was also calculated from the slope of the line
calculated analytically from the inflection point in the first defined byAH(T,,) andT,, values obtained from experiments
derivative ofFyn with respect to pH. at different pH valuess). AC, thus determined ant}, were

Urea and GdnHCI DenaturationAG® at different pH used to estimatAH(Ty,) from the line fit, and values cAC,,
values were measured by automated GdnHCI and ureaT,, andAH(T.) were in turn used in eq 4 to calculai&s(20
denaturation monitored by fluorescencix(= 296 nm, °C). TheAC, obtained from the slope @H(Tm) vs T was
Aem = 326 nm) as described previousB 25). Phosphate  1.69 kcal (mol K)1, comparable to the value of 1.8 reported
buffer, which has been used in most previous studies of earlier by Shortle, Meeker, and Freis). When theAH(T;,)
denaturational energetics of SNase, was avoided. The pH ofvs T, curve was fitted with two straight lines instead of one,
phosphate buffer is GdnHCl-sensitive in the concentrations the appareniAC, obtained by the line fitted to the points
of GdnHCI needed to denature SNase. The interactionsbelow pH 4.5 is lower than thAC, above pH 4.5 and in
between phosphate groups are screened effectively by theexact agreement with th&C, obtained by DSC in this pH
ionic strength, depressing th&pof the moiety responsible  range 27, 28).
for buffering near neutral pH. Instead, measurements were Potentiometric Measurement of'HBinding Cures.The
performed with protein concentrations of approximately 50 potentiometric method for measurement of continuods H
ug/mL in 25 mM HEPES and 100 mM NacCl. All measure- binding curves has been described elsewh@@ 25).
ments were performed with the Aviv automated titration Measurements under native (100 mM KCI) or hyperstabi-
fluorometer. Titrant consisted of 8.0 M urea or 6.0 M lizing (100 mM KCI+ 1.5 M sucrose) conditions were done
GdnHCI (ultrapure grade, Gibco) plus buffer and salt. Final with a Radiometer PHM 95 pH/ion meter equipped with a
GdnHCl or urea concentrations were measured with a Milton Radiometer glass electrode (model PHG201) and a Radi-
Roy Abbe-3L refractometer. Five minutes were allowed for ometer calomel reference electrode (model K4040). Mea-
equilibration between titration points. The data were analyzed surements in the presence of GdnHCI were performed with
assuming two-state behavior following the method of Bolen a calomel combination electrode (model GK2701). A Ra-
and SantoroZ0). The stability of SNase extrapolated to zero diometer TTA8O titration assembly was used for all mea-
denaturant concentratiol\G°) and them values (AG° surements.

/d[denaturant]) were obtained by nonlinear least-squares Titrant dosing was done with a Brinkmann 665 Dosimat
fitting of eq 2. f, and f, represent line equations for the native  (Metrohm, LTD, Switzerland). Titrant consisted of degassed
. 0.1 N HCI+ 100 mM KCl or 0.1 N NaOH+ 100 mM KCI
E fo + f, exp[-(AG® + myg[denat])RT] 2) (J. T. Baker 1 N diluted with degassed28). The normality
denat™ q 4 exp[-(AG® + m,g[denat])RT] of the titrant was determined by the Gran plot analysis
method using oven-dried MES buffer. Samples were kept
and denatured baselines, respectively, &agha = (fn + in a CO-free environment during preparation and during
fuKap/(1 + Kapp), andKapp = [D]/[N]. the titration. All samples were prepared with extensively

Temperature DenaturatiolAG® values were also deter- degassed and deionized water. Protein concentrations be-
mined by thermal denaturation monitored by fluorescence tween 2 and 4 mg/mL were used. No concentration depen-
(dex = 296 nm,Zem = 326 nm) with the AVIV automated  dence has ever been observed in theiliation experiment
titration fluorometer. Temperature control was provided by with SNase in this range of concentrati@b), After an initial
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and extensive dialysis at 4C, samples were tabletop 30Fml T L T T
. . . . L + o3t X BV M— -11.0
centrifuged. They were then dialyzed overnight in a,€O o5l i A
free atmosphere against 100 mM KCI at°€. Blanks
consisted of 3 mL of the dialysis buffer. Multiple titration
curves were always measured in each set of conditions, and
reversibility was checked routinely. Titration curves were
fitted with ninth order polynomials by nonlinear least-squares
fitting. S oo
Direct Measurement of HBound or Released during B :
Structural TransitionsBatch experiments were performed e A ) L A
to measure the number of'Hhat were bound or released at |
a given pH when SNase was diluted to a final concentration

—0.8

-0.6

% b unfolding
8%, conditions

Protons bound

—0.4

QD 10 20US0SEION]} PIZIBUIION

—0.0

of 6 M GdnHCI or 1.5 M sucrose. Samples and titrant were sL ]
prepared as for continuousHtitrations. In one set of z 0t
experiments (water blanks), titrant (H€IKCI) was added 2 .

to 4.5 mL of degassed 6.67 M GdnHE&! 100 mM KCI
until the pH matched that of the water used in the dialysis. I
A total of 0.5 mL of the dialysis water was then added to ole Ll 1 it T,
obtain 5 mL of a solution 06 M GdnHCI + 100 mM KCI. 2 3 4 5 6 7 8 9
Changes in pH were recorded, and the results of several such pH
measurements were averaged. In another set of experimentsicure 1: (A) H titration curves measured potentiometrically (left
titrant was added to 4.5 mL of degassed 6.67 M GdnHC|  axis) in 100 mM KCI (open circles) anahi6 M GdnHCI+ 100
100 mM KCI until the pH matched that of the dialyzed mM KCI (open squares). Data from muitiple experiments, including
. . - - forward and reverse titrations, are included in each curve. The solid
protein solution. A .total of 0.5 mL,Of protein solution Wasf lines through the data represent fits with ninth order polynomials.
then added to obtain a 5-mL solution of 1 mg/mL SNase in The distance between the twa Hinding curves along the ordinate
6 M GdnHCI+ 100 mM KCI. Changes in pH upon addition  was established with the data shown in panel B. Acid/base titration
of the protein were noted, and then the sample was back-in 100 mM KCI monitored by fluorescence and by £Pnm(solid

; ; ; - circles) are also shown (right axis).Bifference in H bound in
tirated with 1x1. doses of titrant to the original pH of the 6.0 M GdnHCI and in 100 mM KCI, measured as difference of the

protein solution. The pH was also adjusted for the pH change ¢ontinyous titration curves in panel A (solid line) and with batch
observed in the water blank during dilution. The moles of experiments (dots). The diameter of the dots is larger than the
H* bound per moles of protein were calculated from the experimental uncertainties.

titrant volume, its normality, and the number of moles of

protein. A similar procedure was used to measure the effectsby the U state relative to the N state. This,+ curve reflects

of 1.5 M sucrose on the state of protonation of SNase. the overall higher H affinity of the U state relative to the
N state. The agreement between thg;+ values measured

RESULTS independently by continuous and by batch potentiometric
experiments was excellent.

Acid/Base Titrations Monitored by Fluorescence and by  The shape of thé\w.+ binding curve can be interpreted
Potentiometry under Naté and Unfolding Conditionsicid/ as follows. The hump centered near pH 6.5 is indicative of
base titrations monitored by CD at 222 nm and by intrinsic net depressedi values of histidines in the N state. The
fluorescence are shown in Figure 1, panel A. The acid jncrease in the number oftbound preferentially by the U
unfolding profile agrees with the ones published previously state between pH 5 and pH 4 reflects depressedvplues
(9, 29-31). The steep slope of the acid unfolding transition of acidic residues in the N state. The maximum at pH 3.95,
is consistent with a highly cooperative process. The agree-\where 4.8 H were bound preferentially by the U state,
ment between transitions monitored by fluorescence and bycgincided with the pH of onset of acid denaturation
CD SuggeStS that the transition Only involves two states. monitored by fluorescence and CD (Figure 1’ pane| A) In
Forward and reverse titrations were superimposable, thus100 mM KCI, SNase begins to unfold at pH 4, thus the sign
establishing that the reaction monitored was reversible andgf the slope of theAvy+ curve changed concomitant with
at equilibrium. The pH at the midpoint of the unfolding an increase in the population of the acid unfolded stag.(U
transition (phhig) was 3.714 0.02. The quality of the data measured by the continuous H

Potentiometric H titrations measured in 100 mM KCland titration method declined below pH 3, although the difference
in 6 M GdnHCI+ 100 mM KClI are also shown in Figure 1, curves are still reliable, as shown by the agreement between
panel A. Forward and reverse potentiometric titrations were continuous and batch measurements. According to the batch
superimposable. They show that in the pH range 9 taigpgH  experiments in Figure 1, panel B, 0.5 kvere bound upon
H* were bound preferentially by the state achieved in 6 M addition of GdnHCI to a final concentration of 6.0 M at pH
GdnHCI (U state) relative to the N state. The distance 3.2, and 0 H were bound at pH 2.4.
between the two Htitration curves was determined explic- The analysis of the pH titration monitored by fluorescence
itly with a series of batch experiments that measured the in Figure 1, panel A, with Wyman'’s linkage relationships
number of H bound by SNase at a fixed pH upon addition showed that 4.18- 0.1 H' were bound during the acid-
of GdnHCI to a final concentrationf® M (Figure 1, panel induced transition between N and\ Gtates. This is in very
B). The difference H binding curve QAvy+) in Figure 1, close agreement with the number of Khown to be bound
panel B, represents the net number dftbbund preferentially  preferentially to the U state by the potentiometric methods
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s ———T7T—"——T T T T T 6 M GdnHCl the K, values converged at the values of model
compounds. The small systematic deviation (Figure 2, insert)
suggests thaini6 M GdnHCI there are slight increases in
the K, values of basic residues and slight decreases in the
pKa values of acidic residues, relative tivalues of model
compounds in water.

Also shown in Figure 2 is one of the best fits to thé H
titration curve h 6 M GdnHCI, obtained by assuming that
all residues of a given type titrate with identicddpvalues.
This assumption was necessary because it was impossible
to find a uniqgue combination of 61Kp values with which
to fit the H' titration curve of the U state. The best fits were
those in which the I§; values of Asp, Glu, and His residues
were 3.88, 4.38, and 6.83, respectively. These values are
almost identical to the values obtained by Tanford and co-

pH workers from analysis of Htitration curves of other proteins
FiGuRe 2: Experimental (open circles) Hitration of SNase in 6  in high concentrations of GdnHCBR, 33). The similarity
M c(deHr)HC]j er(l)d ztgvesdsigﬂglated WigKQI va(tldueshf%r) AS% Vfilr; in the ionization behavior of Asp, Glu, and His residues in
and His ot 4.1, 4.5, and ©.0, respectively (dasned) an P water andm 6 M GdnHCI suggests that the hydration of the
\éigﬁfrﬁén‘?;jgéndai?hi?zfte%gcsusgy)' Insert: difference between c_har_g_ed spepies in the ionization equilibria_ is not disrupted
significantly in 6 M GdnHCI, as noted earlier by Tanford
(Figure 1, panel B). This agreement suggests that the(32—34). The differences between th&pvalues of model
unfolded states achieved in acid amdd@ M GdnHCI are compounds in water and those extracted from théitrhation
nearly equivalent from the standpoint of their Binding curve of SNasen 6 M GdnHCI (4.00 vs 3.88 for Asp, 4.50
affinity. This was corroborated by the data in Figure 1, panel vs 4.38 for Glu, and 6.83 vs 6.60 for His) were consistent
B, which show that at pH< 3 the H" binding properties of  with the effects of increasing salt concentrations on ionization
the U and U are equivalent. equilibria 35). Under conditions of high ionic strength the
pKa Values in the GdnHCI-Unfolded StageK, values of charged form of the ionizable groups is selected preferentially
ionizable groups are sensitive to their local environments. over the neutral form, resulting in the increase or decrease
In the case of highly charged proteins such as SNasg, p of pKa values of basic or acidic groups, respectively.
values can also be influenced significantly by the net charge The data in Figure 2 demonstrate that in 6.0 M GdnHCI
of the protein, and they can be highly sensitive to the ionic the ionizable groups of SNase titrated witk,walues nearly
strength of the solution. Thekg values of ionizable groups identical to those of model compounds. This behavior is
of folded proteins are usually spread over a broad range,consistent with that of an extended and presumably unstruc-
reflecting primarily the heterogeneity of their microenviron- tured, highly solvated, highly screened form of the protein
ments. lonizable groups are therefore effective reporters ofin which the ionizable groups are all isolated from each other,
the presence of structure and compactness. fully hydrated, and not under the influence of other charged

Tanford demonstrated that the spreadka palues is lost or polar groups. Under these conditions, all electrostatic
in the unfolded state of proteins that denature into near- influences on K, values were annulled. The state achieved
random coils in high concentrations of GdnHGR{-34). in 6.0 M GdnHCl is termed the U state throughout this paper.
In the unfolded states of these proteins, tlif palues of The point of this nomenclature is to distinguish the U state
all ionizable residues converge at the values measured forfrom the D state that is populated under less drastic
model compounds in GdnHCI. This convergence is associ- conditions during equilibrium unfolding experiments and to
ated primarily with the substantial loss of structure, although emphasize the absence of electrostatic effects in this unfolded
it also reflects the screening of interactions between chargedstate, as reflected in averagkpralues.
groups by the high ionic strength of GdnHCI. High ionic Acid/Base Titration Monitored by Fluorescence and Po-
strength comparable to that of denaturing concentrations oftentiometry under Hyperstabilizing Conditiorfsor reasons
GdnHCI do not force convergence oKp values to a discussed ahead, it was necessary to meastigrding to
common value in the N state because some of the factorsthe N state at pH< pHmie. Toward this end, the pH range in
that determine Ig, values are not salt-sensitivé, (L4, 35). which the N state is populated was expanded artificially by

Proton titration curves of non-native states of proteins can addition of sucrose to a final concentration of 1.5 M. Sucrose
be used effectively to detect the presence of residual was selected from among the osmolytes known to enhance
structure. To determine if residual structure was present inthe stability of globular proteins because it is not charged
GdnHCl-unfolded SNase, the'Hitration curve measured and because it stabilizes SNase at molalities low enough to
in 6 M GdnHCI was simulated by treating the 61 ionizable avoid problems related to the high viscosity of osmolytes in
sites (8 Asp, 12 Glu, 23 Lys, 5 Arg, 4 His, 7 Tyr,and N and the automated denaturation experiments. Hydrolysis of
C termini) with the set of model compoundKyp values sucrose is negligible in the pH range where it was used.
commonly used in structure-baselpcalculations. These The acid/base titration of fluorescence in Figure 3, panel
are 3.5 for C terminus, 4.0 for Asp, 4.5 for Glu, 6.6 for His, A, shows that the pHq of acid denaturation was shifted from
7.4 for N terminus, 10 for Tyr, 10.4 for Lys, and 12.0 for 3.71 to 3.11+ 0.2 as a result of the stabilization of the N
Arg (4). The agreement between the observed and predictedstate by 1.5 M sucrose. At pH 4, the H' titration curves
behavior (Figure 2) was extremely good, suggesting that in measured with and without sucrose were nearly superim-
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FiGURe 3: (A) HT titration curves measured potentiometrically (left o
axis) in 100 mM KCI (open circles) and in 1.5 M sucrose plus 100 (O

mM KCI (open squares). Solid lines through these data representFicure 4: (A) Urea denaturation monitored by fluorescence in 100
fits with ninth order polynomials. The distance between these two mMm KCI at pH (left to right) 3.69, 4.06, 4.45, 5.01, 5.53, 6.05,

curves along the ordinate was determined by the data shown ing.54, 7.98. (B) Temperature denaturation in 100 mM KCI monitored
panel B. FIuorescence-monltored aud/ba:se titration in 1.5 M.sucroseby fluorescence at pH (left to right) 4.00, 4.20, 4.50, 4.80, 5.23,
plus 100 mM KCI (solid squares) and in 100 mM KCI without 553, 7.93. The lines through the data in both panels represent the
sucrose (solid circles) are also shown (right axis). (Hference fits as described in Experimental Procedures.

in H* binding behavior in 100 mM KCI and in 100 mM KCk

1.5 M sucrose, measured as difference of the continuous titration . L -
curves in panel A (solid line) and with batch experiments (dots). easily. It offers ample opportunities to characterize thermo-

The diameter of the dots is larger than the experimental uncertain- dynamic properties of structured, compact denatured states.
ties. It was also selected because it is devoid of disulfide bridges

and other structural features that could bias the structure of

posable. The small differences suggest that tiey@lues  the denatured state or complicate denaturation in other ways.
of histidines are depressed slightly in the presence of sucroseits chemical 16), acid @, 27), and temperaturelp, 18, 27,
1.5 M sucrose has no direct effect on th& palues of acidic 28, 36) denaturation are known to be fully reversible, and at
residues. This was confirmed by showing that there are nojeast under conditions of low salt, SNase remains monomeric
differences in the K, values of glycine, acetic, and oxalic  and highly soluble over the wide range of pH that was studied
acids measured potentiometrically in the presence and in the(37).
absence of 1.5 M sucrose. In 100 mM KCl, the,;values
of acetic acid, oxalic acid, and glycine were 4.64, 3.79, and
2.45, respectively, while in 1.5 M sucrose plus 100 mM KCI,
they were 4.59, 3.73, and 2.39.

The distance between the twa Hinding curves in Figure
3, panel A, was established by measuring the numberfof H
bound or released upon addition of sucrose to a final
concentration of 1.5 M at a fixed pH (Figure 3, panel B).
The continuouf\vy+ curve calculated by subtracting the H

titration curves measured with and without sucrose is shown comparable to values reported previously by other investioa-
in Figure 3, panel B. Between pH 3.4 and 4.1, they+ P P P y oy 9

curve in Figure 3, panel B, mirrors the acid/base titration ©°rs @7, 36). Overall, the pH depeondenceAt()EhoreaandAG?
monitored by fluorescence in 100 mM KCI shown in Figure Was very similar. The values &G,.,andAG above pH 7
1, panel A, because they both reflect the highly cooperative Were not identical; they were within error only because of
transition between N and Astates. the stringent treatment of errors in the estimationAG;

pH Dependence of Stability Measured by Temperature andand because the large error bars AG,, reflect the
Chemical DenaturatiorSNase was selected for these studies average of values from several experiments. However, the
deliberately because it can be coaxed into denatured statesverall similarity in the pH dependence G, and AG?

Urea and temperature denaturation curves measured in 100
mM NaCl over a range of pH values are shown in Figure 4.
All the transition curves exhibited the sigmoidal shape
expected of an apparent two-state process. The denaturation
at each pH was analyzed by the linear extrapolation method
assuming two-state behavior, and the fits showed no evidence
of the presence of a stable intermediate. The pH dependence
of stability measured by urea, GdnHCI and temperature
denaturation is shown in Figure 5. THe3],, values are
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of the denatured ensembles achieved in GdnHCI and in urea
at low ionic strength are differenAG2,, were not studied
over the entire pH range to avoid complications arising from
the sensitivity of both N and D states to the ionic strength.
pH Dependence of Stability Measured from Potentiometric
H* Titration Curves. Also shown in Figure 5 is the pH
dependence of stability calculated by numerical integration
of potentiometric H titration curves ¢y+) measured under
native (100 mM KCI) and unfolding (6.0 M GdnHCI)
conditions. The integration was performed with eq 5. The

AG’ (kcal/mol)

AGS, = —2.30RT jp‘::z oY —wN)dpH  (5)

4.5 T
4.0

i term inside this integral in eq 5 corresponds to ke
curve shown in Figure 1, panel B.

The distance between the stability curve calculated with
eq 5 and the one determined by fluorescence-monitored
denaturation experiments was adjusted by fixix@;, = 0
3 4 5 6 7 8 9 at pHnig, Where, by definition, the population of N anchU
states are equal. This manipulation was required to enable

Ficure 5: (A) pH dependence of the stability of SNase at°20 the comparison ofAG® with AG® with AG2 . and with
in 100 mM NacCl obtained by fluorescence-monitored denaturation P Av Gr, Girea

o o .
with urea (open squares), GdnHCI (solid circles), temperature (open2Gan In @bsolute terms. The implicit assumptions when
circles), and by numerical integration of the Hinding curves in performing this adjustment are that the titration properties
Figure 1 (solid line). Also shown at pH 4 and pH 7 &&.,,in of the U and U states are identical and that acid unfolding
1.0 M NaCl (solid squares). The large uncertaintiesAGy., is a two-state process. The validity of the approximation of
obtained by urea denaturation at p+b reflect errors from averages  the treatment of the acid unfolding transition with a two-

of mu_ItlpIe experiments rgther_ than eorrors of th_e fits of smgle state mechanism was supported by the steepness of the acid
experiments. The uncertainty in thG,, of any single experi-  genatyrational transitions and by the agreement between the

ment is usually of the order of 0.1 kcal/mol. The large error : o . .
bars of approximately 0.35 kcal/mol WGP reflect the uncertain- acid/base titration monitored by fluorescence and CD (Figure

3.5 -

3.0 [~

m (kcal * mol™ * M)

2.5 -

2.0

ties in theAH(T), AC,, enhanced by the extrapolation to 20. 1, panel A). The assumption that, the I!dinding properties
Hatched squares represent the difference between stability measure@f U and Uy states are nearly identical at low pH was
by urea denaturation and by numerical integration &¢fbihding supported by the two Htitration curves in Figure 1, panel

curves. (B) pH dependence of thevalues of urea denaturation. A which converge as the population of N is replaced hy U
in the titration curves measured in 100 mM KCI. Further
suggests that the Hoinding properties of temperature and  evidence was provided by the batch experiments showing
urea-denatured ensembles are similar. that at pH< 3 nearly identical numbers of Hare bound by
The pH at whichAG;., AG, and AG’ are zero U, and U states. A similar conclusion would have been
coincides with the pkiq measured by acid/base titration of reached through the observation thatAhg curve in Figure
fluorescence and CD (Figure 1, panel A). According\t@’ 1, panel B (U minus N) and the curve in Figure 3, panel B
andAG)., the stability of SNase is not highly pH-sensitive (Ua minus N) intersect at pkis. This would not occur if the
in the range 9 to 5. In this range, stability decreases by 1.7H* binding properties of U and AJ were substantially
kcal/mol. At pH values<5, however, the loss of stability is  different. Whatever differences might exist betweer H

more pronounced, reflecting the average highérihding binding properties of Wand U_the_y represent a small a_mount
affinity of acidic residues in the D state relative to the N of the total area under the*tbinding curve used to estimate
state. AGy,. Note that the significant discrepancy betwe®@y,

Also shown in Figure 5 areAGS,, values that were  AG,., andAGy, is independent of any errors introduced by
measured in 1.0 M NaCl at pH 4 and pH 7 to assess theassuming that U and AJare identical from the perspective
influence of the ionic strength of GdnHCI solutions. Note of their H" binding properties. The differences between the
that at pH 4 and pH 7, the stability of SNase measured by stability curves determined by different methods are inde-
AG}.,and AGY,, in 100 mM NaCl are almost identical. In  pendent of how the stability curve described A, is
fact, at pH 7 in 100 mM NaCIAG).,andAGS,, are more fixed relative to the other stability curves. If the5y, curve

similar to each other than they are similar A6, How- had been frame-shifted arbitrarily along the ordinate to match
ever, the stability reported bG..,in 1.0 M NaCl and by AG)., at any pH, the difference between stabilities mea-
AGS,, are different, suggesting that denaturatione® sured by two different methods would still be largest in the

values are not just a function of the protein but also of ionic PH range 4.5 to 9. In other wordAAGY, between any two
strength and of the chemical denaturant used to measureéPH values above pH 4, where the population of thestate
them. According toAG’,, the stability of SNase in 1 M is negligible, is considerably larger than theAGy or
NaCl is 1 kcal/mol greater than the stability in 100 mM NaCl. AAG;,,over the same range of pH.

This suggests that both N and D states are highly sensitive In the region between pkk and the pH where the acid
to the ionic strength and that the thermodynamic characterdenaturational transition begins (pH 4.1), thé tifration in
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100 mM KCI reflects H binding contributions not only by 1.2 12.0
the N state but also by thex$tate. To establish the distance 10 100
between the two stability curves in Figure 5 by fixing - ’
AGY, = 0 at pHyig, it was necessary to account for the free 2 2% cges saen | 50 1
energy of H binding to the N state that would accrue g o6 Pes? P, =9 e.o,::’
between pHg and pH 4.1. The Htitration curve of sucrose- € o4l 408
stabilized SNase was used toward this end. The free energy ‘g ' i
between pkh¢ and pH 4.1 was estimated by numerical 021 2.0
integration of theAvy+ curve obtained by summing the 0.0~ — — 0.0
curves in Figure 1, panel B, and Figure 3, panel B, between 02 Lo 20
pH 3.71 to pH 4.10. 2 0 2 4 6 8 10 127
The discrepancy between the pH dependence of stability PH

determined by denaturation and by numerical integration of FIGURE 6: Simulation of the H titration curves (solid lines) of an

H titration curves is striking. A curve is included in Figure 'é’f“ézﬁ‘]b';a%gogpéza}ggglaetgsg:’]'(;“;?fg engnfjtggec é“\oa}'lﬂe""#zeﬁznergy
Sto shov_v.the pH dependence Of .the_dlfference bgtween thedifference (da:shed line) between these two states calculated by
two stability curves. The destabilization of N relative to U nymerical integration of the area between the two titration curves.
between pH 9 and pH 4 reported G, was nearly 4

kcal/mol greater than the destabilization of N relative to D properties of the D state because it is known to be structured
reported byAG? andAG; ., in the same pH range. At pH 7, and compact{5—17, 19). In fact, our original attempts to
the stability of SNase according %G, was approximately  interpret the pH dependence of stability of SNase structurally,
3.7 kcal/mol greater than the previously reported values nearwith structure-basediy calculations, failed dramatically.
5.5 kcal/mol measured by temperature or chemical denatur-The data in this study demonstrate that those calculations
ation (16, 36). The agreement betweekG),, AG,, and fail_ed primarily because the u_nderlying assumption that
AG? suggests that this discrepancy did not simply arise ionizable groups in Fhe D state titrate with tﬂéap/alues_of
from differences in the denatured states achieved in watermodel compounds in water (or in GdnHCl) is not valid for
and in the presence of chemical denaturants. It is importantSNase. The H binding properties of the N and U states
to note that the stability measured by analysis of the hydrogenMeasured potentiometrically suggest that the tinding
exchange behavior of the slowest exchanging backboneProperties of the D state are intermediate between those of
amides 88) is more consistent with the stability reported N and U states. Evidently there are strong, presumably long-

by AG, than with the one described BYG? or AG? range ele_ctrostatic interactions in the D state, and these are
y A Girea reflected in perturbedi, values.
DISCUSSION Meaning ofAG® Obtained by Integration of HTitration

Curves.The numerical integration of Htitration curves to
obtain AGY, is not a transformation familiar to many. The
data in Figure 6 were simulated to illustrate how the pH
dependence of the free energy difference between two states
in equilibrium can be obtained by analysis of thé tifration
properties of the two end states. In this example, the pH
dependence of the equilibrium between states A and B is
determined by the difference in th&Kpvalue of a single
group that titrates with Ig, of 2 in state A and with K, of

9 in state B. TheAGy, represented by the difference iKp
values is maximal under conditions of pH where the ionizable

Structure-based calculations of the pH dependence of
stability of proteins with methods based on continuum
electrostatics are usually performed under the assumption
that the (K, values of ionizable residues in the D states of
proteins are those of model compounds in water (tef§

40, 41, and refs therein). This assumption was originally
supported by the pioneering studies by Tanford and co-
workers 32—34), who demonstrated that the'Hitration of
some proteinsn 6 M GdnHCI followed the behavior
predicted from the K, values of model compounds. In
eneral, structure-based estimates of proton-linked stability ">~ ;
gf proteins capture the overall trends correctyo,(41). ysne in both states A and B is fully doeprotonated or
However, with a few exceptions, quantitative agreement Protonated. For i, values of 2 and 9 thiaG,, = ApKa x
between calculated and observed behavior is still rare. 1-34= 9.52 kcal/mol at 20C.
Because the quantitative estimation of electrostatic free The pH dependence of the free energy difference between
energies and 148 values from structure with Computationa| states Aand B is proportional to the area between the titration
methods based on continuum electrostatics remains a dauntcurves. It can be calculated (in kcal/mol) as a function of
ing task, the lack of quantitative agreement could be easily PH by numerical integration of this area with eq 5. The total
dismissed as the result of methodological problems inherentarea between the two titration curves in Figure 6 represents
to the structure-based calculations. However, recent studies? free energy equal tApK, x 1.34 kcal/mol (20°C). The
suggest that some of the problems arise from the assumptiorslope of theAGY, vs pH curve in the linear region, where
that the X, values of ionizable residues in the D states of one site is fully protonated and the other one remains fully
proteins are those of model compounds in waketq, 13, unprotonated, is 1.34 kcal/mol (the difference in chemical
14). This assumption is not valid for many proteins because potential for a log unit change in ‘Hconcentration). The
electrostatic effects in non-native states can be significant, integration of difference titration curves yields relative free
presumably because they are structured and compact. ~ energy differences between two states at two pH values.

In this study of the contributions by electrostatic interac-  This example illustrates how numerical integration of H
tions to the stability of SNase it would have been inap- titration curves can be used to calculate the pH dependence
propriate to make assumptions about the kitration of an equilibrium process. In this example, the pH-dependent
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behavior arises from the difference in the ionization proper-
ties of a single group. The calculation AfG;, in the case
of multisite H" binding systems is entirely analogous; the

Whitten and Gara-Moreno E.

transitions must be valid, (i) the D state populated in the
optically monitored denaturation experiments must be ther-
modynamically equivalent to the U state that is populated
at the high concentration of denaturant used in the poten-
tiometric measurement of Htitration curves, and (iii) the
Avy+ in the reactions along the vertical axes must occur in
the denaturational transition proper and not in the pre- or
post-transition zones.

According to the thermodynamic cycle in Scheme 1:

AGpy,—pn, = AGY, 1 — AGR,, 1 =
A(-:"l(jrea([‘)HZ) - AGSrea(le) (6)

These equalities were satisfied by the proteins that Bolen
and co-workers studied previously with this approa2, (
21), but they are not satisfied by SNase. The data in Figure
5 show that the pH dependence/®,, measured from H
titrations of SNase in 100 mM KCI anai6 M GdnHCl is

not equivalent to the pH dependence of denaturational free
energies measured by chemical@,) or temperature

approach is valid regardless of the number of ionizable sites(AGrc) denaturation. This does not necessarily mean that

that poise the equilibrium for regulation by pH. Thes;,

any of the measuredG° values are not valid functions of

values obtained by numerical integration are completely state. If the AG® values measured by the two different
model-independent, and in general they are more precise thaquilibrium thermodynamic methods are meaningful, then

the ones determined by denaturatid?0,(21, 25). This
thermodynamic formalism applies to all ligand linked
conformation equilibria.

These thermodynamic relationships have two implications

in the case of H binding reactions. First, when the average
H* affinity is higher in the D state (i.e., higheKpvalues)
than in the N state, the stability of the protein will decrease
as the concentration of Hncreases-the state with the high
affinity for H* is selectively stabilized as thetttoncentra-
tion increases. Second, akjwvalues reflect the effects of

the apparent violation of the thermodynamic cycle in Scheme
1 must signal a violation of one or more of the conditions
that are required for the cycle to be valid.

The sources of potential error kG;,,,and AGf are very
different from those iM\Gy,. The accuracy of the potentio-
metric experiments was assessed carefully. These experi-
ments can be fraught with systematic errors, but these can
be detected by repeating experiments multiple times. SNase
is extremely well-behaved in the potentiometric experiments;
the data sets measured by different operators, with different

the macromolecular milieu on the energy difference between patches of protein, on different days, are indistinguishable.
the charged and the neutral forms of the ionizable group, precipitation has never been detected in the pH range that
the energies that are calculated by numerical integration of\yas studied. The accuracy oftHitration curves of SNase

H* binding curves reflect electrostatic contributions to
stability.

is high enough to resolve the titration curve of an individual
residue by difference of the titration curves measured for

Discrepancy in the pH Dependence of Stability Measured the wild type and for a mutant in which the ionizable group

by Different Thermodynamic MethodEhe AG}, obtained
by integration of H titration curves and thé\G° values
obtained from equilibrium denaturation experiments are
related formally by the thermodynamic cycle in Scheme 1.

of interest is mutated to a neutral resid@®)(

Five arguments of internal consistency support the validity
of AGy, values in Figure 5. First, it was possible to
simulate the measured *Htitration behavior in GdnHCI

In this cycle, the reactions along the horizontal branches quantitatively by assuming that the 61 ionizable groups titrate

represent H titration under native conditions (100 mM KCI)
or at fixed concentrations of GdnHCI higher than those

with the K, values of model compounds. This would have

been impossible if these™Hitration curves were systemati-

needed to denature SNase. The reactions along the verticatally in error or otherwise inaccurate. Second, in the H
branches represent urea (or heat) induced denaturation afitration curve measured under native conditions the pH

fixed pH values.

Bolen and co-workers used this thermodynamic cycle
previously to establish the validity oAG°® measured by
chemical denaturation for several protei29,(21). They
demonstrated thaAG° behaved as a function of state by
showing that the branches of the cycle were additive (i.e.,

where the slope changes markedly because of a change in

the population from pure N to mixed N and,Ucoincided
exactly with the pH where the onset of denaturation occurs
in the acid/base titration monitored by fluorescence and by
CD at 222 nm (Figure 1). Third, there was excellent
agreement in the number of'tbound preferentially by the

the sum of the energies in the four branches must equal zeraunfolded state at pkly measured directly by potentiometry

if AG° values are valid thermodynamic functions). This and indirectly by linkage analysis of the acid/base titration
requires that at least three conditions be met: (i) the monitored by spectroscopic signals. Fourth, the difference
denaturational transitions along the vertical axes must follow H* binding curves measured by batch and continuous
a fixed two-state mechanism and the linear extrapolation titration experiments were in excellent agreement (Figure 1,
method used to extratdG° from equilibrium denaturational  panel B). The fifth and final argument confirming the
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accuracy and validity oAGy, is the excellent agreement confidence limits, although as mentioned already this agree-
found between the pH dependence of stability described byment is not as meaningful as it seems3;,,measured in 1
AG;, in the pH range from 9 to 5 and the one estimated M NaCl is different from AGS,, suggesting that the
from the difference between native state histidikg yalues denatured ensembles achieved in urea and in GdnHCI are
measured by H NMR spectroscopdy and the denatured  significantly different. The stability measured by analysis
state histidine i, of 6.8 obtained from the fit of the U state  of urea and GdnHCI denaturation by the linear extrapolation
titration curves in Figure 2. ThApK, of histidines predicts =~ method is not a property of the protein alone; it also reflects
that 3.5 kcal/mol of stability are lost between pH 9 and 5, in the nature of the denaturant. Specifically, the high ionic
agreement with the loss of stability in this range of pH strength of GdnHCI seems to affect the measured energetics
described byAGy . significantly.

Assessing the validity and meaning A6, andAG’ is In contrast,AG;., and AG’ measured at the same ionic
complicated by the multiple layers of approximations needed strength are comparable throughout most of the pH range.
to obtain these values by analysis of denaturational transitionsThe heat capacity XC,) and enthalpy AH) differences
(19, 20). For example, the analysis of denaturational transi- between N and D states are the physical parameters needed
tions with models that describe the equilibrium process in in eq 4 to extrapolatAGP measured aly, to temperatures
terms of fixed number of discrete states is one potential outside the range where denaturation is actually observed.
source of error. The denaturational transition of SNase is Uncertainties inAC, and in AH are amplified by the
usually analyzed in terms of a fixed two-state N D) extrapolation and can result in significant uncertainties in
mechanism16, 36), but Carra and Privalov have argued in  the AG? calculated at temperatures far frofp. In thermal
favor of the three-state mechanism {N1 <> D) based on  denaturation observed spectroscopically, the inherent dif-
DSC data 18, 27, 28). There is experimental evidence that ficulties in the estimation ofAC, can compound the
the denaturation of some mutants of SNase is best describeghaccuracies imGPat T < Ty, This is reflected in the large
with a three-state model (). However the denaturation of ..o pars iNAG? in Figure 5. It is reassuring that the
wild type SNase near neutral pH meets the criteria normally 1,6y odynamic parameters resolved by analysis of thermal
considered sufficient to validate analysis of the denaturational denaturation monitored by fluorescence are very similar to
transition in terms of a two-state process: (i) th&° o ones obtained previously with optical metho2) @nd
obtained with d|ﬁerent .spectroscoplc probes (CD. and by differential scanning calorimetryi 8, 27, 28). Although
fluorescence) and with different denaturants are equwalentthe data in Figure 5 suggest that the urea and heat denatured
(36, 38), (if) the shape of the denaturational transitions and ensembles have similar thermodynamic character, there were
the quality of the fit_s achieved with a two-state model WEre easurable differences, especially at pH6.5. The 'hydro-
excellgnt over a W'de. range c,)f pH values (.F'gl.”e 4), (iii) dynamic radius of heat-denatured SNase is larger than that
the ratio of calorimetric to van't Hoff enthalpies is close to - ¢y,0 pative state but smaller than the urea-denatured state
1(36), and (iv) size exclusion chromatograms, in which the (15). Urea can actually induce further unfolding of temper-

Stokes radii of the different species populated during - . ; o
denaturation are resolved, show that discrete intermediatesature denatured SNast. This is consistent with tha G

are not populatedL(). In fact, the only type of experimental  Values being slightly lower than Gye,

data that suggest that denaturation of the wild type SNase Bolen and co-workers demonstrated recently that SNase
can proceed through a three-state process consists of thermalenatures with a variable two-state mechanism rather than
denaturation studied calorimetrically at very low pH and in Wwith a fixed two-state mechanisrtiq). The averaged Stokes
the presence of relatively high concentrations of sk ( radius of the molecules in the denatured ensemble of SNase
27, 28). There is simply no convincing evidence at present varies during the denaturational transition proper, from a
to support the notion that wild-type SNase denatures throughhighly compact state at low urea concentrations to a more
a three-state mechanism at pHoH,iq and at ionic strengths  significantly expanded state at higher denaturant concen-
comparable to those used in the present experiments. It istrations (7). This raises concerns about the meaning of
therefore unlikely that the discrepancies in the pH depen- AG)., AGSy, andAGY (17). For proteins that denature with
dence of stability measured by denaturation and by poten-variable two-state behavior, the denatured ensemble in the
tiometry arise from not treating the denaturational transitions limit of zero denaturant concentration need not be related
in terms of a three-state mechanism. structurally or thermodynamically to the denatured ensemble

Another possible source of error KGC,,andAGC s the during the actual denaturational transitidkv), Treatment
extrapolation needed to obtalkG® under conditions other  ©f systems that exhibit variable two-state character in terms

than those where the denaturation is actually observed. SNas@' @ fixed two-state model might not be appropriate, and
denatures at relatively low temperature or denaturant con-the physical meaning cAG® values obtained by extrapola-
centrations, thus the extrapolation to°ZDor zero denaturant ~ tion in these cases is not clear. None of the experimental
concentration is particularly short. One way to establish the data in the present study address this aspect of the validity
validity of the extrapolation is by comparingG® values  Of AGy.,and AG? directly. However, as discussed ahead,
measured by denaturation with different agents. The modethe peculiar pH dependence of stability reportedAsy;.,

of action of heat, urea, and GdnHCl is quite different, and andAGis actually consistent with the behavior expected if
concordance in the stabilities measured with different the D state were compact. We interpret the agreement
denaturants would at least establish thatAli& values are  betweenAG),,and AGf over the wide range of pH studied

a function of the protein and not of the method used to as evidence that the changes in the thermodynamic character
measure them. At pH 7AG)., and AGS,, were within of the denatured ensemble during the denaturational transition
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proper do not bias the measur@ds® significantly. The pK, is the same in native and non-native states. TKg p
physical basis of the denaturing action of urea and heat arevalues of the four histidines were determined by Markley
very different, and there is no reason to expect the denaturantand co-workers39). The measurements were performed at
induced changes in the D state during the urea and heat-an ionic strength of 0.3 M, higher than the 0.1 M ionic
induced transitions to be the same. strength in the urea and heat denaturation experiments. The

Electrostatic Interactions in the Denatured Stafbe pH ~ PKa values are His-8, 6.8; His-46, 5.8; His-124, 6.0; His-
dependence of stability described &GP, is very steep. 121, 5.5. Three of the four histidines hayé,values lower
AG;, represents the free energy difference between the Nth.an the model .Compour!d valge O.f 6.3. This is consistent
and U states, and its pH dependence reflects large dif“ference%ivIth the (kj:)ehaw?r des]ccubeiénHFlglljgtel L 3a}:¢l 182.4T_he
between the K, values of ionizable groups in these two theepﬁssztemg;na;SSOSnt flg‘r_ thé 3IS%_ kca,llrir(])l diflfse-renc;nin
states. In the U state, alKp values converged to the values R :
of model compounds, partly because this state is expanded®Cy» Petween pH 5 to pH 9.
and unstructured, and also because charged groups are highly The molecular determinants oKpvalues in the N state
screened in the high ionic strength ® M GdnHCI. The are currently under study with H NMR spectroscopy and
destabilization of the N state relative to the U state between structure-based computational methods in our laboratory. One
pH 9 and 5 shows thatfa values of histidines and of acidic ~ goal is to determine why in SNase thK values of many
residues are, on average, considerably lower in N than in U. groups that ionize below pH 9 are depressed. Thgvplues

In contrast to the steep pH dependenceAds;,, the ?r]: h'St'gmeS Icgn bel d?pre;s?eq (talthert'by IO\S/S of lsplvanotr] or
stability of N relative to the D state described A, ,and rougn repuisive electrostatic Inferactions. visuat Inspection

o - . of the crystallographic structures of SNase did not reveal
AGr Is less sensitive to pH between pH 9 and 5. The any obvious molecular reasons for the depress@drplues
presence of some histidines and maybe even some acidic¢ His-46, His-121, and His-124. His-46 is in a loop that is

groups that titrate with nativelike, depressekhpalues in o6 of the most disordered regions of the protein. Both N
the D state needs to be invoked to rationalize the shallowerand NS nitrogen atoms of the imidazole group are solvent-
pH dependence oAGj,, and AG. Note that this conclu-  ccessible, and there are no charge bearing atoms in the
sion could have been reached in the absence of the H jjmmediate vicinity. The same is true for His-121 and His-
titration curves measured in GdnHCI. Knowledge of the H 124 These two histidines are located at the beginning of
titration behavior of the N state (Figure 1, panel A) and of the C-terminal helix, purportedly the least stable element of
pKa values of model compounds in water and in GAnHCI gecondary structure, the last one to assemble, and the one
alone, would have been sufficient to establish that tie p most likely to unfold 9). They are neither buried nor in
values of some groups in the D state are nativelike and yjrect contact with the charged moieties of other basic groups.
perturbed relative to the values of model compounds. Use However, SNase is a highly basic protein, with 3l110.
of the term “nativelike” to describetfy values of histidines  T\enty three lysines and five arginines bear positive charge
in the D state is only meant to emphasize that tgvalues  pejow this pH. We believe that the depresséd galues of
are depressed and not that the microenvironments of thesejstidines and of acidic residues in the N and in the D states
residues in N and D states are comparable. reflect medium to long-range interactions with the constel-
The nativelike H binding properties of the D state were lation of Lys and Arg residues on the surface of the protein.

evident in earlier DSC studies of the pH dependence of compactness in the D state needs to be invoked to
thermal unfolding of wild-type SNase, although that was not rationalize the depressetpvalues in this state in terms of
the interpretation given to those dateg). The number of  the very high background of positive charge. For two reasons,
H* that were bound upon thermal denaturation over a range\e deem it unlikely that the depressel.pvalues of the
of pH values was lower than the number expected to be pjstigines could be explained in terms of interactions with
bound by the D state if the ionizable groups in this state gther basic groups nearby in the primary sequence, as they
tirated with the |, values of model compounds. For might occur in an extended unfolded state. First, only His-8
example, whereas the data in Figure 1, panel B, show thatand His-46 have neighboring basic groups in sequence; His-
at pH 7 nearly 1.5 F are bound preferentially by U relative 127 and His-124 have none. Second, the gf a histidine
to N, the DSC experimentsl§) showed that only 0.1 H  empedded in a pentapeptide with a net charge2fsimilar
were bound upon thermal unfolding at this pH. Even at pH g the case of His-8 and His-46, was 6.5 in 300 mM ionic
values close to pkle, where the data in Figure 1, panel B, strength 85). This suggests that even if the segments
show that nearly 5 Hare bound upon unfolding to the U s;rrounding the histidines were unstructured, repulsive
state, the number of Hoound upon thermal unfolding was  interactions between basic groups that are neighbors in
only 0.7. The DSC data show that the transition between sequence could not account for the depressedrplues of
the native and the heat-denatured state proceeds withouhjstidines in the D state of SNase. In the compact D state,
normalization of |, values, consistent with a transition he gistances between charged atoms would presumably be
between the native and a very compact denatured state withsmaj| enough for electrostatic interactions to be significant.
nativelike and substantially depressekipalues. In this sense, the presence of substantial electrostatic
The pH dependence of stability of SNase between pH 9 interactions in the D state is consistent with the structured
and pH 5 is probably determined by the five groups most and compact character of this state deduced by the extensive
likely to titrate in this pH range: His-8, His-46, His-121, NMR and mutagenic studies by Shortle and co-work&6és (
His-124, and the N-terminus. The N-terminus is disorganized 19) and more directly by measurements of hydrodynamic
in the crystal structure. It is probably safe to assume that its radii of the denatured ensembl&y( 17).
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The stability curves in Figure 5, panel A, constitute a map tion by favorable electrostatic interactions between acidic
of the pH dependence of the Gibbs free energy differencesand basic groups, which favor compactness, or by other types
between N, D, and U states of SNase. According to theseof noncovalent interactions that also favor the compact state
data, the stability of the D state relative to U is significantly and which are only disrupted when high ldoncentrations
pH-sensitive. Note that while the free energy distance shift the equilibrium between conformational states in favor
between N and U in the region near pH 5 and pH 4 is still of a D state with higher M affinity (i.e., a D state in which
twice that between N to D, the two stability curves converge the K, values of acidic residues are normalized). On the
as the pH nears the pH where acid denaturation wasbasis of the demonstrated urea-dependence of the dimensions
observed. At pH< 4.5, the difference in free energy distance of the D state at pH 71(7), it is likely that before it expands
between D and U is close to thermal energy. As noted earlier,near pH 5, the D state actually contracts as the pH drops
the H' binding properties of the MJstate and of the U state  from 9 to 5 because acidification lowers the concentration
are very similar (Figure 1, panel B). By extension, there are of urea needed to denature the proteii) (

substantial differences in thetbinding properties of the Electrostatic interactions cannot contribute to the stability
U, states achieved in acid and the D state achieved in ureaof the N state of proteins when the electrostatic interactions
or with heat at pH> 5. However, in terms of their H in the D state are similar to those of the N state. However,
titration properties, the D state that is populated atp#3 the modulation of compactness of the D state through

begins to resemble thestate. Acid denaturation would  electrostatic interactions could have important implications
not occur unless there were substantial differences inkhe p for the stability of thermostable proteins at high temperatures.
values of acidic residues in N anch Wtates. At pH< 5, the The dielectric constant of water decreases with increasing
character of the D state changes toward a state in which Glutemperature; therefore, electrostatic interactions become
and Asp residues titrate withKp similar to those of model  stronger at high temperatures. If the D state were pliable,
compounds, and this is the source of the steep decrease istrengthening of the electrostatic interactions could in turn
AG).,and AG’ below pH 5. alter the amount of surface area exposed to water during the
transition from N to D. This could affecAC, and conse-
quently also the temperature dependencA&@f. Proteins
from thermophilic organisms are known to have a higher
number of charged residues than their mesophilic counter-
parts. Most discussions on the significance of the higher
charge density of thermophilic proteins have focused on
putative contributions by ion pairs to the stability of the N
state. The findings of this study suggest that the electrostatic

The idea that the thermodynamic properties of the D state
change at pH< 5 is consistent with the structural interpreta-
tion given by Pace and co-workers to the increasa ialues
with decreasing pH found for several proteit4,(12). This
dependence ahvalues on pH has been interpreted in terms
of an expansion of the D state driven by the repulsive
interactions that accrue concomitant with neutralization of
acidic residuesi(l, 12). It has _been pointed out previously contributions to thermostability could operate at the level of
that them value of denaturation of SNase reflects factors

. the denatured ensemble.
other than the amount of surface area that is exposed to
solvent upon denaturatiod 7). Note, however, that the pH SUMMARY
dependence of thm values of urea denaturation of SNase
follow the trend observed for other proteins (Figure 5, panel
B). mvalues increase from 2.28 kcal mbM ! at pH 9, to
4.15 kcal mot! M~! near phhig. The increase im values
with decreasing pH mirrors the pH dependenceA&.,,
The increase im values at pH< 5 correlates with a shift
in the thermodynamic properties of the D state toward a state
in which the K, values of acidic residues are normalized.
_Normali_zation of Ka Va'.“e_s implies a Ios_s of eleCtTOStaﬂC the pH dependence of stability obtained with two different
interactions between acidic and basic residues, which Wouldequilibrium thermodynamic methods was interpreted as

be the expected consequence of an expansion of the D Stateevidence of substantial electrostatic interactions in the D

In all previous studies of electrostatic interactions in D state, thought to result from its high charge density coupled
states, the interactions that were detected were, on averagep its compact character. The data at hand are not sufficient
stabilizing (i.e., depressedpvalues of acidic residues). In  to explain how electrostatic interactions influence the
contrast, in the case of SNase the electrostatic interactionsstructure and compactness of the D state. Third, these studies
in the D state evidenced by the differences in the pH provide significant insight about the magnitude of electro-
dependence cAGy, and of AG),,andAG/in the pH range  static interactions in the N state. These interactions are
4.5 to 9 are primarily the repulsive interactions between actually quite substantial, but they are also strong in the D
histidines and the other basic residues. The presence of thesstate, thus the apparent lack of a significant contribution by
repulsive interactions suggests that despite the greaterelectrostatics to the stability of SNase. The data suggest that
plasticity and conformational pliability of the D state as in an earlier study, the inability to rationalize the effects of
compared to the N state, it is not free to relieve these mutations of ionizable groups in SNase stemmed partly from
repulsions through a conformational transition. The electro- the invalid assumption that all electrostatic effects are
static interactions responsible for the pH dependence ofannulled in the D state4@). Fourth, in this study we have
stability in the pH range 4.5 to 9 are a consequence ratherdemonstrated how the thermodynamic character of the
than a cause of compactness. Presumably, the D state remainsompact D state of SNase can be accessed through the study
compact despite these repulsive forces because of compensaf proton-linked stability and H titration curves. The

The significance and implications of these thermodynamic
studies are the following. First, the pH dependence of
stability of the D state relative to the U state where all
electrostatic effects are annulled was obtained by comparing
the free energy difference between N and D states measured
by fluorescence-monitored denaturation with the free energy
difference between N and U states calculated by numerical
integration of H titration curves. Second, the difference in
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experimental approach outlined in this study will be useful

to study the molecular determinants of compactness. Finally,
one of the reasons that site-directed mutagenesis has not lived

up to its promise as a tool to explore quantitatively the

contributions by specific residues or noncovalent interactions 1g.

to the structure, folding, and stability of proteins is that the

effects of mutations on conformation and on thermodynamic 19.
properties cannot be assessed independently for the N and 20-
D states. The ability to reference the stability of both N and
D states of SNase relative to the U state, a state whose 55
thermodynamic character can be accessed by measuremenbs,

of its H* binding properties, will improve our ability to

rationalize the effects of mutations in terms of structural and
thermodynamic consequences in both native and denatured 24.

states.
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