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ABSTRACT The discrepancy of the pH dependence of the unfolding free energy for staphylococcal nuclease from what is
expected from an idealized model for the unfolded state is accounted for by the recently developed Gaussian-chain model.
Residual electrostatic effects in the unfolded state are attributed to nonspecific interactions dominated by charges close
along the sequence. The dominance of nonspecific local interactions appears to be supported by some experimental
evidence.

INTRODUCTION

The nature of the unfolded state of proteins under physio-
logical conditions has attracted intensive interest in recent
years (Bierzynski and Baldwin 1982; Dill and Shortle,
1991; Neri et al., 1992; Logan et al., 1994; Shortle, 1996;
Schwalbe et al., 1997; Gillespie and Shortle 1997; Mok et
al., 1999; Wrabl and Shortle, 1999; Wong et al., 2000; Yi et
al., 2000; Choy and Forman-Kay, 2001). pH dependence of
the unfolding free energy, �Gunf, provides a unique oppor-
tunity for gaining insight into the unfolded state. This de-
pendence is governed by (Tanford, 1970)

�Gunf�pH� � �Gunf�pH0�

� �kBT ln 10� �
pH0

pH

Qu dpH � �kBT ln 10� �
pH0

pH

Qf dpH,

(1)

where kBT is the product of the Boltzmann constant and the
absolute temperature, and Qu (Qf) is the total charge on the
protein at a given pH in the unfolded (folded) state. The
left-hand side of this equation (�Gunf) can be obtained by
measuring the unfolding free energy under decreasingly
denaturing conditions and then extrapolating to physiolog-
ical conditions, whereas the second term on the right-hand
side (Qf) can be obtained by measuring either the proton
release of the folded protein as a function of pH or the pKa

of all its ionizable groups in the folded state. The resulting
total charge Qu on the unfolded protein is a sensitive mea-
sure of residual charge–charge interactions.

In the simplest model for predicting Qu, the unfolded
state is thought as a “random coil” that is devoid of any
residual interactions. Then,

Qu � ��
i

1/�1 � 10pKi,0�pH� � N�, (2)

where pKi,0 are the pKa values of model compounds for the
ionizable groups, and N� is the number of ionizable groups
that become charged upon protonation (i.e., Arg, Lys, and
the N-terminal). Although Nozaki and Tanford (1967a,b)
have shown that Eq. 2 gives good predictions of Qu mea-
sured in 6 M GdnHCl, many recent experimental studies
have found that the use of Eq. 2 for Qu under physiological
conditions leads to significant discrepancies between calcu-
lated and measured �Gunf (Oliverberg et al., 1995; Swint-
Kruse and Robertson, 1995; Tan et al., 1995; Kuhlman et
al., 1999; Whitten and Garcia-Moreno, 2000). The simplest
explanation of these discrepancies is that they indicate re-
sidual charge–charge interactions in the unfolded state.

That residual charge–charge interactions exist in the un-
folded state is not surprising. According to Coulomb’s law,
two charged residues fully solvated in water have an inter-
action energy,

U0 � �332/�r �kcal/mol�, (3)

where � (�) is for like (opposite) charges, � is the dielectric
constant of water (�78.5 at room temperature), and r is the
distance of the charges (in Å). Though the distance between
two residues in the unfolded state is not fixed, Eq. 3 can
provide an order-of-magnitude estimate if r is taken to be
the mean distance sampled by the residues. Because of the
polymer nature of the unfolded protein chain, residues close
along the sequence will likely have shorter mean distances
(Vijayakumar and Zhou, 2000). At a mean distance of 8 Å,
the residual interaction energy between a pair of charges is
0.5 kcal/mol according to Eq. 3.

Electrostatic effects in the unfolded state have been
treated in several models (Stigter et al. 1991; Elcock, 1999;
Zhou, 2002a; Kundrotas and Karshikoff, 2002) and their
importance on protein stability has now been recognized
(Elcock, 1999; Pace et al., 2000; Zhou, 2002a). In our
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Gaussian-chain model (Zhou, 2002a), the interaction energy
between two ionizable groups at a distance r is given by the
Debye–Hückel theory,

U � �332 exp���r�/�r, (4)

where � � (8�Ie2/�kBT)1/2 (� I1/2/3.04 Å�1 at room tem-
perature) and I is the ionic strength. The distance between
two groups is assumed to have a Gaussian distribution,

p�r� � 4�r2�3/2�d2�3/2exp��3r2/2d2�, (5a)

where d is the root-mean-square distance. This mean dis-
tance depends on l, the number of peptide bonds separating
the two residues, and is given by

d � bl1/2 � s, (5b)

where the effective bond length b was set to 7.5 Å and the
shift distance s (to account for the fact that the distance of
interest is between two sidechains) was set to 5 Å. The mean
interaction energy then has the magnitude,

Wij � 332�6/��1/2	1 � �1/2x exp�x2�erfc�x�
/�d, (6)

where x � �d/61/2 and, erfc(x) is the complementary error
function.

The residual interactions shift the pKa of the ionizable
groups in the unfolded state. As a result, the total charge Qu

on the protein is significantly different from what is pre-
dicted by Eq. 2. The Gaussian-chain model has been found
to give accurate predictions for the pH dependence of �Gunf

for barnase, chymotrypsin inhibitor 2, Ovomucoid third
domain, and ribonucleases A and T1 (Zhou, 2002a) and the
N-terminal domain of protein L9 (Zhou, 2002b) over wide
pH ranges.

In this paper, we use the Gaussian-chain model to predict
the total charge on staphylococcal nuclease (SNase) in the
unfolded state. We show that the pH dependence of �Gunf

calculated using Qu thus predicted agrees well with the
experimental results of Whitten and Garcia-Moreno (2000).
This indicates that the residual electrostatic effects in the
unfolded state of SNase can be attributed to nonspecific
interactions dominated by charges close along the sequence.

METHODS

Prediction of Qu

In the Gaussian-chain model (Zhou, 2002a), it is assumed that, in the
absence of residual charge–charge interactions, the pKa of the ionizable
groups take “standard” model-compound values pKi,0. The distribution of
the protonation states xi of the ionizable groups is governed by the Ham-
iltonian (Zhou and Vijayakumar, 1997)

� � �kBT ln 10� �
i

�pH � pKi,0�xi

�
1
2 �

i�j
Wij�xi � xi0��xj � xj0�, (7)

where xi � 0 (1) when group i is unprotonated (protonated), and xi0 is the
protonation state when the group is charge neutral (1 for Asp, Glu, Tyr, and

the C-terminal and 0 for Arg, Lys, His, and the N-terminal). The average
protonation of group i at a given pH is

x� i �
�{xi} xi exp���/kBT�

�{xi} exp���/kBT�
, (8)

which was evaluated by a Monte Carlo simulation. The total charge on the
protein is

Qu � �
i

�x� i � xi0�. (9)

Calculation of �Gunf

The value �Gunf was calculated from Eq. 1 by numerically integrating Qu

over pH. The total charge Qf on the folded protein, required in Eq. 1, was
measured by Whitten and Garcia-Moreno (2000) potentiometrically.

Calculations were done at the same conditions of the experiments: T �
293 K, I � 100 mM, and pH from 3.5 to 9. SNase undergoes acid
denaturation with a mid-pH of pHmid � 3.71. Near this pH, the measured
total charge under native conditions may be viewed as the equilibrium
average of the folded and unfolded states,

Q�measured� �
Qf � Quexp���Gunf/kBT�

1 � exp���Gunf/kBT�
. (10)

The total charge Qf on the folded protein alone was obtained from this
equation using experimental �Gunf of Whitten and Garcia-Moreno and
calculated Qu. Only a small correction near pHmid was introduced.

The model compound pKa were taken to be those used by Whitten and
Garcia-Moreno to fit the proton titration curve of SNase in 6 M GdnHCl.
These are: Asp, 3.9; Glu, 4.4; His, 6.6; Tyr, 10.0; Lys, 10.4; Arg, 12.0;
N-terminal, 7.5; and C-terminal, 3.5. They differ very little from standard
values used in our previous study (Zhou, 2002a). Calculated �Gunf

changed little when these standard model compound pKa were used.

Calculation of pKi,u

It is convenient to describe the proton titration of the unfolded protein by
pKa of the ionizable groups. These are denoted as pKi,u and were obtained
by fitting the pH dependence of the average protonation xi to the Hill
equation,

log
x� i

1 � x� i
� ni�pKi,u � pH�. (11)

Note that, regardless of the value of the Hill coefficient ni, pKi,u equals the
pH at which the group is 50% protonated.

Residual charge interactions in unfolded state

The electrostatic interaction energy of a charged group with the rest of the
protein can be assessed by the effect of a charge-neutralization mutation on
the free energy of the protein. In the unfolded state, the Gaussian-chain
model predicts the interaction energy of the mth charge by (Zhou, 2002a)

exp��Gu
int/kBT�

� �exp��xm � xm0� �
i�m

Wmi�xi � xi0�/kBT�� . (12)

The average is over a Boltzmann distribution of the protonation states (cf.
Eqs. 7 and 8).
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RESULTS AND DISCUSSION

Calculated pH dependence of �Gunf

The unfolding free energy calculated with the Gaussian-
chain model is displayed in Fig. 1. From pH 5 to 9, it agrees
with the experimental results of Whitten and Garcia-
Moreno (2000) to within experimental error. As noted by
Whitten and Garcia-Moreno, the idealized model, with Qu

predicted by Eq. 2, significantly overestimates the increase
in stability on going from pH 5 to 9. Experimentally, �Gunf

increases by 1.5 kcal/mol in this pH range. The Gaussian-
chain model predicts an increase of 2 kcal/mol, whereas the
idealized model predicts an increase of 4.1 kcal/mol.

At lower pH, the Gaussian-chain model slightly under-
estimates the decrease in �Gunf. This perhaps indicates a
limitation of the Gaussian-chain model with a fixed effec-
tive bond length. At such pH, the acidic groups will be
neutralized by protonation and the protein chain has only
positive charges. It is thus reasonable to expect that the
chain will expand somewhat (leading to a larger b) (Pace et
al., 1990; Dill and Shortle, 1991). This expansion will
reduce the strengths of charge–charge interactions. The
resulting �Gunf will move toward what is predicted by the
idealized model and be in better agreement with experiment.
Indeed, agreement with experiment for pH � 5 can be
achieved by b � 10 Å. Deterioration of the Gaussian-chain
model (with a fixed effective bond length) at extreme pH
has been noted previously (Zhou, 2002a).

Predicted pKa in the unfolded state

SNase has a total of 61 ionizable groups: 8 Asp, 12 Glu, 5
Arg, 23 Lys, 4 His, 7 Tyr, and the N- and C-terminals (see
Table 1). The pKa shifts of these groups from model-
compound values pKi,0 predicted by the Gaussian-chain
model (with b � 7.5 Å) are listed in Table 1. Several points
are worth noting. 1) The pKa are down shifted for Asp and
Glu and up shifted for Lys and Arg, reflecting the favorable
interactions between the acidic and basic groups. 2) The
average shifts are 0.31, 0.37, 0.36, and 0.15, respectively,
for Asp, Glu, Arg, and Lys. The shifts for Lys are smaller
because the favorable interactions with Asp and Glu are
tampered by unfavorable interactions among the 23 Lys and
with Arg. 3) The four His residues have down shifted pKa

(averaging 0.21), and more details are given below. 4) The
seven Tyr have barely perturbed pKa.

The pH dependence of the folding stability between pH 5
and 9 is mainly responsible by the deprotonation of the four
histidines and the N-terminal. In the unfolded state, the pKa

of His-8, His-46, His-121, and His-124 are 6.29, 6.30, 6.54,
and 6.44, respectively, as predicted by the Gaussian-chain
model with a model compound pKa of 6.6 at T � 293 K and
I � 100 mM. The larger pKi,u shifts of His-8 and His-46 can
be simply explained by the presence of other charged resi-
dues in nearby positions along the sequence. Each of these
residues is bounded by Lys on both sides, with the potential
repulsion between a protonated His and the positive charges
on Lys serving to depress the pKa. In contrast, His-121 and

FIGURE 1 Calculated and experimental pH de-
pendence of �Gunf for SNase at T � 293 K and I �
100 mM. Circles with error bars, experiment; solid
curve, Gaussian-chain model with standard b of 7.5
Å; dot-dashed curve, Gaussian-chain model with b
increased to 10 Å; dashed curve, idealized model.
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H124 border a positive charge on one side and a negative
charge (Glu-122) on the other, leading to cancellation of the

potential repulsive and attractive interactions with the
nearby charges. The small downward shifts of pKi,u for
His-121 and His-124 can then be attributed to more distant
charges (28 Lys/Arg versus 20 Glu/Asp).

In the folded state, Alexandrescu et al. (1988) determined
the pKa of the four histidines at T � 298 K and I � 300 mM.
Their results are 6.8, 5.8, 5.5, 6.1, respectively, with His-8
showing a small upward shift whereas the other three His
residues show substantial downward shifts. That the pKa of
the last three histidines in the unfolded state are also calcu-
lated to be downward shifted explains the much more mod-
erate increase, in agreement with experiment, in the pre-
dicted �Gunf between pH 5 and 9 relative to the idealized
model.

Charge–charge interactions in the unfolded state

The interaction energies of the 52 charged residues at pH 7
with the rest of the protein are listed in Table 1. Echoing the
observations on the shifts in pKi,u noted above, the �Gu

int

results have the following salient features. 1) Overall the
interactions are favorable for Asp and Glu and unfavorable
for Lys and Arg, due to the excess net positive charge on the
protein. 2) The average interaction energies are �0.16,
�0.27, 0.07, and 0.12 kcal/mol, respectively, for Asp, Glu,
Arg, and Lys. 3) The four histidines have negligible inter-
action energies (averaging just 0.02 kcal/mol) with the rest
of the proteins, reflecting the fact that, at pH 7, all the His
residues are mostly charge-neutral via deprotonation.

Meeker et al. (1996) have measured the effects of neu-
tralizing all the 52 charged residues at pH 7 by mutations to
Ala. Their results for ��Gunf are also listed in Table 1. In a
search to find factors that are important in determining the
variability of these ��Gunf results, Meeker et al. investi-
gated potential correlations with a large number of param-
eters describing residue environment. It was found that the
only parameters correlated with ��Gunf were ones measur-
ing the local packing density (i.e., number of C� atoms
within a sphere of 10-Å radius, fraction of sidechain burial,
and temperature factor) in the folded state. Even for these
parameters, the correlations were only moderate, with cor-
relation coefficients ranging from 0.35 to 0.55. We actually
found a modest correlation between ��Gunf and �Gu

int.
With 13 residues that form salt bridges excluded, the cor-
relation coefficient is 0.47 (inclusion of these 13 residues
reduced the correlation coefficient to 0.39).

Connections to other experimental studies

Although details about charge–charge interactions in the
unfolded state can be calculated with the Gaussian-chain
model, these are difficult to assess experimentally. There
are two experimental studies that shed light on charge–
charge interactions in the unfolded state. Flanagan et al.

TABLE 1 Predicted pKa shifts, Hill coefficients, and residual
interaction energies and experimental results for ��Gunf due
to charge nutralization

Group pKi,u–pKi,0 ni �Gu
int ��Gunf*

N-terminal �0.14 0.98
Lys5 �0.03 0.89 �0.33 �0.3
Lys6 �0.02 0.87 �0.34 �0.3
His8 �0.31 1.00 �0.01 �0.4
Lys9 �0.13 0.88 �0.11 �1.4
Glu10 �0.50 0.97 �0.46 �1.3
Lys16 �0.14 0.89 �0.04 �0.2
Asp19 �0.30 0.93 �0.20 �0.1
Asp21 �0.31 0.94 �0.20 �0.7
Lys24 �0.16 0.88 �0.01 �0.2
Tyr27 �0.13 0.84
Lys28 �0.15 0.87 �0.14 �0.7
Arg35 �0.25 0.96 �0.01 �1.4
Asp40 �0.35 0.93 �0.21 �0.2
Glu43 �0.39 0.91 �0.29 �0.3
Lys45 �0.16 0.88 �0.12 �0.3
His46 �0.30 0.96 �0.01 �0.5
Lys48 �0.07 0.82 �0.29 �0.1
Lys49 �0.09 0.81 �0.26 �0.3
Glu52 �0.49 0.90 �0.44 �0.1
Lys53 �0.34 0.81 0 �0.4
Tyr54 �0.01 0.82
Glu57 �0.32 0.92 �0.26 �0.2
Lys63 �0.10 0.82 �0.21 �0.5
Lys64 �0.11 0.83 �0.21 �0.1
Glu67 �0.40 0.93 �0.34 �1.0
Lys70 �0.17 0.83 �0.13 �0.1
Lys71 �0.21 0.83 �0.01 �0.4
Glu73 �0.34 0.88 �0.22 �1.4
Glu75 �0.27 0.86 �0.13 �2.2
Asp77 �0.45 0.89 �0.27 �3.1
Lys78 �0.30 0.87 �0.01 �0.6
Arg81 �0.45 0.89 �0.01 �1.1
Asp83 �0.52 0.88 �0.45 �3.8
Lys84 �0.29 0.82 �0.04 �0.2
Tyr85 �0.08 0.84
Arg87 �0.46 0.92 �0.12 �0.9
Tyr91 �0.06 0.86
Tyr93 �0.12 0.84
Asp95 �0.33 0.91 �0.25 �3.3
Lys97 �0.25 0.87 �0.03 �0.1
Glu101 �0.28 0.94 �0.24 �1.9
Arg105 �0.31 0.92 �0.01 �1.4
Lys110 �0.12 0.87 �0.14 �1.3
Tyr113 �0.02 0.84
Tyr115 �0.06 0.84
Lys116 �0.22 0.83 �0.12 �0.7
His121 �0.06 0.98 �0.01 �3.1
Glu122 �0.51 0.93 �0.31 �0.4
His124 �0.16 0.96 �0.05 �0.4
Arg126 �0.32 0.90 �0.18 �1.7
Lys127 �0.08 0.90 �0.15 �0.2
Glu129 �0.43 0.92 �0.34 �2.4
Lys133 �0.14 0.85 �0.12 �1.4
Lys134 �0.19 0.84 �0.07 �0.1
Glu135 �0.49 0.91 �0.45 �0.7
Lys136 �0.25 0.88 �0.06 �0.9
Asp142 �0.11 0.88 �0.17 �0.3
Asp143 �0.02 0.86 �0.20 �0.1
Glu146 �0.07 0.92 �0.15 �0.2
C-terminal �0.11 0.94

*Taken from Meeker et al. (1996) for charge mutations to Ala. Results for
residues forming salt bridges are in bold.
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(1992) measured the chemical shift dispersion in the NMR
spectrum of �137–149, an SNase fragment serving as a
model for the unfolded state. They found little chemical
shift dispersion for the four histidines in �137–149, indi-
cating “it is unlikely that the four histidines at positions 8,
46, 121, and 124 are involved in residual stable structure.”
Given this finding, the basic assumption of the Gaussian-
chain model that residual electrostatic effects are dominated
by local charges may not be unreasonable for the four
histidines of SNase.

Sinclair and Shortle (1999) analyzed extensive CD and
NMR data on �131� (another model for the unfolded state
of SNase) and a large number of mutants. Their basic
conclusion was that the overall topology of the unfolded
state ensemble is “determined by many coupled local inter-
actions rather than a few highly specific long-range inter-
actions.” This conclusion is heartening, because the Gaus-
sian-chain model is premised on dominance of local
interactions. Directly relevant to the present study are the
nine charge mutations investigated by Sinclair and Shortle:
E52V, K71A, E75A, K84A, R87A, R105A, K110A,
H121A, and K133A. Sinclair and Shortle found that these
charge neutralizations did not affect the structural ordering
of the SNase fragment, suggesting that these charges are not
involved in specific interactions in the unfolded state. Three
of the charges, E75, R87, and R105, form salt bridges in the
folded state. In light of the Sinclair–Shortle work, these
charges are unlikely to participate in native-like structures.

Shortle and Akerman (2001) recently designed an exper-
iment to study the persistence of long-range structural or-
dering of �131� under various concentrations of urea. The
protein fragment was confined in the pores of polyacryl-
amide gels. The main finding of this work was that long-
range ordering, as evidenced by residual dipolar coupling,
persists even in 8 M urea. However, conformation sampling
in a confined environment will likely be different from that
in bulk solution, because “more expanded conformations
will be disfavored relative to compact ones” (Shortle and
Akerman, 2001). Our recent theoretical calculations indi-
cate that the excluded-volume effect of confinement can
significantly shift the equilibrium from the unfolded state
toward the folded state (Zhou and Dill, 2001). Indeed,
Klimov et al. (2002) have explicitly suggested that “the
presence of significant native interactions in �131� even at
strongly denaturing conditions is caused by the conforma-
tional restrictions introduced by the surrounding gel.”

Evaluation of the Gaussian-chain model

The Gaussian-chain model has now been found to give
accurate predictions for the pH dependence of folding sta-
bility for barnase, chymotrypsin inhibitor 2, Ovomucoid
third domain, ribonucleases A and T1 (Zhou, 2002a), the
N-terminal domain of protein L9 (Zhou, 2002b), and, here,

for SNase over wide pH ranges. In judging the Gaussian-
chain model, its simplicity is worth noting.

The model emphasizes the interactions between charged
residues close along the sequence. For unfolded SNase,
there appears to be some experimental evidence for the
dominance of local interactions. The fact that no specific
tertiary interactions (of the salt-bridge type) are included
may have contributed to the success of the Gaussian-chain
model, because such interactions sometimes could lead to
excessive pKa shifts in the unfolded state (Elcock 1999;
Zhou 2002a). In contrast, the unfolded state of some pro-
teins have been characterized as being “compact.” (Neri et
al., 1992; Mok et al., 1999; Choy et al., 2001). The Gaus-
sian-chain model cannot adequately account for possible
long-range interactions implicated in these cases. The
model of Elcock (1999) accounts for native-like long-
range interactions and is probably more realistic under
these circumstances.

In summary, we have shown that the discrepancy of the
pH dependence of �Gunf for SNase from the idealized
model as observed by Whitten and Garcia-Moreno (2000)
can be accurately accounted for by the Gaussian-chain
model. The residual electrostatic effects in the unfolded
state have been attributed to nonspecific interactions dom-
inated by charges close along the sequence. We expect that
the Gaussian-chain model will continue to help character-
izing the unfolded state.

This work was supported in part by National Institutes of Health grant
GM58187.
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