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ABSTRACT. We have characterized the guanidine-induced unfolding of both yeast and bovine ubiquitin at
25 °C and in the acidic pH range on the basis of fluorescence and circular dichroism measurements.
Unfolding Gibbs energy changes calculated by linear extrapolation from high guanidine unfolding data
are found to depend very weakly on pH. A simple explanation for this result involves the two following
assumptions: (1) charged atoms of ionizable groups are exposed to the solvent in native ubiquitin (as
supported by accessible surface area calculations), and Gibbs energy contributions associated with charge
desolvation upon folding (a source dfhifts) are small; (2) chargecharge interactions (another source

of pK shifts upon folding) are screened out in concentrated guanidinium chloride solutions. We have also
characterized the thermal unfolding of both proteins using differential scanning calorimetry. Unfolding
Gibbs energy changes calculated from the calorimetric data do depend strongly on pH, a result that we
attribute to the pH dependence of chargbarge interactions (not eliminated in the absence of guanidine).

In fact, we find good agreement between the difference between the two series of experimental unfolding
Gibbs energy changes (determined from high guanidine unfolding data by linear extrapolation and from
thermal denaturation data in the absence of guanidine) and the theoretical estimates of the contribution
from charge-charge interactions to the Gibbs energy change for ubiquitin unfolding obtained by using
the solvent-accessibility-corrected Tanfet§irkwood model, together with the Bashford&arplus
(reduced-set-of-sites) approximation. This contribution is found to be stabilizing at neutral pH, because
most charged groups on the native protein interact mainly with groups of the opposite charge, a fact that,
together with the absence of large charge-desolvation contributions, may explain the high stability of
ubiquitin at neutral pH. In general, our analysis suggests the possibility of enhancing protein thermal
stability by adequately redesigning the distribution of solvent-exposed, charged residues on the native
protein surface.

The thermodynamic stability of proteins is commonly der Waals interactions, conformational entropy; see refs
described by the unfolding Gibbs energy versus temperature3—8). As an obvious consequence of this, even minor
profile, the so-called protein stability curvé, (2). It is a contributions to the unfolding Gibbs energy are important
well-known fact that Gibbs energy changes of unfolding are regarding protein stability. Thus, for instance, electrostatic
small numbers, resulting from the cancellation of large contributions to unfolding Gibbs energies due to the interac-
contributions arising from the major “forces” that drive or tions between the charges on ionizable groups are comparable
oppose folding (hydrophobic effect, hydrogen bonding, van to the total unfolding Gibbs energ9,(10); therefore, these
electrostatic interactions might play a key role in determining
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thermodynamic stability curve, which can be derived from  Differential scanning calorimetry experiments were per-
experimental thermal unfolding data by using a straightfor- formed using a VP-DSC microcalorimeter from MicroCal
ward two-state analysis. (3) Accessible surface area calcula-or a DS-93 calorimeter (John Hopkins University). The
tions show that the charged atoms of ionizable groups aresamples were degassed at room temperature prior to calo-
highly exposed to the solvent in native ubiquitin [in fact, all rimetric experiments. Calorimetric cells (operating volume
ionizable groups in ubiquitin belong to class Ill in the ~0.5 mL) were kept under an excess pressure of 30 psi to
classification of Rashin and Honid §)]; this suggests that  prevent degassing during the scan. The scan rate was always
the Gibbs energy contributions associated with the changel.5 K/min, and, in most cases, the protein concentrations in
of the environment of charges upon folding (“desolvation” the solutions used in the calorimetric experiments were in
contributions: ref9) can be neglected, at least as a first the range +2 mg/mL. Further experimental details regarding
approximation, thus allowing us to focus on the charge the DSC experiments and the calorimetric data analysis can
charge interactions, a point of view which will be supported be found elsewherelp). Far-UV circular dichroism (CD)
to some extent by the experimental results reported in this spectra of ubiquitin from 260 to 200 nm were collected at
work. (4) Ubiquitin is very stable at neutral pH, the dena- 25 °C on a Jasco J-20 spectropolarimeter using rectangular
turation temperature being around or higher thanID(L4); quartz cells with 1 mm path length as describ28)(Protein
however, the thermal stability of ubiquitin depends strongly concentrations used in CD experiments were on the order
on pH, which suggests that electrostatic factors may play aof 0.1 mg/mL. The fluorescence of the protein was measured
prominent role in the high stability observed at neutral pH. by using Perkin-Elmer LS-5 or LS50B instruments, with
In this work we will investigate the electrostatic contribu- excitation and emission wavelengths of 279 and 310 nm,
tions to ubiquitin thermal stability using experimental as well respectively. Protein concentrations used in fluorescence
as theoretical approaches. On the experimental side, we willmeasurements were about 0.04 mg/mL.
explore our previous suggestiohdj and estimate contribu- NMR experiments were carried out using a 500 MHz
tions due to chargecharge interactions from the comparison VARIAN UNITY plus instrument. Protein was dissolved in
between the unfolding Gibbs energy values derived from 10 mM phosphate buffer in @, pH 8.4, and, subsequently,
guanidine-induced denaturation studies by using the linearthe pH was adjusted by addition of a solution of DCI ig@»D
extrapolation method (LEM)and those obtained from the (the pH was calculated by adding 0.4 to the pH-meter
analysis of differential scanning calorimetry (DSC) thermo- reading). The final protein concentration was 300. TMS
grams corresponding to the thermal denaturation of thein D,O was used as standard for chemical shifts. Monodi-
protein. These experimental studies will be carried out as amensionallH NMR spectra were obtained at 2&, using
function of pH with two forms of ubiquitin that differ in  the sequence PRESAT, with a spectral width of 8000 Hz
three nonionizable amino acids and which have essentiallyand a pulse angle of 90Spectra were obtained at several
the same structure: bovine and yeast ubiquiir).(Guani- pH values within the range-28, and the chemical shift of
dine-induced denaturation experiments will be based onthe G—H in His-68 was assigned on the basis of previous
circular dichroism and fluorescence measurements. On thework (24, 25). The chemical shift versus pH profile could
theoretical side, we will estimate the energies associated withbe analyzed in terms of an ideal titration curve, and from
charge-charge interactions on the basis of the solvent- this analysis, a g value of 5.924+ 0.02 was obtained for

accessibility-corrected, Tanfor&irkwood model (8, 19), His-68.
together with the BashforeKarplus (“reduced-set-of-sites”) Analyses of experimental data were carried out using
approximation 20). programs written in the MLAB environment (Civilized

Software Inc.). Accessible surface area (ASA) calculations

MATERIALS AND METHODS were performed using the ShrakBupley algorithm 26)
Ubiquitin from bovine blood was purchased from Sigma, with a radius of 1.4 A for the solvent probe and the Chothia

and guanidinium chloride was ultrapure grade from Pierce. set for the protein atomsT).

Both were used without further purification. Yeast ubiquitin ~ Electrostatic calculations based on the Tanfefitkwood

was overexpressed B. coliand purified as described4). model (8, 19), together with the BashforeKarplus ap-

Deionized water was used throughout. proximation for fractional protonation calculatio?d), were
Agueous stock solutions of ubiquitin were prepared by carried out using programs written by us. The calculation

exhaustive dialysis at 4C against 10 mM sodium acetate procedure (which will be subsequently referred to simply as

buffer (for pHs within the range 3:54.5) or 10 mM glycine  the “TK-BK procedure”) is briefly described below.

(for pHs within the range 1:53.5). Protein concentrations The interaction energies between unit positive charges

were determined spectrophotometrically using an extinction placed in the protonation sites of ionizable groundj

coefficient of 0.149 mg!-mL-cm™* calculated according to ~ were calculated as

Gill and von Hippel 21). Stock solutions 98 M guanidinium

chloride in acetate or glycine buffers were prepared by 2 A —B G S

mixing two guanidine solutions in the acidic and basic forms B = 2  2a (1 SA)

of the buffer used, so that the desired pH was obtained.

Ubiquitin solutions at different guanidine concentrations were wheree is the unit charged;, Bj andC; (defined by Tanford

prepared by mixing appropriate volumes of the dialysis and Kirkwood: refl8) are functions of the positions of the

buffer, and stock solutions of the proteinda® M guanidine. charges, the dielectric constants of the protein and solvent,

Guanidine concentrations were determined from refraction and (in the case of;) the ionic strength, ant stands for

index measurement2?) using an Atago R 5000 hand the radius of the sphere representing the protein, but solvent

refractometer. ions cannot penetrate a larger sphere of radiug our

1)
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calculations, we have taken= b + 1.4 (1.4 A being the The fractional protonation on groupn the native protein
mean of the radii of the cation and anion for a typical salt: (6;), the chargecharge interaction energy between two
NaCl), andb was derived from the volume of the protein ionizable groupsiV;0), and the total chargecharge interac-
(calculated from the molecular mass using a typical value tion energy in the native proteinW,-,0) are averages over
for the specific volume: 0.72 mL/g). Finally, $4s the mean all protonation states. For instance, the latter quantity is given
of the accessibilities to solvent for groupsand j. The by
accessibility of a group was calculated as the ratio between 0 g 1
the side-chain ASA values of the group in the native protein _
and in a Gly-X-Gly tripeptide in which the conformation of ~ VVa-q-— 21> EEii (@ +x)(q; + %)|enC0) = Ez ;0
the side chain was the same as in the native protein. In most A= ()
calculations, we employed 78.5 and 4 as values for the . ) . .
dielectric constants of solvent and the protein, respectively; Eduations 3 and 4 refer to the native protein. It will be
however, calculations with other values for the protein assumed in this work that ionizable groups in native ubiquitin
dielectric constant were also performed and will be described@re¢ exposed to the solvent and that the chamerge
further below. In all calculations, charges were assumed to interaction is the main factor responsible for the different
be placed on the protein surface. behayior of_ ioni;ab_le groups in the nqtivg ar)d unfolded
To calculate the fractional protonations of ionizable groups Proteins (a justification for this assumption is given further
and other quantities of interest, we have followed the general P€low). Accordingly, we assume that the intrinsiC palues
approach described by Bashford and Karpl@§).( This are equal to the mo_del compqund values for both the native
approach is briefly outlined here, since some of the equations@nd unfolded protein, and write for the unfolded protein:
and definitions involved will be required for subsequent n
dlscus§|or_15 in this paper, as well as fpr t_he t_heoret|cal AGy(y) = —RT(In 10) Z(qi + %) PKip (6)
analysis given in the Appendix. For a protein witionizable =
groups, there are"protonation states, which are represented
by the 2 values of the protonation vectgr(a vector whose which is similar to eq 2, the only difference being that the
elementsy;, are 0 or 1, depending on the protonation state charge-charge interaction term is not included here. [The
of the corresponding groups). The Gibbs energy of a given values we have used for the model compouKd/plues are

n

protonation state in the native protein is the same as those employed by the program TITR#.[
Then, the fraction of unfolded protein present as a given
n protonation stateof,(y)] and the protonation partition func-
AG\(x) = —RT(In 10) ) (q; + X)pK; + tion of the unfolded proteinZ,) can be calculated as

i= indicated by eqgs 3 and 4, but usiddgsy (eq 6) instead of
17 AGy (eq 2). Finally, since the neutral forms of the native
- (@ +x)(G+%) (2 and unfolded protein are taken as reference levels for the
2if=1 partition functionsZy andZ, (respectively), the contribution

) . from charge-charge interactions to the unfolding Gibbs
whereq is the charge of groupin the unprotonated state energy is 9)

and Ki; (the intrinsic [K) is the K of groupi if all other

groups had zero charge. Equation 2 seems to differ somewhat U

from eq 3 in the work of Bashford and KarplugQj. The AG; = —RTIn 7 (7)
difference, however, is just a matter of the reference level N

chosen; thus, according to our equatidi@n(y) = 0 when The application of the above equations involves summa-

the charges of all ionizable groups are set to zero (when tions over 2 protonation states, a task that may become
+ x = 0 for alli). That is, we are taking the protein in the jmpossible, even for moderate values of We have,
neutral state (with all ionizable groups in their uncharged therefore, used the Bashferéarplus, “reduced-set-of-sites”
form) as the reference state for Gibbs energy calculations. gpproximation 20), with upper and lower limits for the
The fraction of native protein that is present as a given fractional protonations of 0.999 and 0.001, respectively. Since
protonation state is given by our calculations were carried out for p&7, our choice of
limits simply implied that lysines, arginines, and Tyr-59 were
1 AG\() always fixed in the protonated forms and that most calcula-
a0 = Z_N X~ —RT v()(In 10)pH  (3) tions took into account all values of a protonation subvector
representing all carboxylic acid groups and His-68.

with v(x)_the number of protonated ipnizable_ groups in that RESULTS AND DISCUSSION
protonation state andy the protonation partition function
of the native protein: Guanidine-Induced Denaturation of Ubiquitin Studied by
Fluorescence MeasurementSigure 1 shows profiles of
fluorescence intensity versus denaturant concentration for the
4) guanidine-induced unfolding of bovine ubiquitin at 26
and at several pHs in the range +4.3. All profiles appear
to be biphasic, showing a major transition centered around
where the sum is over thé 2alues of the protonation vector 4 M guanidine and what would seem to be a minor transition
X at very low guanidine concentrations. A detailed analysis

AGN()
Zy=) exg- e v(x)(In 10)pH

X
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and high-pH limits of the fluorescence value. The calculated

pK* values (see Figure 2) change abruptly at low guanidine
ol concentrations, a result that appears to be a nonspecific salt
s effect on the K of the group responsible for quenching, since
o we have obtained very similar results with sodium chloride
g 225 (results not shown).
2 2.85 Itis clear now that the low guanidine “transition” observed
~§ 336 in Figure 1 does not reflect an unfolding event, but it is result
k) 378 of the strong salt concentration dependencekf at low
- 426 guanidine concentration. Thus, at a given pH, the population
of the quenching form of the amino acid (deprotonated
carboxylate, most likely) and, consequently, the tyrosine
fluorescence change abruptly with denaturant concentration.
o 2 4 & 3 1'0 Accor_dingly, in our analysjs of the profiles of Figure 1, we
have included the sharp increase in fluorescence observed
cM) at low guanidine concentration in the fluorescence base line

Ficure 1: Profiles of fluorescence intensity versus denaturant corresponding to the native state. The profiles of fluorescence
concentration for the guanidine-induced unfolding of bovine intensity versus guanidine concentration have been analyzed

ubiquitin at 25°C and at different pH values. The continuous lines ; ) .
represent the best nonlinear, least-squares fits of eq 9 (togetherwithaCCOrdIng to the two-state equation:

egs 10 and 11) to the experimental data. The profiles have been
displaced in the vertical axis for the sake of clarity. _ Iy + Ip explm, ,(C — Cy)/RT] )
1+ explm,,(C — C,)/RT]
[ ]
Teoe °* * whereC,,; is the guanidine concentratio) at which the

unfolding Gibbs AG) energy is zeromy, is the slope of
AG versusC at theC,, concentration, and the fluorescence
intensity values for the native and denatured statesitd

Ip in eq 9) are given by

lb=a+bxC (10)

1 (arbitrary units)

Iy=d+ (f+ g x C) exp(~hC) (11)

That is, we have assumed a linear dependentg with C,
while in the case ofy, we have included an exponential
dependence in order to account phenomenologically for the
é 3 "‘ 5 ; sharp increase in fluorescence observed at low guanidine
concentration. Fittings of eq 9 (together with eqs 10 and 11)

pH to the experimental fluorescence data were always excellent
Ficure 2: Profiles of fluorescence intensity versus pH for bovine (see Figure 1), and the values®f,, My, andAGy, derived
ubiquitin at 25°C. The different profiles correspond to different .0 these fittings are shown in Figure 3.

guanidine concentrations®, O M; ©, 0.23 M. M, 0.49 M;1J, 0.98 Guanidine-Induced Denaturation of Ubiquitin Studied by

M; a, 1.98; A, 2.76 M. The continuous lines represent the best . ) . N
nonlinear, least-squares fits of eq 8 to the experimental data. FromCircular Dichroism.Profiles of ellipticity at 222 nm versus

these fits, values of K (the pK of a hypothetical single group  denaturant concentration for the guanidine-induced denatur-
responsible for the pH-dependent quenching of Tyr-59 fluorescence) ation of ubiquitin at 25°C were obtained at pHs 2, 3, and 4
were obtained, thesekp values are plotted versus guanidine ¢ the hovine protein, and at pHs 2, 3, 4, and 5.5 for the
concentration in the inset. . X . .
protein from yeast. These profiles (Figure 4) showed a single
(described below) shows, however, that the minor “transi- transition, and no cooperative change in ellipticity was
tion” is not due to an unfolding process. detected at low denaturant concentration, thus confirming
Ubiquitin fluorescence is due to tyrosine-59 and depends that the low guanidine “transition” seen in the fluorescence
strongly on pH, a fact that has been explained in terms of profiles (Figure 1) is not due to an unfolding event. Ellipticity
guenching by the deprotonated form of a nearby carboxylic versus denaturant concentration profiles were analyzed on
acid group 29). Figure 2 shows the profiles of tyrosine the basis of the two-state model, but since the experimental

fluorescence intensity versus pH for several guanidine uncertainty associated with each data value seems in this

concentrations. We have analyzed these profiles by usingcase to be significant in comparison to the amplitude of the
the equation: unfolding transition (see Figure 4), we deemed it convenient

to carry out a global analysis of the several profiles
|, + 15100°€ P corresponding to different pH values. Thus, the two-state
BTN (8) equation for the ellipticity at 222 nm was written as

0\ + 0 exp[—(AG,(pH) — m,C)/R
where [K* is the K value of the group responsible for the g, = -2 PL=(AGw(PH) — My C)/RT]
fluorescence quenching amgandlg stand for the low-pH 1+ exp[-(AGy,(pH) — m;,,C)/RT]

(12)
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where pHktis a reference pH valu&Gw ¢ is the unfolding
41 A ﬂ Gibbs energy at zero denaturant concentration and at the
st ¢ reference pH, andwv is the number of protons taken from
5L % ) %» the solvent upon protein unfolding. The use of a linear pH
5 dependence (that is, the use of a pH-independentalue)
is in this case justified by our analysis of the fluorescence
unfolding curves of Figure 1, which indicates th&®y for
{ ubiquitin, as obtained from guanidine-induced unfolding data
nl § ﬁ § by linear extrapolation, barely changes with pH within
experimental uncertainty (Figure 3).

CipM)

For each protein (bovine or yeast ubiquitin), global,
{ nonlinear least-squares fittings of eq 12 (together with eqs
% ig 13—15) to the several unfolding profiles were carried out
§ imposing that the values &Gy et andAv must be the same
L L L for all profiles, while each profile was allowed to have its
1 23 4 5 6 own native and unfolded base line&(and 6p of eqgs 13
pH and 14) and its ownmy, value. These global fits were
FiGure 3: Thermodynamic parameters of unfolding for yeast excellent (see, for instance, the several profiles for the yeast
ubiquitin (open symbols) and bovine ubiquitin (filled symbols), as gIJrotein in Figure 4), and the unfolding parameters derived
.

MGy, (Vmol ey mor e

determined from guanidine-induced denaturation experiments. Thes P
experiments were based on circular dichroism measurements in th om them are shown in Figure 3.
case of the yeast protein and on fluorescence (circles) and circular  General Comments on the Values for the Ubiquitin
dichroism (squares) measurements in the case of bovine Ub'_qu't'n-UnfoIding Parameters Dered from Guanidine-Induced
Note thﬁt tlheﬁGW valuesl shown mﬁhlg figure have been obtained Denaturation DataThe values oAGy (linear extrapolation)
using the linear extrapolation method. N SN !

g P Ci2, and myy, derived from guanidine-induced unfolding

3 profiles are summarized in Figure 3. Several points are worth
-0.003 -pH 2.0 emphasizing: (1) There is an excellent agreement between
-0.006 the data for bovine ubiquitin obtained from fluorescence and
F circular dichroism profiles. (2) Stabilityas characterized
-0.009 F ‘ . . . by guanidine-induced denaturatiorshows a very weak

dependence on pH within the studied pH range; thus, both
Ci2 and AGy obtained by linear extrapolation change little
with pH. This appears to be an unusual result since, for other
proteins, theAGy values determined from guanidine-induced
denaturation do seem to depend significantly on g6).(

An explanation for the lack of strong pH dependence found

-0.003

-0.006

-0.003

Ellipticity 277 (degrees)

0.006 & with ubiquitin will be proposed further below. (3) Ubiquitin
-0.009 from yeast is less stable than bovine ubiquitin, as shown by
L L L lower Cy, and AGy values. (4) There is agreement within
-0.003 [ PHS.5 experimental uncertainty, however, betweenrthg values
-0.006 F determined for both proteins. (5) Thmy, value seems to
0009 | increase as the pH is lowered.n,, values are interpreted
: . , . in terms of unfolding changes in accessible surface &Ba (
0 2 4 6 8 a possible explanation for this pH dependence could be that

C (M) the denatured state becomes more accessible to the denaturant
Ficure 4: Profiles of ellipticity versus denaturant concentration as the pH is Iowereq, as a result Of.t.he expansics0) (
for the guanidine-induced unfolding of yeast ubiquitin at Z5 caused by the repulsion between positives charges. Another
and at the pHs shown. Each experimental value shown is the plausible explanation could be that, since guanidine is a salt,
average of three measurements. The lines represent the best globads interaction with proteins may depend not only on the
fit of eq 12 (together with eqs 1315) to all the experimental  4ccessible surface area but also on the number and sign of
profiles (see text for details). S
the charges exposed. On the other hand, an explanation in

with linear denaturant concentration dependencies for theterms of the potential nonlinearity of thAG versusC

native and unfolded state ellipticities: dependence is not plausible in this case, since, for each
protein, the differentmy, values in Figure 3 correspond to
Oy = o + BNC (13) practically the same guanidine concentration @hevalues).
Finally, whichever physical factor is responsible for the pH
0p = ap + BpC (14) dependence afy,, it is also likely to be responsible for the

~ pH dependence of the linear extrapolatid@, values; we
And we assumed that the pH dependence of the unfoldingnote again, however, that the latter dependence is weak and
Gibbs energy at zero denaturant concentration is linear:  certainly minor when compared with the pH dependence of

the AGy values determined from differential scanning
AGW(pH) = AGW,ref + (ln 1O)RTAV(pH B pHref) (15) calorimetry (See below).
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model; excellent fits were obtained in all cases (see, for
instance, Figure 5). The values for the denaturation temper-
ature and the unfolding enthalpy derived from the two-state
analysis are shown in Figure 6. It must be noted thafTthe
and AH values for bovine ubiquitin are in good agreement
with those previously determined by Wintrode et dl3)(
under the same solvent conditions and that the plotstbf
versus temperature are nonlinear for both proteins, reflecting
temperature-dependent heat capacity changes for unfolding
(13). Also, the lower stability of the yeast protein is apparent
in the denaturation temperature values.

Unfolding Gibbs energies at 28C were calculated by
direct integration of the GibbsHelmholtz equation:

5 kJ’K " mol™

Heat capacity

20 40 60 80 100 120

Temperature (°C) 298AH

FIGURES: Representative DSC profile and two-state fit for ubiquitin AGy, = —298 Tm ? ar (16)

unfolding under the conditions employed in this work. The

experimental datad) were obtained with bovine ubiquitin in 10 . .

mM glycine buffer, pH 3. Protein concentration was 1.4 mg/mL, Where the temperature dependencies of the unfolding en-
and the scanning rate was 1.5 K/min. The line represents the besthalpies were described by the second-order polynofnials
fit of the two-state model to the data. See Ibarra-Molero etld®). ( that fit the experimenta\H versusT data (see Figure 6).

for further details on DSC data analysis. The resultingAGy versus pH data are shown in Figure 7.

100 Effect of Guanidine on the Thermal Denaturation and
Stability of Baine Ubiquitin at pH 2 As Studied by DSC.
oF . We have carried out DSC experiments on the thermal
. s0f o o unfolding of bovine ubiquitin at pH 2 and in the presence
g ok ' . ° of several guanidine concentrations within the ranget0
& .o
60 1 o© 2 Second-order polynomials are required here, since the platéiof
ok o vs T are clearly nonlinear (Figure 6). This nonlinearity reflects a
5 o © temperature-dependent unfolding heat capacity change, as previously
40 ) A A reported by Wintrode et al1@) and as suggested by the native and
2 3 4 unfolded base lines of our DSC thermograms (see, for instance, Figure
pH 5). In fact, theAC, values calculated as\dH/dT from the dependencies

shown in Figure 6 are in good agreement (better thanhaii-K 1)
with the values determined by extrapolating to fhethe native an

300 b unfolded base lines of our DSC experiments. Obviously, the calculation
of AGw described in the text takes into account the temperature

. 2 dependence oAC, as given by the (nonlinear) experimente vs T
S 2801 . profiles, a procedure which involves an assumption: the temperature
E 5 dependence oAH given by the second-order polynomial that fits the
= 200 | experimental data iassumedo hold outside the temperature range in
T which experimental\H values are available. We also calculateGy
< values at 25C from the individual DSC profiles on the basis of

150 |

298 AH(T,) 206AC,
ol AGy, = AH(T,) + [ "AC,dT 298[ Tt Ji T
40 50 60 70 80 90 100

o using theAC, vs T dependence given in Table 3 of Wintrode et al.
Tm (°C) (13), which was calculated by these authassumingthat the heat
FiGUre 6: Profiles of denaturation temperature versus pH (upper €apacity of the unfolded state is equal to the theoretical value derived
panel) and unfolding enthalpy versus denaturation temperatureT0m model-compound heat capacities. Th&y values obtained in
(lower panel) for yeast ubiquitin (open symbols) and bovine tms mf%”“F?r (res7ul(ts not shg_vf\;n) werebln good ﬁgreemen_t W't? g‘gée
P shown in Figure 7 (average difference between the two series of * -
gg;g‘jl'g?e d(Cflrc'z)srﬁdthseynt?/\?c?l:t)ét-erh;n;ilsgg %PDVSgee?(phear\i/rﬁetr)ﬁseT)er values” was 1.3 kJ/mol). Finally, the situation is somewhat different
- S . T f he A | h in Fi . We incl h
formed as part of the present work,(yeast ubiquitin, bovine or the AG values shown in Figure 8. We include there data

A h ’ .~ . corresponding to different guanidine concentrations, and reliable
ubiquitin), but we have also included the data on bovine ubiquitin  tormation about the temperature dependence\6f, in guanidine

(®) previously reported by Wintrode et all3). The lines shown — sqjutions is not available. Therefore, we used conste®yi-Gibbs—
in the lower panel represent the best fit of second-order polynomials Hemholtz extrapolation (with the averag€, values from all the DSC
to the AH versusT, data. experiments in guanidine solutions: 3.260.80 kimol--K~?) to
calculateAG values in the presence of guanidine and, for the sake of
Thermal Denaturation of Ubiquitin in the Absence of consistency, also for th&Gy, value (AG value 40 M guanidine) given
Guanidine As Studied by Differential Scanning Calorimetry. in Figure 8. As a result, there is a small difference (about 3 kJ/mol)

. . . . . between theAGy values (derived from DSC) for bovine ubiquitin
Differential scanning calorimetry (DSC) experiments were unfolding at pH 2 shown in Figures 7 and 8. A similar small difference

carried for both the bovine and the yeast protein, in the petweenAGy values obtained by constaAtS, and nonconstamC,
absence of guanidine and at several pHs in the range 2 extrapolation was recently reported for HEW lysozyme (see Figure 5

it ; ; e in referencel0). We believe that these small discrepancies simply reflect
(additional experiments in the presence of guanidine were the unavoidable uncertainty associated with Gibldemholtz extrapo-

performed with the bovine protein). The DSC transitions |ation. The uncertainty is, nevertheless, fairly small and does not affect
were analyzed on the basis of the two-state equilibrium any of the general results and conclusions of the present work.
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Ficure 7: Profiles of unfolding Gibbs energy versus pH at’Zs
for yeast ubiquitin (lower panel) and bovine ubiquitin (upper panel). Ficure 8: Upper panel: Examples of DSC profiles for the
Closed symbols represent tGy, values calculated from DSC  unfolding of bovine ubiquitin at pH 2 and in the presence of several
experiments; in the upper panel, the closed squares represent thguanidine concentrations (the numbers alongside the profiles in the
data obtained in this work, and the close circles are the data figure) showing evidence of both heat and cold denaturation
previously reported by Wintrode et all3) under the same buffer  transitions. The profiles have been displaced in the vertical axis
conditions. Open symbols are th&Gy values calculated from  for the sake of clarity. The symbols are the experimental heat
guanidine-induced unfolding profiles (open squares, circular dichro- capacity data, and the continuous lines represent the best fits of
ism profiles; open circles, fluorescence profiles). Lines do not carry the two-state model; see lbarra-Molero et d5)(for details on
any meaning, but are drawn to guide the eye. the data analysis procedure; the complete peak due to cold
denaturation is shown for illustration purposes only. Lower panel:

. . . Profile of unfolding Gibbs energy versus guanidine concentration

M (see Figure 8). Evidence of cold denaturation is apparent for bovine ubiquitin at pH 2; the\G values were obtained from

in the thermograms corresponding to the higher guanidine two-state analyses of DSC thermograms, such as those shown in
concentrations employed. We have recently reported andthe upper panel. The straight line is the best linear fit toAl@
discussed X5) ubiquitin cold denaturation in the presence Vvalues aboe 1 M guanidine.
of guanidine (although not at pH 2). Here, we just wish to
comment on the unfoldindG versus guanidine concentra-
tion profile obtained from the thermograms in the upper pane A ) )
of Figure 8 (see ref5for details on the data analysis). This suggest the following mterpretgnop for these resglts. )
AG vs C profile is shown in the lower panel of Figure 8 (1) The charged atoms of ionizable groups in native
and demonstrates clearly that the guanidine concentrationuPiquitin are largely exposed to the solvent [accessible
dependence of the unfoldingG is linear to a very good surfaqg area calculations show that all _|9n|;able groups in
approximation within the range<#4 M and that deviations ubiquitin _belong to class Il in the clas§|f|cat|on o.f Rashin
from linearity only occur bely 1 M guanidine approximately ~ and Honig (6)]; as a result, desolvation penalties upon
(see refsl4 and32 for an interpretation of these deviations folding may perhaps be neglected as a first approximation,
in terms of anion interactions with the positively charged @nd the electrostatic contribution to the unfolding Gibbs
protein). Similar results have been previously described with €Nergy is mostly associated with the chargbarge interac-
HEW lysozyme 10) and thioredoxin 33). Of course, it tions (see ref® ande fOIj a d|scu33|on.on dgsolvanon qnd
would have been of interest to obtain thé& vs C profile at charge-charge contributions to unfolding Gibbs energies).
a pH value near the isoelectric point, since our data (see (2) These chargecharge interactions are eliminated in
below) suggest a clear positive deviation from linearity in high guanidine concentration, due again to the large degree
this case; DSC experiments near the isoelectric pH are,0f exposure to solvent of the charged atoms in the native
however, problematic due to the very high stability of protein, together with the salt character of the denaturant.
ubiquitin under these conditions. Note, however, that guanidine could be expected to be more
General Comments on the Difference between the Stabilityeffective than most salts at eliminating chargharge
of Ubiquitin Determined from DSC and the Stability Deter- interactions, because the “screening effect” may be enhanced
mined from Guanidine-Induced Denaturation Using Linear by the binding of guanidinium ions to the protein surface
Extrapolation. It is clear that the stability of ubiquitiras ~ (34) and, at acidic pH, by the binding of chloride iorfs.
determined by differential scanning calorimetiy affected (3) AGy values determined from guanidine denaturation
by pH, as is demonstrated by the strong pH dependenciesdata by linear extrapolation from high guanidine concentra-
of both T, andAGy,. This contrasts sharply with the stability tion do not contain the contribution from the chargdharge
as determined from guanidine-induced denaturatighich interactions and are expected to show only a weak pH
shows only a weak pH dependence. Furthermore, the dif-dependence, since we have assumed that chatgeage

C (M)

ference between the twiG,y, versus pH profiles (see Figure
| 7) appears to change sign at about pH-315We tentatively
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interactions (one source ofKpshifts upon folding) are
screened out in concentrated guanidine and that desolvation
contributions (other source oKpshifts) are negligible for
ubiquitin. [Accordingly, the fact that, for other proteins, the
AGy, values determined from guanidine-induced denaturation
do seem to depend significantly on pBOf could be taken

as evidence that Gibbs energy contributions arising from
desolvation of charges upon folding anet negligible in
those proteins.]

(4) The chargecharge contribution is present in th&s,y,
values determined by DSC in the absence of guanidine. Thus,
theseAGy, values are strongly pH-dependént.

(5) The difference between both series AGy data Ficure 9: Profiles of fractional protonation versus pH for the
(obtained from guanidine denaturation experiments and from ubiquitin residues that undergo protonation in the acidic pH range.

. . ... The profile labeled Gly 76 corresponds to the carboxyl terminal.
DSC) should therefore provide an estimate of the contribution The fractional protonation values were calculated using the-TK

to protein stability that arises from interactions between Bk procedure. The closed circles depict the ionization behavior of
charged ionizable groups. His 68 as determined experimentally from NMR measurements.
6 The s ths conrbuion il change it oo s s e ey o e
10) because, at pH values near _the isoglectric pH (about 7Ty§599ﬂuor%sce£ce in ubiquitin (gee Figure 2). q 9
for both proteins), chargecharge interactions are expected
to be stabilizing (groups of a given sign are, on average,
surrounded by groups of the opposite sign, giving rise to an ‘reduced-set-of-sites” approximatiod), which yielded the
overall attractive and stabilizing interaction), while they will fractional protonation of each ionizable group, as well as
be destabilizing at acidic pH (due to the neutralization of the average values of the pairwise chargkarge interaction
negatively charged groups and the concomitant repulsion€nergies and the total chargeharge contribution to the
between the remaining positive charges). This sign changeunfolding Gibbs energy (see Materials and Methods for
is clearly suggested by our experimental results (Figure 7). details). The use of the Bashfertarplus procedure is
A Theoretical Estimate of the Contribution from Charge ~ f€asible in this case due to the fact that ubiquitin is a small
Charge Interactions to Ubiquitin StabilityElectrostatic ~ Protein with a comparatively small number of ionizable
calculations for proteins have been previously carried out residues. We note, nevertheless, that almost identical results
on the basis of various theoretical approaches, including theWere obtained in preliminary calculations using the program
Tanford-Kirkwood model (8 19, 35), the numerical ~ TITRA (28), which is also based upon the solvent-acces-
solving of the PoissonBoltzmann equation3, 9, 37), the sibility-corrected TanforéetKirkwood model, but employs the

generalized Born mode88, 39, cavity-function theory40), (less rigorous) mean-field approximation of Tanford and
and all-atoms models and dipolar model4,42). Here, we ~ Roxby @4).
have employed the TanfordKirkwood model with the Figure 9 shows the calculated profiles of fractional

solvent accessibility correction of Gurd§ 19), because it protonation versus pH for all the groups that undergo
is simple and yet it appears to account for the overall featuresionization in the acidic pH range. Also, in Figure 10 we
of the titration behavior of several proteins. Also, the use of compare the theoreticalG,—q versus pH profile with the
the Tanford-Kirkwood model would seem acceptable in this profile calculated as the differenc&Gw(DSC) — AGw-
case, since this model does not take into account solvation(guanidine-LEM). The agreement between both profiles is
terms, which we have assumed in fact to be negligible, sinceexcellent, which, to some extent, supports our interpretation
charged atoms of ionizable residues in native ubiquitin are of the differenceAGy(DSC) — AGw(guanidine-LEM) as
exposed to the solvent. Interestingly, it has been remarkedan estimate of the contribution from chargeharge interac-
(43) that for ionizable groups that reside on the protein tions to the unfolding Gibbs energy (see preceding section).
surface “many fundamentally flawed models work as well |t is also encouraging (see Figure 9) that there is a good
as physically sensible ones” and that “good results are agreement between the ionization profile predicted for His-
obtained as long as a large shielding for chargearge 68 and that obtained by NMR, as well as the fact that the

interactions is built into the model”. pH dependence of Tyr-59 fluorescence agrees with the
We used the energies of interaction between unit positive ionization profile predicted for Asp-52, one of the two

charges calculated by using the Tanfeirkwood model carboxylate groups which are close to Tyr-59.

as the input for a procedure based on the Bashfe@tplus, It is worth noting that our theoretical results do not depend

strongly on the value used for the dielectric constant of the
3 Clearly, we may also expect the chargeharge contribution to be  protein and, in fact, we obtained simil&G,—4 versus pH
present in theAGw values determined from urea-induced unfolding profiles using values ofp as low as 2 and as high as 20. On
experiments, since urea is not a salt. This is supported by our P . ]
preliminary experiments on the urea-induced unfolding of yeast the ot'her hand, the shleldlng of the chfilf@d?large Intgrac
ubiquitin. Thus, LEM analysis of CD unfolding profiles at pH 2 and 5 tions introduced by the solvent-accessibility correction does
yields the following results:<Cy, = 2.1 M, my, = 3.6 k3mol M2, make a significant difference. Thus, leaving out the acces-

AGw = 7.5 kd/mol (pH 2);Ci2 = 5.9 M, my, = 4.5 kImol~*+M~%, ihili ; i ;
AGy = 26.4 kJ/mol (pH 5). Note thasGu and Cys change strongly sibility correction leads to significantly larger (in absolute

with pH and that thes& Gy, values are in good agreement with those  Valu€) AGq—q values; nevertheless, the overall qualitative
determined by DSC (Figure 7). features of theAGy—q versus pH profile remain the same:
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estimates of the contribution to ubiquitin unfolding Gibbs energy H
that arises from chargecharge interactions. The closed symbols p

are the experimental estimates calculatec\&(DSC) — AGw- FiGURE 11: pH dependence of the energies due to the charge
(guanidine-induced unfolding- linear extrapolation); circles and  charge interaction of each ionizable group in ubiquitin with the
squares are, respectlvely, the values of this difference for bovine rest of the ionizable groups (See eq 18) The values have been
ubiquitin and yeast ubiquitin. The error bars have been calculated calculated using the TKBK procedure. Residues that bear or
assuming the main source of error is théy, values obtained from  develop a negative charge (Asp, Glu, Tyr, and carboxyl terminal)
guanidine-induced unfolding profiles. The open circles are the are shown with dashed lines. Groups that bear or develop a positive

theoreti_cal estimates QﬁGqfq derived u_sing thE}_TKBK propedl_Jre. Charge (Lys, Arg, His, and amino termina|) are shown with
Wg-q0is the sum of chargecharge interactions energies in the continuous lines.

native protein, a value which is, in fact, an average over all protein
protonation statesWi is the same average, but obtained using  The theoretical relation betweehG,—q and —Wy—qUis
the distribution of protonation states corresponding to the unfolded f,rther explored in the Appendix. We show there that

rotein. The continuous line shown in the figure is the mean of - .
p—IIL’Vq,qDand —[WLJ. See the Appendix for agdiscussion on the _qu‘q_[is an upper I|m|t to the value oi_C_Bq__q (thatis, the
meaning of these quantities. relaxation contribution is always destabilizing anG,—q <
—[Wgy—40. In the case of ubiquitin, the theoretical calculations

AGq—q is negative at very acidic pH, but becomes positive shown in Figure 10 indicate, nevertheless, that the difference
at pH values near the isoelectric one. betweenAG,—q and —[Wgy—qL) while significant, is not very

Analysis of the ChargeCharge Interactions in Ubiquitin  large and that, as a rough first approximation, we can write:
at the Indvidual Residue Leel. We proceed in this section

to interpret the contribution from chargeharge interactions N in . 10

to ubiquitin stability, in terms of contributions from the AGqq~ —Wy_ L=~ EZ(ZWNHD] - 57 WD (18)
individual ionizable groups. Before doing so, however, it is == =

important to realize thaAGq—q is not strictly equal to the This approximation allows us to interpret th&,_, values
energy required to “break” all pairwise chargeharge  in terms of contributions arising from the individual ionizable

interactions in the native protein (as one might perhaps groups, as expressed in the last equality of the above
naively expect). This point becomes obvious if we mentally expression, wheré\Ois the energy due to the charge
carry out the unfolding process at a given pH in three steps: charge interaction of groupwith the rest of the ionizable
(1) The pairwise chargecharge interactions in the native  groups in the protein.

protein are “disconnected” without changing the protonation  Figure 11 shows a plot of W, Oversus pH for all ionizable
states distribution (that is, the relative amounts of the different groups in ubiquitin. These individuaiW,Cvalues have been
protonation states are kept at the values corresponding tocajculated on the basis of the solvent-accessibility-corrected
the native protein). (2) The protein is unfolded, maintaining Tanford-Kirkwood model (see Materials and Methods) and
the native distribution of protonation states. (3) The relative myst be taken with due caution. Nevertheless, the overall
amounts of the different protonation states are allowed 10 qualitative picture is clear enough and should be independent
change (‘relax”) from the values given by the native of specific models. Thus, at very acidic pH, the values of
distribution (values affected by the chaf?marge Interac-  —vfor carboxylic acid groups are zero (reflecting a zero
t!OnS) to the values Correspondlng to the Unf-Olded (_:ilstrlbu- Charge on these groups), while for positive|y Charged groups
tion (values not affected by the chargeharge interactions).  (Hjs, Lys, and Arg)-[WCis negative (that is, destabilizing),
Step 1 involves breaking all chargeharge interactions in  reflecting the repulsive interaction between identical charges.
the native protein, but the total contribution of chargkarge  On the other hand, at values of pH above 5, carboxylic acid
interactions to the unfoldingG is given by the sum of the groups bear negative charge, and mesW.values are
Gibbs energy changes associated with steps 1 and 3. Thuspositive (stabilizing), indicating that each charged group is
if we refer to step 3 as a “relaxation” step (for lack of a predominantly interacting with charges of the opposite sign,
better name), we have thus giving rise to an overall attractive interaction.
General Comments on Ubiquitin Thermal Stabilitibig-
AG, o= —W,_[H AG (17) N tbiq

a9~ rel uitin is a very stable protein at neutral pH (denaturation
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temperature around or higher than 1) ref 14). Electro- exp[—((AGy(x,pH) + AW(¥))/RT]

static factors must play an important role in determining p(xA) = 70 (19)
ubiquitin stability, as shown by the strong pH dependence

of the denaturation temperature and the unfolding Gibbs Z() = z exp[-(AGy(x,pH) + AW(x))/RT]  (20)
energy values determined from differential scanning calo- 7

rimetry experiments (see Figures 6 and 7). In particular, the

experimental results and theoretical calculations reported inwhere

this work suggest that the high stability of ubiquitin at neutral N

pH ma)_/ be due, at least _m part, to .th.e following two cauges. AGqy(y,pH) = —RT (In 10)[v()pH — 3 (G + X)PKip ]
(1) Gibbs energy contributions arising from the desolvation i=

of charges upon folding could be small in the case of (21)

ubiquitin, since the charged atoms of ionizable residues are 1N

very exposed to the solvent in the native structure. This is W(y) = - z Eij (q + Xi)(qj + Xj) (22)

important for stabilization, because desolvation contributions 2if=

are expected to be destabilizing).( . .
N A | bH. the Gibb ibution th . Clearly, whenl = 0 the “perturbation” is not connected,
(2) Atneutral pH, the Gibbs energy contribution thatarises ;4 aqs 19 and 20 yield the unfolded distribution of

frorrr: c?arge;]chafr]ge ir?tera%tions_dis stabiliz:jng. Lhis (ijs dueh protonation states() and the protonation partition function
to the fact that the charged residues are distributed on the ¢ the unfolded proteinZy). On the other hand, wheh=

protein surface in such a way that most charges of a given; 4 «
sign (but not all, see below) interact mainly with charges of
the opposite sign, thus giving rise to an overall attractive

perturbation” is fully connected, and egs 19 and 20
yield py andZy (egs 3 and 4).
Straightforward differentiation yields thiedependence of

interaction. Z():
The second point above suggests the possibility of enhanc-
ing protein thermal stability by adequately redesigning the ZW(X)p(X,/l)
distribution of solvent-exposed, charged residues on the d1n Z(2) _ _ 23
protein surface. In connection with this, it is interesting to 9 - RT  RT (23)

note that the positively charged residues Lys-6, His-68, and

Arg-42 in ubiquitin are predicted to be involved in desta- where the subscript in WL means that the average of the
bilizing charge-charge interactions in a wide pH range (see sum of the chargecharge interaction energies is taken over
Figure 11). These residues are located close to each otheall protonation states, but using the distribution corresponding
on the solvent-exposed side of thesheet (but on different  to the givenl value [that is,e(x,4)]. For instance, foll =
strands) and make obvious targets for charge-reversal mutad, we haveo(y.A) = pn(x), and, thereforelW is equal to
tions that could perhaps lead to a significant stability [Wy-q[J the sum of the chargecharge interaction energies

enhancement. We are currently testing this possibility. in the native protein. On the other hand, fo= 0, we have
o(x,A) = pu(y), and W4 is the sum of the chargecharge
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The A dependence diWj is easily found by differentia-
on:

APPENDIX

We explore here in some detail the theoretical relationship i
between the contribution from chargeharge contributions

to the unfolding Gibbs energy\Gq-¢) and the sum of the 5 WA — 2 W — 2
charge-charge interaction energies in the native protein M: — L~ OV =— i W) (25)
(Wy_q[). oA RT RT

We begin by noticing the similarity between eq 2 (for the where the average of the squareVéf— [WIj is simply the
native protein) and eq 6 (for the unfolded protein). The only second moment of the distribution that describes the fluctua-
difference is the chargecharge interaction term, which may tions in the sum of chargecharge interaction energies
be considered as a “perturbation”. Therefore, we will use a (calculated for a giveid value). The relevant point here is,
common procedure in Statistical Thermodynamics (see of course, that second moments of distributions must
chapters 19 and 20 in referenetb) and introduce a  necessarily be positive numbers. Therefof#/[j is a
parameterd, to smoothly connect the perturbation. Thus, monotonically decreasing function #f and, consequently,
we write: the following inequalities necessarily hold:
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W= WG = W = W, (26)

Changing signs and integrating froln= 0 to A = 1, we
have

— i dr = — [TWGdL < — [TV, [d1 (27)

and using eq 24 and the fact that bathld and W,-qCare
A-independent values, we arrive at

—WV < AGy o < — W, [ (28)

which shows thaGq-q must be in the interval-[Wi4,—

Wy This is clearly illustrated in Figure 10, where we

Ibarra-Molero et al.

According to this equation, thAGy-4 versus pH profile
is expected to be the mean of the profiles defined-Bjv; 4
and —[Wig

We have not carried out yet a systematic investigation into
the range of validity of the “Gaussian approximation”
described above, but in the case of ubiquitin at least, eq 31
provides an excellent estimate A5, (See Figure 10).

NOTE ADDED IN PROOF

After this work was completed, we became aware of a
recent mutational analysis into the electrostatic contributions
to protein stability, which focuses on the effect of inter-helix
ion pairs @46). We thank Dr. Robert Baldwin for making a
preprint of this work available to us.

have included the calculated pH dependencies of the three
quantities involved in eq 28. The most important point here REFERENCES

is, of course, thahGy—q = —[W-q[] that is, if we interpret
the contribution from chargecharge interaction in terms of

eq 17, it is clear that the relaxation teriAGy) is always
destabilizing.

An estimate ofAGyq more precise than that provided by
the interval Wg,—[W,-q0) can be derived, but on the basis
of an approximation, as is described below. We first

differentiate in eq 25 to arrive at

G QW — WD)
by (RT)?

(29)
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