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ABSTRACT For proteins that contain a disulfide bond,
stability is linked thermodynamically to thiol-disulfide ex-
change. We use this relationship to obtain unfolding free
energies for both the reduced and oxidized forms ofEscherichia
coli thioredoxin from measurements of the effective concen-
trations of protein thiols. We then evaluate the effect of an
amino acid substitution on disulfide bond formation in both the
native and denatured states of the protein. Although the Pro-34

Ser substitution in thioredoxin results in a decrease of the
effective concentration of protein thiols in the native state, the
effective concentration increases in the denatured state. The net
effect of the amino acid substitution is to increase the stability
ofreduced thioredoxin by -2.4 kcal/mol, whereas the stability
of the oxidized protein remains the same. By assuming a
two-state unfolding equilibrium and a mutation free energy of
-7.7 kcal/mol for the Pro-34 -* Ser substitution in the
reduced, urea-unfolded state (based on estimates of solvation
and entropic changes), we obtain relative free energies for the
native and denatured states of the mutant and wild-type
proteins, in both the reduced and oxidized forms.

The ratio between K1 and K2 can be obtained by measuring
the effective concentration (Cuff) of the protein thiols in the
native and unfolded states. Creighton introduced the concept
of Ccff as a useful way to think about linkage relationships in
protein stability (6). The Cuff of two interacting groups is the
ratio of rate or equilibrium constants of otherwise identical
intra- and intermolecular reactions (7). For a protein with two
cysteines that can form a disulfide bond, Cuff can be obtained
by comparing the pseudo equilibrium constant for disulfide
bond formation in the protein (Kinta) to that for intermolec-
ular disulfide bond formation (Kinter) in a reference thiol such
as glutathione (5, 6):

pSH
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inr [Pr][GSH]2
Ceff = Kin= S Keq,Kinter [PS][GSSG] [4]

There is increasing interest in evaluating the effect of amino
acid substitutions on protein stability (for review, see refs. 1
and 2). Typically, unfolding free energies for the wild-type
and mutant proteins are obtained by measuring a spectro-
scopic parameter as a function of denaturant concentration
(for review, see ref. 3). For proteins that contain a disulfide
bond, unfolding free energies can be obtained in an alterna-
tive manner (e.g., refs. 4 and 5) by taking advantage of the
following thermodynamic cycle:
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where Ns, NSH, Us, and USH represent the protein in the
native oxidized, native reduced, unfolded oxidized, and
unfolded reduced states, respectively; K3 and K4 are unfold-
ing equilibrium constants for the reduced and oxidized pro-
teins, and K1 and K2 represent pseudo equilibrium constants
for the half reactions of disulfide formation in the native and
denatured states, respectively. The linkage between confor-
mational stability and disulfide stability is

K3 K1

K4 K2

where Ps' refers to reduced protein, Ps refers to oxidized
protein, GSSG refers to oxidized glutathione, and GSH refers
to reduced glutathione. Thiol concentrations are meant to
include the thiolate species (cf. ref. 8), and Ceff values are
expressed in units of molarity.

Ifwe let CNffand Cuffrepresent Cuffofthe thiols in the native
and denatured protein, respectively, we obtain from Eq. 2:

CNK3 Ceff
K4 Ceff

[5]

The thermodynamic cycle shown in Eq. 1 has been con-
firmed experimentally for Escherichia coli thioredoxin by
measuring independently each of the four equilibrium con-
stants (5). This confirmation indicates that the two-state
approximation for unfolding is sufficient to describe the
linkage relationship for thioredoxin, even though urea-
gradient gel electrophoresis experiments (9) detect a minor
native form of the reduced protein, thought to result from
isomerization of Pro-76.

Here, we show how unfolding free energies can be derived
from the urea dependence of Ceff, and we obtain experimen-
tally the stability of reduced and oxidized thioredoxin from a
single set of Ceff measurements. The same approach is used
with a mutant thioredoxin protein, containing the substitution

Abbreviations: Ceff, effective concentration; C~e and CQUf, Ceff of
thiols in native and denatured states, respectively; NJ, native oxi-
dized state; NSH, native reduced state; US, unfolded oxidized state;
USH, unfolded reduced state; K1 and K2, pseudo equilibrium con-
stants for the half reactions of disulfide formation in the native and
denatured states, respectively; K3 and K4, unfolding equilibrium
constants for the reduced and oxidized proteins, respectively.
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Pro-34 Ser. Using these results, we estimate the relative free
energies for the native and unfolded states of the mutant and
wild-type proteins, in both the reduced and oxidized forms.

MATERIALS AND METHODS
The Pro-34 -- Ser mutant of E. coli thioredoxin (P34S) was

provided by D. M. LeMaster and F. M. Richards (Yale Uni-
versity). The material was judged pure by reverse-phase
HPLC. All other materials and methods used have been
described by Lin and Kim (5). Briefly, Ceff was measured in a

buffer containing 0.1 M Tris, 0.2M KCl, and 1 mM EDTA (pH
8.7). Urea solutions were prepared in the same buffer with a

final pH of 8.7. A low concentration of protein in the reaction
mixture was used to prevent dimer formation. The concen-

trations ofGSSG and GSH were -4lO4fold in molar excess of
the protein, so that the redox potential ofthe solution was fixed

(5, 10). For our experiments, the protein and GSSG concen-
trations were -5 AtM and -500 ,uM, respectively, and theGSH
concentration ranged from 3 to 70 mM.

All manipulations were done under argon to prevent air
oxidation. The reaction mixture was equilibrated at room

temperature (230C) for 2 hr or longer and then quenched with
HCl to pH 2. Measurements of Ceff as a function of time
indicated that equilibrium had been reached. GSH, GSSG,
reduced thioredoxin, and oxidized thioredoxin were then
separated on a Bio-Rad C18 reverse-phase HPLC column
with a shallow gradient of acetonitrile in the presence of 0.1%
trifluoroacetic acid. Absorbance was monitored simultane-
ously at 229 nm and 280 nm, and peaks were quantitated by
integration. The relative extinction coefficients of reduced
and oxidized thioredoxin were taken to be the same at both
wavelengths because there was no significant difference in
peak area when the same amount of reduced or oxidized
protein was injected.

RESULTS
We have shown (5) that the Ceff of thiols in a protein can be
measured as a function of urea concentration and that, for a

structured polypeptide, Ceff changes as the polypeptide is
unfolded by urea. Assuming a two-state mechanism for the
denaturant-induced unfolding, from Eq. 4, Cuff in the unfold-
ing transition region can be expressed as

([Nb] + [UI ]) [GSH]2
S S

Ceff ([NSH] + [USH]) [GSSG]

Eq. 6 can be expanded as follows:

ff [Ns] [NSH]+
C [NSH] [NSH]+[USH]

[US] [USH] [GSH]2SH [NSH +sUSHiJ SS]

which simplifies to

Finally, the unfolding equilibrium constant of the oxidized
polypeptide is obtained from Eqs. 5 and 9:

N U u

Ceff Ceff-Ceff CeffK4 =
N AN U CCeff Ceff-Ceff Ceff

[101

Fig. 1A depicts experimentally determined Cuff values for

E. coli thioredoxin. Within experimental error, at low and
high urea concentrations, there is no dependence of Ceff on
urea. In addition, Ceff is independent ofurea concentration in

a model random coil peptide (5). Cuff values for the native and
denatured states of thioredoxin are therefore assigned (Fig.
1A) to be 10 + 1 M and 0.024 0.003 M, respectively. By
converting the Cuff values obtained in the transition zone into

unfolding free energies (Eqs. 9 and 10) and then using a linear
extrapolation (3, 11) to zero urea (Fig. 1B), we obtain the
stabilities of reduced and oxidized thioredoxin as 6.1 kcal/
mol and 9.7 kcal/mol, respectively.
The active site thiols of thioredoxin are contained in the

sequence Cys-Gly-Pro-Cys that forms a reverse turn in both
the reduced and oxidized forms of the native protein (12, 13).
Fig. 2A depicts Cfffor a mutant protein, in which the proline
in this turn is replaced by serine (14) as a function of urea
concentration, compared to values obtained with the wild-
type protein. The striking observation is that, whereas the
P34S substitution decreases Ceff in the native state, Ceff in the
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FIG. 1. Determination of unfolding free energies for thioredoxin
using Ceff measurements. (A) Urea dependence of Ceff for E. coli
thioredoxin at pH 8.7 and 23TC. (B) Linear extrapolations of the
unfolding free energies obtained from Ceff measurements. Left and
right axes show unfolding free energies in the transition region for
oxidized and reduced thioredoxin, respectively, calculated from Ceff
data by using Eqs. 9 and 10. Linear extrapolation gives AG' of 6.1

0.3 kcal/mol and 9.7 0.3 kcal/mol for unfolding reduced and
oxidized thioredoxin, respectively, without urea (error limits given
are the SD of AG' after linear regression).
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FIG. 2. Determination of unfolding free energies for P34S thio-
redoxin. (A) Urea dependence of Ceff for E. coli P34S thioredoxin at
pH 8.7 and 23TC. Solid line represents values obtained with wild-type
protein, interpolated from data in Fig. 1A. (B) Linear extrapolations
ofthe unfolding free energies for P34S thioredoxin obtained from Ceff
measurements. Left and right axes show unfolding free energies in
the transition region for the oxidized and reduced protein, respec-
tively. Extrapolating linearly to zero molar urea gives AG' of 8.5 +

0.6 kcal/mol for unfolding reduced P34S thioredoxin and 9.4 ± 0.6
kcal/mol for unfolding oxidized P34S thioredoxin.

unfolded state increases (Fig. 2A). The net effect is that the
disulfide contributes only -1.0 kcal/mol to stability in the
mutant protein (as compared to -3.6 kcal/mol in the wild-
type protein).
The difference in the stabilizing effect of the disulfide bond

could result from changes in the unfolding free energies of the
reduced and/or oxidized forms ofthe proteins. The stabilities
for the reduced and oxidized forms of P34S thioredoxin are

8.5 kcal/mol and 9.4 kcal/mol, respectively (Fig. 2B). Hence,
the Pro -- Ser substitution does not affect significantly the

unfolding free energy of the oxidized form of protein, but it
causes a large increase in the unfolding free energy of the
reduced form (Table 1).

DISCUSSION
An amino acid substitution can alter the stability of a protein
by affecting the native, denatured, or both states of the
protein. Our measurements permit us to evaluate the effect of
a substitution on both states of the protein, in terms of a

specific interaction (disulfide bond formation). The results
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FIG. 3. Relative free energies for native and denatured states of
wild-type and mutant (P34S) thioredoxin, obtained by estimating a
substitution free energy in the unfolded reduced forms. Primes
denote the mutant protein. (A) Oxidized forms. (B) Reduced forms.
Alignment of relative free energies between oxidized and reduced
forms (Ul and USH in A and B) is arbitrary.

show that replacement of a single amino acid can have
opposite effects on disulfide bond formation in the native and
denatured states of a protein. Substitution of Pro-34 by serine
(Fig. 2A, Table 1) decreases Cuff in native thioredoxin by =26
fold (a +2.0 kcal/mol), whereas it increases Ceff in denatured
thioredoxin by -3 fold (- -0.7 kcal/mol).

Within experimental error, Ceff and Cu are constant with
respect to urea concentration (Fig. 1). This observation,
taken together with the linkage relationship between unfold-
ing and disulfide bond formation, leads to the conclusion that
the oxidized and reduced forms of thioredoxin have the same
dependence of the unfolding free energy on urea concentra-
tion (i.e., m; see ref. 3). For RNase T1, however, reduction
ofone or both disulfides leads to significant changes in m (15).
The m values for P34S mutant thioredoxin are similar to those
for the wild-type protein and also appear relatively insensi-
tive to reduction of the disulfide (Fig. 2).

Ceff measurements can report directly on the effect of a

mutation on a local interaction (e.g., the effects of the Pro
Ser mutation on disulfide bond formation in the urea-

unfolded state). If, however, the unfolding of the protein is
two-state, then the Ceff values are thermodynamically linked
to global unfolding free energies. It is important to emphasize

Table 1. Effects of Pro-34 -- Ser substitution in thioredoxin

AGr'ed (N-U), AG'xj (N-U), AAG0 (oxi -. red),
Ce~ff,*M CUff,* M kcal/mol kcal/mol kcal/mol

Thioredoxin 10 ± 1 0.024 ± 0.003 -6.1 ± 0.3 -9.7 ± 0.3 3.6
P34S 0.38 ± 0.03 0.077 ± 0.004 -8.5 ± 0.6 -9.4 ± 0.6 0.9
*Free energy change (Pro -* Ser) for CNff is 2.0 kcal/mol; free energy change for Cuff is -0.7 kcal/mol.
oxi, Oxidized; red, reduced; N, native state; U, denatured state.
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in this regard that the two-state linkage relationship (Eq. 5)
has been shown to be a good approximation for wild-type
thioredoxin by measuring each parameter independently (5).

It is generally thought that substitution of a trans proline by
another amino acid residue will decrease the stability of the
protein because it will increase the conformational entropy of
the unfolded state (e.g., ref. 16). Proton NMR spectroscopy
shows that oxidized and reduced thioredoxin have similar
structures (13, 17). We, therefore, expect to see a decrease
in stability for both the oxidized and reduced forms of the
serine mutant, assuming that the Pro-34 -- Ser substitution
does not change the overall structure of the protein. On the
contrary, our results show that the Pro-34 -- Ser substitution
increases the stability of the reduced form by -2.4 kcal/mol
and that it has essentially no effect on the stability of the
oxidized form (Table 1).

Free energy simulations have been used to calculate un-
folding free energy differences between mutant and wild-type
proteins for T4 lysozyme (18), hemoglobin (19), and triose
phosphate isomerase (20). To facilitate comparison of our
results with theory, we use the following hypothetical cycle:

S

itsi / I

/ / H

' USHI V

-/

/ r /I

NS o N sH /

U < > U SH

where the primes are used to denote the mutant P34S
thioredoxin. The thermodynamic cycles for wild-type and
mutant thioredoxin (solid lines) are connected by hypothet-
ical amino acid substitution reactions (dashed lines). If we
assign a value to any of the four amino acid substitution
energies, the remaining three are obtained by the linkage
defined in Eq. 11.
From an experimental point of view, the most reasonable

place to estimate the substitution free energy is in the
reduced, urea-unfolded state because this state is probably
closest to a completely unfolded polypeptide. Following
Fersht and coworkers, we consider as a first approximation
the difference in hydration free energy (cf. refs. 21 and 22)
between a proline and a serine residue and the difference in
conformational free energy for a proline and serine residue in
an unfolded chain. The values used here are only meant to be
estimates, and this approach does not consider the free
energy change that results from the creation and destruction
of atoms in the hypothetical substitution reactions. We have
neglected differences in rotational or vibrational energies
between the two residues. We have also assumed that, upon
mutation in the reduced, urea-unfolded state, there is no
change (cf. refs. 21 and 23) in the free energy of (i) nonbonded
interactions between the mutation site and the rest of the
protein, (ii) solvation of residues other than the mutated one,
and (iii) bonded interactions in the protein.
To evaluate the hydration free energies of the side chains

of proline and serine, we begin with values obtained by
Wolfenden and coworkers (24) for propane (1.99 kcal/mol)

and methanol (-5.06 kcal/mol), respectively. Opening ofthe
ring and addition of the amide proton in the replacement of
the proline residue is accounted for (AG = 0.49 kcal/mol) by
using the difference in vapor to water distribution coefficients
for N-acetylpyrrolidine and N-butylacetamide (25). The dif-
ference in hydration free energy between proline and serine
is, therefore, estimated to be -6.6 kcal/mol. This value
compares well with a calculated value of -5.7 kcal/mol,
based on the accessible surface area of proline and seine
(26). From calculations of the conformational entropy of
unfolding ofamino acid residues (16, 27), we estimate that the
difference in conformational free energy for a Pro -+ Ser
substitution in an unfolded chain is -1.1 kcal/mol. Thus, we
estimate a Pro -) Ser substitution free energy of -7.7
kcal/mol.
By assuming that this estimate applies to the urea-unfolded

reduced state, we obtain the relative free energies of wild-
type and mutant thioredoxin in the oxidized (Fig. 3A) and
reduced (Fig. 3B) forms. In this case, the amino acid substi-
tution (P34S) appears to reduce the free energy ofboth folded
and unfolded thioredoxin in both the oxidized and reduced
forms (Fig. 3). In the future, it will be interesting to compare
our results with those obtained by theoretical free energy
simulations (e.g., refs. 18-20).
The method presented here provides a way to evaluate the

effect of an amino acid substitution on a specific interaction
(i.e., disulfide bond formation) in the native and denatured
states ofproteins. In the limiting case oftwo-state equilibrium
unfolding, the method also gives the unfolding free energies
of both the oxidized and reduced proteins in the same set of
measurements.

In future work, it may be possible to develop further the
approach presented here to include intermediate states. The
caveats of the method are that the accuracy may not be as
high as some optical probes and that it applies only to proteins
that contain a disulfide bond. Increasing interest in disulfide
engineering (e.g., refs. 28-30), however, may facilitate use of
the method.
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