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ABSTRACT: Disulfides cross-link residues in a protein that are separated in primary sequence and stabilize
the protein through entropic destabilization of the unfolded state. While the removal of naturally occurring
disulfides leads to protein destabilization, introduction of engineered disulfides does not always lead to
significant stabilization of a protein. We have analyzed naturally occurring disulfides that span adjacent
antiparallel strands ofâ sheets (cross-strand disulfides). Cross-strand disulfides have recently been implicated
as redox-based conformational switches in proteins such as gp120 and CD4. The propensity of these
disulfides to act as conformational switches was postulated on the basis of the hypothesis that this class
of disulfide is conformationally strained. In the present analysis, there was no evidence to suggest that
cross-strand disulfides are more strained compared to other disulfides as assessed by their torsional energy.
It was also observed that these disulfides occur solely at non-hydrogen-bonded (NHB) registered pairs of
adjacent antiparallel strands and not at hydrogen-bonded (HB) positions as suggested previously. One of
the half-cystines involved in cross-strand disulfide formation often occurs at an edge strand. Experimental
confirmation of the stabilizing effects of such disulfides was carried out inEscherichia colithioredoxin.
Four pairs of cross-strand cysteines were introduced, two at HB and two at NHB pairs. Disulfides were
formed in all four cases. However, as predicted from our analysis, disulfides at NHB positions resulted
in an increase in melting temperature of 7-10 °C, while at HB positions there was a corresponding
decrease of-7 °C. The reduced state of all proteins had similar stability.

Disulfides cross-link residues that are widely spaced in
the primary sequence of a protein and have an important
role to play in the stability, structural integrity, and folding
of proteins. The mechanism of protein stabilization by
disulfides is generally attributed to the entropic destabilization
of the unfolded state of a protein with respect to its native
state (1, 2). Engineering de novo disulfides to increase protein
stability has been attempted with varying degrees of success
(3-7). While the removal of naturally occurring disulfides
leads to protein destabilization, introduction of an engineered
disulfide does not always lead to significant stabilization of
a protein (8, 9). This is possibly because the engineered
disulfides cannot be sterically accommodated without rear-
rangement of surrounding residues. Such rearrangements
have an energetic cost.

Disulfides within aâ sheet have been recently implicated
as redox-based conformational switches (10, 11). Charac-
terization of disulfide stereochemistry in general and cross-
strand disulfides in particular has been carried out previously
(12). That characterization was based on only 20 disulfides
from high-resolution structures (resolution better than 2.0

Å) and an additional 50 from lower resolution structures,
and hence the results needed to be reevaluated with a much
larger dataset that is presently available.

In this study, we have carried out a comprehensive analysis
of the stereochemistry of cross-strand disulfides present
between two adjacent antiparallel strands of aâ sheet in the
Protein Data Bank (PDB). These cross-strand disulfides were
compared with the other disulfides present in the dataset to
look for any features that might suggest that the cross-strand
disulfides are less stable than other disulfides. We found no
evidence that the cross-strand disulfides are strained. We have
also experimentally verified predictions from our database
analysis by introducing interstrand disulfides at four pairs
of positions in Escherichia coli thioredoxin (Trx). We
demonstrate that introduction of interstrand disulfides be-
tween non-hydrogen-bonded (NHB)1 residue pairs can result
in significant protein stabilization.

MATERIALS AND METHODS

Database and Structural Analysis.A set of nonredundant,
high-resolution (better than 2.5 Å) crystal structures obtained
from the PISCES database (13) were chosen for analysis.
The dataset consisted of 2887 polypeptide chains containing
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1422 disulfides. An in house software was developed that
classified the location of all half cystine residues with respect
to their secondary structural attributes. The program uses the
information provided in the “HELIX”, “SHEET”, and
“SSBONDS” records of the PDB file to obtain all disulfides
present between adjacent antiparallel strands of aâ sheet.
Such cysteine residues were also classified as being in either
hydrogen-bonded pairs or non-hydrogen-bonded pairs using
an in house program and were cross-checked by visual
inspection. The PDB structures were visualized in Rasmol
(14).

Definition of Geometrical Parameters.There are two types
of residue pairs found in the registry between antiparallel
adjacentâ strands, hydrogen-bonded and non-hydrogen-
bonded (15). In a hydrogen-bonded pair (HB), the residues
are hydrogen bonded to each other by their amide hydrogen
and carbonyl oxygen, whereas in a non-hydrogen-bonded
pair (NHB), the residues have their amide hydrogen and
carbonyl oxygen atoms facing away from each other. Side
chain dihedral angles were defined using standard notation
as defined earlier (12, 16). The strain related to side chain
torsion angles for each disulfide was calculated using the
AMBER force field parameters (17) from the equation

whereE is the strain energy in kcal/mol andø1, ø2, ø3, ø2′,
andø1′ are the standard side chain torsion angles of disulfide
bonds.

Design of Thioredoxin Mutants.All mutants were designed
on the basis of the crystal structure of oxidizedE. coli
thioredoxin (Trx) (PDB code 2TRX) (18) obtained from the
Protein Data Bank (PDB). To generate mutants that bridge
either NHB pairs or HB pairs of adjacent strands, we chose
one residue of each pair from an edge strand of theâ sheet
in Trx. This was done because we observed that naturally
occurring cross-strand disulfides are predominantly found
between an edge strand and an adjacent antiparallel strand
of a â sheet. The double mutants constructed were 77C and
91C, 78C and 90C, 79C and 89C, and 80C and 88C hereafter
referred to as 77c, 78c, 79c, and 80c, respectively. The
percentage side chain accessibilities of the residues and the
hydrogen bonding nature of each pair are summarized in
Table 1.

Constructs, Mutagenesis, Expression and Purification of
Trx and Its Mutants.Trx containing the mutations D2P and
A108P has slightly higher expression levels and stability
(average∆Tm of 3.1°C in the pH range 6-10) than the wild-
type Trx (Prajapati and Varadarajan, unpublished results) and

was hence used as the background construct to introduce
additional disulfides. Neither of these residues is close to
any site being mutated. The above protein is hereafter
referred to as Wt*. Wt* was cloned into pET20b (Novagen)
with ampicillin as the selection marker. Wt* was mutated
using the mega-primer method (19) to generate the various
double cysteine mutants. The whole gene for each construct
was sequenced to confirm the mutation. The proteins were
expressed inE. coli strain BL21(DE3). Briefly, the cells were
grown to saturation and pelleted by centrifugation. The pellet
from 1 L of culture was resuspended in 10 mL of Luria broth.
An equal volume of chloroform was added to the suspension.
Following chloroform shock (20) (incubation at room tem-
perature for 20 min with intermittent shaking), 100 mL of
buffer (20 mM tris, 25 mM NaCl, pH 7.4) was added.
Centrifugation at 4000 rpm at 4°C was done to separate the
chloroform layer from aqueous layer. The aqueous layer was
loaded onto a Q-sepharose column equilibrated with 20 mM
tris (pH 7.4). The column was washed with 20 mM tris, 25
mM NaCl (pH 7.4). Elution was done with a linear gradient
of 25-500 mM NaCl in 20 mM tris, pH 7.4. Thioredoxin
elutes between 100 and 125 mM NaCl. Following SDS-
PAGE, purified fractions were pooled, concentrated by
ultrafiltration with a 3 kDa cutoff membrane (Centriprep
YM-3), and stored at-70 °C. The purity of the protein was
analyzed on 15% SDS-PAGE. Wt*, 77c, 78c, and 79c
proteins isolated were more than 95% pure, and the yields
were∼10 mg/L (except for 79c, which was∼2 mg/L). In
the case of 80c, although the protein showed a single band
on SDS-PAGE, the overall yield of 0.1 mg/L was too low
to accurately assess the purity. Protein concentrations were
estimated using extinction coefficients calculated from the
amino acid sequence (21). Values of extinction coefficients
were 13 980 and 14 480 cm-1 M-1 for the oxidized state of
Wt* and mutants (77c, 78c, 79c, and 80c), respectively. The
value for Wt* is very similar to the value of 13 700 cm-1

M-1 reported previously (22) for wild-type thioredoxin.
Detection of Disulfide Bonds.Proteins in 6 M GdmCl were

subjected to liquid chromatography coupled to electrospray
ionization mass spectrometry (LC-MS). Masses for all the
proteins were obtained in native as well as reducing
conditions. Wt* showed a mass difference (mass reduced-
mass oxidized) of 2 Da due to the presence of one disulfide
bond in the wild-type protein, whereas the mutants showed
a difference of 4 Da due to the presence of two disulfide
bonds in each of the mutants. Formation of disulfide bonds
was further confirmed by checking for the absence of free
cysteines using a DTNB (5,5′-dithiobis-(2-nitrobenzoic acid))
assay as described previously (23).

Far-UV CD Spectroscopy and Fluorescence Spectroscopy.
CD spectra were recorded on a Jasco J-715 C spectropola-
rimeter flushed with nitrogen gas. The spectra were recorded
using a 0.1 cm path length cuvette with a scan rate of 10
nm/min and a time constant of 8 s. All data are an average
over a minimum of six scans and are presented in terms of
mean residue ellipticity (MRE) as a function of wavelength
(24). Far-UV CD spectra were taken for all the proteins in
the oxidized state at a concentration of approximately 4µM
in 10 mM phosphate, pH 7.0. Fluorescence measurements
were carried out on solutions containing 2µM Wt* or its
mutants in CGH10, pH 7.0, without (for oxidized) and with
(for reduced) 3 mM dithiothreitol in a thermostated 1 cm

Table 1: Properties of Positions Chosen to Introduce Cross-Strand
Disulfides inE. coli Thioredoxin

side chain
accessibility (%)

construct
name

N terminal
residue

C terminal
residue

registered
pair type

N-terminal
residue

C-terminal
residue

77c 77T 91V NHB 1 56
78c 78L 90K HB 0 39
79c 79L 89T NHB 0 25
80c 80L 88A HB 0 28

E (kcal/mol)) 2(1 + cos(3ø1)) + 2(1 + cos(3ø1′)) +
(1 + cos(3ø2)) + (1 + cos(3ø2′)) + 3.5(1+ cos(2ø3)) +

0.6(1+ cos(3ø3)) (1)
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path length cuvette in an Yvon-Horiba spectrofluorometer
using an excitation wavelength of 280 nm.

Isothermal Melts of Protein with GdmCl at pH 7.0.The
GdmCl denaturation curve for the oxidized proteins was
determined by measuring the intrinsic fluorescence (280 nm
excitation and 350 nm emission) of solutions containing 2
µM Wt* or its mutants as a function of GdmCl concentration.
The fluorescence of thioredoxin in the oxidized state is
strongly quenched by the active site disulfide (25). Conse-
quently upon either reduction or denaturation, there is an
increase in the intensity of tryptophan fluorescence. Ultrapure
GdmCl was purchased from USB. GdmCl stock solutions
were prepared, and their concentrations were determined by
refractive index measurement. The intrinsic fluorescence
readings were corrected for the fluorescence of GdmCl,
which is 1-4% of the reading for Wt*. The solutions were
incubated in 10 mM phosphate buffer, pH 7.0, at 25°C for
6 or more hours to ensure that equilibrium was reached
before the measurements were made. GdmCl-induced un-
folding was completely reversible for all the proteins. The
isothermal melts for the proteins under reduced condition
were carried out by incubating the proteins with a 20-fold
molar excess of DTT for 30 min prior to adding GdmCl.
Since the fluorescence intensity difference between the
unfolded protein and folded protein under reducing condi-
tions was small, the isothermal denaturation experiments for
the reduced proteins were monitored by CD at 222 nm as
described previously (26).

Thermostability Measurement by Differential Scanning
Calorimetry.DSC measurements in CGH10 buffer, pH 7.0,
over the temperature range of 15-110 °C with a scan rate
of 60 °C/h were performed using a VP-DSC microcalorim-
eter from Microcal, Inc. (Northampton, MA) as described
previously (27, 28). The DSC data were analyzed with the
ORIGIN software program (MicroCal) to determine the
transition peak area and the temperature at which the excess
heat capacity is maximum. For a two state transition, at this
temperature (Tm), 50% of the molecules are unfolded.

Turbidimetric Assay of Insulin Reduction.All experiments
were carried out at 298 K in a Jasco (V-530 UV/Vis)
spectrophotometer. Each assay mixture contained 0.1 M
phosphate buffer (pH 7.0), 2 mM EDTA, 0.13 mM porcine
insulin, 0.33 mM dithiothreitol, and 7.8µM thioredoxin.
Following dithiothreitol addition, the absorbance of the
mixture at 650 nm (A650) was monitored as a function of
time. The noncatalyzed reduction of insulin by dithiothreitol
without thioredoxin and Wt* catalyzed insulin reduction were
recorded as control experiments. The time taken forA650 to
reach a value of 0.02 over a stable baseline was considered
to be the time corresponding to the start of precipitation.

RESULTS

Characterization of Disulfides Spanning Adjacent Strands
of a â Sheet. There were 58 disulfides found in the
nonredundant database that bridged two adjacent strands of
an antiparallelâ sheet in a single protein chain (hereafter
referred to as cross-strand disulfides). An additional four
interchain cross-strand disulfides were also found. The
number constitutes 3% of the total disulfides found in the
same dataset. The dataset consisted of 17 097 pairs of
antiparallel adjacentâ strands out of which 7312 strands were

edge strands. The geometry of the disulfides was analyzed
to see whether they were different from the disulfides found
in other secondary structural elements. Geometrical param-
eters are described using the terminology discussed in
Materials and Methods and summarized in Figure 1.

Comparison of Cross-Strand Disulfides and Other Dis-
ulfides in Terms of Torsion Angles and Strain.The distribu-
tion of ø1, ø2, ø3, ø2′, andø1′ for the cross-strand disulfides
shows that the angles adopted by the cross-strand disulfides
corroborate well with earlier studies on cross-strand disulfides
(12) and small disulfide-rich folds (seven examples of cross-
strand disulfides) (29). The mean angles forø1, ø2, ø3, ø2′,
and ø1′ are centered about-50°, -85°, 105°, -85°, and
-58°, respectively. The distribution ofø3 is striking in terms
of its preference for the right-handed rotamer. An earlier
report has reported a similarly high prevalence of the right-
handed rotamer at cross-strand disulfides in the case of small
disulfide-rich proteins, where it has been defined as the right-
handed staple conformation (29). The torsion energy of
disulfides was calculated according to the torsion energy
expression for disulfides defined in the leapf99 module of
the AMBER program suite (17). This parameter has earlier
been shown to correlate quite well with the stability of
disulfides measured in vitro (3, 30). The distributions of
torsion energy for cross-strand disulfides and other disulfides
are shown in Figure 2. The energy distribution shows that
the cross-strand disulfides do not have significantly higher
strain energy than other disulfides. This is in contrast to a
recent report (10), which suggested that cross-strand disul-
fides are associated with higher torsional strain energy. The
cross-strand disulfides have a preference to cross-link an edge
strand with an adjacent inner strand. Only 13 out of 59
examples lacked an edge strand cysteine. The edge strands
are accessible and hence might tolerate the distortion in the
structure caused by the formation of disulfide by backbone

FIGURE 1: Schematic representations of various stereochemical
parameters used to analyze cross-strand disulfide stereochemistry:
(A) dihedral angle definitions; (B) two types of pairing possible
between adjacent strands of antiparallelâ sheet, hydrogen-bonded
(HB) and non-hydrogen-bonded (NHB) pairs.
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rearrangement without inducing significant strain in the
protein structure.

Sequence Separation between Cysteine Pairs in Cross-
Strand Disulfides.Disulfide stabilization of proteins is
thought to result from a reduction in conformational entropy
and consequent destabilization of the denatured state upon
disulfide formation (1). The magnitude of the reduction in
the conformational entropy of the denatured state will be a
function of the sequence separation of the two cysteine
residues as given by (8)

where∆S is the stabilizing entropic effect andN is the
loop length enclosed by the disulfide. Hence, we computed
the frequency distribution of the sequence separation between
half-cystines involved in cross-strand disulfides and com-
pared it to the distribution of sequence separation between
half-cystines in other disulfides (Figure 3A). The distribution
indicates that the cross-strand disulfides cross-link residues
that are, on average, closer in sequence compared to other
disulfides. The average sequence separation between the
middle residues of any two antiparallel strands of aâ sheet
was calculated. The distribution shows that the sequence
separation between such residues in an edge strand and its
adjacent strand is significantly lower than that between other
adjacent strands. Only non-disulfide-bonded adjacent strands
were considered to uncover any effect of disulfide on
sequence separation. The distribution of sequence separation
of cross-strand disulfides closely resembles the distribution
for sequence separation involving edge strands and their
adjacent strand. This indicated that the low sequence
separation of cross-strand disulfides was induced by its
presence on edge strands. The sequence separation between
the middle residues of internal adjacentâ strands did not
have any marked preference for low sequence separation.

Distribution of æ and ψ for Cystines InVolVed in Cross-
Strand Disulfides.To examine whether the distribution of
æ andψ for the cross-strand disulfides deviates significantly
from the values adopted by non-cystine residues in antipar-

allel â strands, the averageæ andψ values were calculated
for the two different populations. The meanæ andψ for the
cystines was-122° ( 14° and 142° ( 34°, and for non-
cystine residues was-112° ( 26° and 130° ( 43°. When
compared to the distribution for the angles adopted by non-
cystine residues, it can be seen that the mean cystine
geometry slightly deviates from the mean geometry of non-
cystine residues but is well within the distribution allowed
for non-cystine residues.

Distance Parameters.The normalized frequency distribu-
tion of the CR-CR distance (DRR) is shown for cross-strand
disulfide pairs and non-cystine registered pairs in antiparallel
â sheets (Figure 3B). Non-cystine pairs show a bimodal
distribution ofDRR, which is due to the presence of two types
of pairs in an antiparallelâ sheet, hydrogen-bonded (HB)
and non-hydrogen-bonded (NHB) (Figure 1B). Cross-strand
disulfides show a unimodal distribution with the maximum
being shifted toward a lowerDRR of about 4 Å. This was

FIGURE 2: The frequency distribution of torsion strain energies of
disulfides calculated from the AMBER force field using eq 1. The
solid line shows the distribution for non-cross-strand disulfides,
whereas the dashed line shows the distribution for cross-strand
disulfides. The distribution shows that cross-strand disulfides are
not significantly destabilized over other disulfides.

∆S) (-2.1- 2.98 lnN) cal mol-1 K-1 (2)

FIGURE 3: (A) Frequency distribution for sequence separation of
three categories of residues. The sequence separation between the
half-cystines of cross-strand disulfides (black bar) is significantly
biased toward smaller sequence separation than that for non-cross-
strand disulfides (light gray bar). The sequence separation between
the middle residues of adjacent antiparallelâ strands, one of which
is an edge strand (dark gray bar), also shows a similar bias for
smaller sequence separations. Since one of the half-cystines
involved in cross-strand disulfides is generally found on an edge
strand, the bias for smaller loop length of this type of disulfide is
an imposed property. (B) The distribution of CR-CR distance (DRR)
for non-cystine registered residues in antiparallelâ-strands (grey
bar) shows a bimodal distribution. The peak at 5.5 Å corresponds
to hydrogen-bonded pairs, and the peak centered around 4.6 Å
corresponds to non-hydrogen-bonded pairs. The distribution for
cystines involved in cross-strand disulfides (black bar) is centered
around 4 Å. The mean values ofDRR for the non-cystine pairs are
4.4 ( 0.4 and 5.6( 0.4 Å for NHB and HB pairs, respectively.
The mean for cross-strand disulfide is 4.0( 0.2 Å.
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consistent with the fact that cross-strand disulfides are found
exclusively at the NHB pairs (see below), which can
accommodate a lowerDRR than the hydrogen-bonded pair.
This lower distance was found not to cause any steric clashes
between the two strands. Thus, there was no evidence to
suggest that naturally occurring cross-strand disulfides are
conformationally strained.

Position of the Disulfides with Respect to Strand Registry.
The distribution of cross-strand disulfides was striking in
terms of positional preference. It was found that these
disulfides occur only between NHB pairs of the adjacent
strands. The positional preference was very strong. Only a
single example where a cross-strand disulfide (PDB code
1b56, between position 120 and 127) (31) spans residues
that are hydrogen bonded to each other was found in our
dataset. However, this disulfide has an unusualø3 value of
160°.

In an idealâ sheet, for HB pairsDRR < Dââ, whereas for
NHB pairsDRR > Dââ. The rotamer preference for naturally
occurring cross-strand disulfides (g+ g+ dg+ g+) indicates
thatDRR should be smaller thanDââ, which is most likely to
occur in the wide pair hydrogen-bonded position in an ideal
â sheet (29). It was therefore previously reported that the
formation of cross-strand disulfides should be more favorable
at HB rather than at NHB pairs (29). Database analysis
revealed that due to the pleated nature of naturally occurring
â sheets,DRR < Dââ for both HB and NHB pairs. This
comparison shows that NHB pairs can accommodate disul-
fides without major structural rearrangements in their
naturally occurring geometry.

There could be two reasons for the absence of cross-strand
disulfides at hydrogen-bonded positions in the dataset. First,
such disulfides might result in strained conformations and
hence decrease the stability or lead to a misfolded state and,
therefore, would be selected against in evolution. Second, it
is possible that due to the geometry of the hydrogen-bonded
pair, disulfide bond formation is so strained that disulfides
are not formed even if two cysteines are present.

The first possibility is supported by the fact that the only
occurrence of a cross-strand disulfide at a HB pair, in 1b56,
takes an unusual geometry in terms of the side chain torsion
angle. The meanø3 for right-handed rotamers is centered at
+95° ( 14°, whereas theø3 value for the disulfide at the
HB pair is 140°, more than two standard deviations off from
the mean of the distribution for right-handed rotamers. The
torsional strain energy of this disulfide is calculated to be
7.3 kcal mol-1, which is about 4.1 kcal/mol higher than the
mean torsional strain energy of a cross-strand disulfide. The
torsional energy estimates are based on calculations rather
than direct experimental measurement and appear to be
somewhat high. Nevertheless, they provide a useful qualita-
tive measure of whether a specific disulfide is strained
relative to typical naturally occurring disulfides.

Biophysical Characterization of Cross-Strand Disulfide
Mutants of Wt*. E. colithioredoxin (Wt*) was chosen as a
model system to study the effects of introduction of cross-
strand disulfides on protein stability. Thioredoxin has a high
level of expression and stability and is well characterized in
terms of stability, structure, and folding (9, 26, 32-34). The
database analysis described above indicated that cross-strand
disulfides can be formed between the NHB pairs of an
antiparallel â sheet and that one residue of the pair is

generally found on an edge strand. We therefore designed
four sets of mutants that would each have two cysteines
introduced at either NHB pairs or HB pairs of aâ sheet.
One cysteine from each pair was at an exposed edge strand.
Table 1 summarizes the data for the residues chosen for
mutation and their distinction in terms of hydrogen bonding.

Protein Expression, Purification, and Characterization of
Disulfides. All the mutants are named according to the
convention described in Materials and Methods. Mutants 77c
and 79c were purified, and the yield was∼10 mg/L of
culture. The mutant 78c showed a moderate level of
expression and could be purified with a yield of∼2 mg/L.
The mutant 80c showed high levels of expression but was
largely present in the inclusion bodies. A small amount (∼0.1
mg/L) could be purified from the soluble fraction. Attempts
to purify the protein from inclusion bodies failed, because
the protein was exceptionally prone to aggregation and
precipitation upon refolding. The mutants were characterized
for disulfide formation using DTNB and also LC-MS. All
the mutants had formed disulfides at the desired positions.
This refutes the proposition that cross-strand disulfide
formation is not possible at hydrogen-bonded pairs. Expres-
sion of 80c in the insoluble fraction suggested that a cross-
strand disulfide at a HB pair might destabilize the protein.
The low yield of 80c rendered it unsuitable for further
biophysical analysis.

Spectroscopic and Thermodynamic Characterization of
Proteins.All further studies were done on the remaining three
mutants. Far-UV CD and fluorescence spectra were recorded
for all the mutants, and the spectra were found to be similar
to the Wt* spectrum (Figure 1, Supporting Information). This
indicated that the secondary and tertiary structures of the
mutants were identical to those of Wt*. Reversible denatur-
ation studies of both oxidized and reduced thioredoxin have
been reported previously (9, 26, 33, 35). Figure 4 shows the
isothermal denaturation curves for the mutants that were
fitted to obtain the various stability parameters summarized

FIGURE 4: Isothermal chemical denaturation studies on Wt* and
disulfide mutants of thioredoxin showing the fraction unfolded (fu)
as a function of denaturant concentration for (A) oxidized and (B)
reduced proteins at pH 7.0, 298 K. The symbols are 77c (O), 78c
(b), 79c (4), and Wt* (0). In the oxidized state, 77c and 79c are
stabilized, while 78c is destabilized relative to Wt*. In the reduced
state, all proteins have similar stabilities. Data were fitted to a two-
state model with globally fitm values of 3.7 and 3.6 kcal mol-1

M-1 for oxidized and reduced proteins, respectively. Unfolding of
the oxidized and reduced proteins was monitored by fluorescence
and CD spectroscopy, respectively.
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in Table 2. Wt* has a single disulfide bond at the catalytic
site between Cys32 and Cys35 in the oxidized state. All
mutants contain this disulfide as well as one additional
engineered disulfide in the oxidized state. In the reduced
state, Wt* and all mutants do not contain any disulfide.
Denaturation was reversible in all cases. The NHB disulfide
mutants, 77c and 79c, show an increase in stability of about
2.5 kcal mol-1 over WT*. The Cm of the mutants also
increases by about 0.6 M GdmCl at 298 K. The HB mutant,
78c, shows a marked decrease in stability of about 3 kcal
mol-1 below the wild-type protein. TheCm of this protein
also decreases by 0.6 M GdmCl. Taken together with the
fact that the 80c mutant was expressed largely in the
insoluble fraction, this indicated that cross-strand disulfides
at hydrogen-bonded pairs destabilize the protein. To recon-
firm this result, we performed DSC studies of the three
mutants (Figure 5). The results are summarized in Table 2.
The mutants 77c and 79c showed a marked increase of 7
and 9.8°C in melting temperature (Tm), respectively, whereas
the 78c mutant shows a marked decrease of 8.2°C in Tm.
Measured values of∆H°(Tm) and ∆S(Tm) for each of the
mutant were extrapolated to a common reference tempera-
ture. This temperature was chosen to be theTm of Wt* (89.8
°C). The extrapolation was carried out using the previously
measured∆Cp value for wild-type thioredoxin of 1.6 kcal
mol-1 K-1 (28) as described previously. As expected, the
stabilization obtained at NHB positions is associated with a
reduction in the entropy of unfolding. However, the mag-
nitude of∆∆S is larger than expected from eq 2. The∆∆G°
values at 89.8°C were 2.1 and 2.7 kcal mol-1 for 77c and
79c and-2.7 kcal mol-1 for 78c. The similarity of these
values with∆∆G° values obtained from isothermal dena-
turation experiments at 25°C indicate that disulfide bonds
at the NHB pairs have the capability to increase the stability
of a protein over a wide range of temperatures.

Thermodynamic characterization of stability was also
carried out with the reduced proteins to examine whether
introduction of cysteines at any of the positions was the cause
of the increase or decrease in stability. Since Wt* has one
disulfide bond, we compared the stability of the reduced
mutant proteins with reduced Wt*. Isothermal chemical
denaturation experiments showed that the reduced mutants
have the same stability as that of reduced Wt*. The DSC
studies also show that theTm’s of the reduced mutants were
equal to that of reduced Wt*. This clearly demonstrates that

the observed stability effects in the oxidized state are due to
cross-strand disulfide formation. It should be noted thatE.
coli thioredoxin has exceptionally high thermal stability. Very
few of the large number of mutants previously constructed
have shown significantly enhanced thermal stability (28, 36-
38). The oxidized states of all the mutant proteins appear to
have appreciably broader thermal transitions and a decreased
cooperativity of unfolding relative to Wt*. This may be a
consequence of increased order in the denatured states of
these proteins as a consequence of disulfide formation.
Similar decreases in cooperativity of thermal unfolding have
been previously observed for engineered disulfide mutants
of cellulase C, azurin, and avidin (39-41). In a counter

Table 2: The Stability of Wt* and Its Mutants in Oxidized and Reduced Conditions as Measured by Isothermal Denaturation Studies at 25°C,
pH 7.4, and DSC Studies

protein

∆G°
(25 °C)

(kcal/mol)b
Cm

(M)

∆∆G°
(25 °C)

(kcal/mol)c

Tm

(°C)d

(DSC)
∆Tm

(°C)d,e

∆∆H°
(89.8°C)

(kcal/mol)d,g

∆∆S
(89.8°C)

(cal mol-1 K-1)d,g

∆∆G°
(89.8°C)

(kcal/mol)g

Wt* 9.6 ( 0.3 2.60 89.8
77c 11.7( 0.4 3.15 2.1( 0.5 96.8 7.0 -19.2 -58.7 2.1
78c 6.7( 0.4 1.85 -2.9( 0.5 81.6 -7.2 -1.9 2.2 -2.7
79c 11.8( 0.4 3.20 2.2( 0.5 99.6 9.8 -27.7 -84.0 2.7
Wt*-reda 6.2( 0.4 1.70 -3.4( 0.5 75.3 f
77c-reda 6.4( 0.3 1.72 -3.2( 0.5 75.0 -0.3
78c-reda 6.3( 0.4 1.71 -3.3( 0.5 75.5 0.2
79c-reda 6.3( 0.4 1.70 -3.3( 0.5 75.7 0.4
a Under reduced conditions, in the presence of a 20-fold molar excess of DTT.b All isothermal melts were fitted with the samem value of-3.7

kcal mol-1 M-1 for oxidized and-3.6 kcal mol-1 M-1 for reduced proteins.c ∆∆G° ) ∆G°(mutant)- ∆G°(Wt*). d The average errors inTm and
∆H° were 0.5°C and 5 kcal mol-1, respectively. Average errors in∆Tm and∆∆H° were estimated to be 0.7°C and 7 kcal mol-1, respectively,
using propagation of errors.e ∆Tm ) Tm(mutant)- Tm(Wt*). f ∆Tm under reducing conditions is calculated with reference to reduced Wt*g Calculated
as described previously using a∆Cp value of 1.6 kcal mol-1 K-1 (28).

FIGURE 5: DSC studies on Wt* and disulfide mutants of thioredoxin
at pH 7.0. (A) DSC scans of baseline subtracted excess heat capacity
as a function of temperature for the oxidized proteins show that
78c is less stable than Wt*, whereas 77c and 79c are more stable
than the Wt* protein. Raw data are shown as open circles, and the
fitted data are shown as lines in all cases. (B) DSC scans for the
reduced proteins show that all the proteins have similar thermal
stability in the reduced state. The raw data (open circles) for the
mutants are very similar and hence have not been labeled for clarity.
The fitted data (black line) is shown only for Wt* for the sake of
clarity.
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example, no decrease in cooperativity was seen in a disulfide
engineered mutant of xylanase (42). For the reduced state
of the thioredoxin mutants, there is only a slight decrease in
cooperativity of unfolding. While Wt*, 77c, and 79c fit well
to a two-state model, for 78c, the fit is poorer.

Thioredoxin-Catalyzed Insulin Reduction.The redox po-
tential of the thioredoxin active site is thermodynamically
linked to the difference in the free energy of the folding of
the oxidized and reduced states of the protein (43). Hence,
modulation of thioredoxin stability will affect the redox
potential of the protein and can potentially affect its activity.
We have therefore studied the ability of the thioredoxin
derivatives to catalyze reduction of insulin by DTT. Reduc-
tion of insulin by dithiothreitol leads to cleavage of two
interchain disulfides. Reduction is accompanied by formation
of a white precipitate owing to insolubility of the insulin B
chain. Thus, by quantitating the turbidity spectrophotometri-
cally, one can monitor the rate of insulin reduction. Thiore-
doxin-catalyzed dithiothreitol reduction of insulin disulfides
is a well characterized assay for determining thioredoxin
activity (44). Insulin reduction was studied at pH 7.0 in an
assay mixture containing final concentrations of 0.13 mM
insulin and 0.33 mM dithiothreitol. In the control sample,
containing only dithiothreitol, no precipitation was observed
until 135 min. Addition of any one of Wt*, 77c, 78c, or 79c
to a final concentration of 7.8µM in the assay mixture
resulted in rapid precipitation appearing after 5-10 min
(Figure 6) as was previously reported for thioredoxin (44).
In the case of 78c, the appearance of precipitate was slightly
delayed when compared to the other mutants. However, all
three thioredoxin disulfide mutants have a catalytic effect
comparable to that of Wt* indicating that the changes in the
thermodynamic stability have not greatly perturbed the
activity, as measured by the above assay.

DISCUSSION

We have investigated whether disulfide bonds that bridge
adjacent strands of antiparallelâ sheets are unstable and
whether they impart instability to protein structure. Previous

studies had reported that cross-strand disulfides are unstable
and can act as a molecular switch for conformational change
of proteins (10). However, the present analysis of cross-strand
disulfides provides the following insights. Although cross-
strand disulfides are not very common, a number of such
disulfides are present in the protein database. The confor-
mational energy as judged by the distribution of side chain
torsion angles and the torsion energy does not give any
indication of this type of disulfide being strained. As judged
from the distribution of æ and ψ, the â sheet is not
significantly deformed at cross-strand cysteine pairs. In terms
of their positional preference, these disulfides are only found
at NHB pairs, and in most cases, one of the half cystines is
present on an edge strand. The NHB pair geometry is
distorted by a small inward twist due to the formation of
the disulfide. This can be seen from the structural alignment
of two homologous proteins belonging to the SCOP (45)
family b.1.2.1.1 (Figure 7). One of the proteins has a cross-
strand disulfide, and the other does not.

Cross-strand disulfides also show a marked decrease in
sequence separation compared to the other disulfides. A
similar low sequence separation was seen between the middle
residues of an edge strand and its adjacent strand. Since most
cross-strand disulfides involve an edge strand, the low
sequence separation is induced by the high probability of
hairpin occurrences at an edge strand. It is well-known from
studies on synthetic peptides (46-49) that soluble hairpin
formation in aqueous solution is difficult to achieve. Many
of these peptides take up hairpin structure in solvents such
as methanol and trifluoroethanol (TFE) whereas they are
unstructured in water. This is attributed to solvent invasion
of the interstrand hydrogen bonds in exposedâ hairpins.
Hence, though the sequence separation of the cross-strand
disulfides is small, they might stabilize a protein structure
by aiding in the formation of an edgeâ-hairpin in aâ sheet
that is exposed to solvent. We have also observed four
occurrences of interchain disulfides between adjacent anti-
parallel strands formed by two different protein chains. The

FIGURE 6: Thioredoxin-catalyzed reduction of insulin. Insulin
aggregation following reduction was monitored by the increase in
light scattering at 650 nm. Assay conditions were 0.1 M phosphate
buffer, 2 mM EDTA, 0.13 mM procine insulin, 0.33 mM dithio-
threitol, and 7.8µM thioredoxin mutant. The symbols are (9) 77c,
(2) 78c, (b) 79c, and (3) Wt*. Incubation mixture without
thioredoxin ()) served as control.

FIGURE 7: Structural superposition of two homologous proteins
showing the change in geometry of theâ sheet upon disulfide
formation. Both proteins are in the SCOP family b.1.2.1. The protein
1axi (chain B) (dark gray) has a disulfide bond, whereas the
analogous positions in 1eer (chain B) (light gray) do not. There is
a small inward twist of one strand upon disulfide formation. There
are also small changes in the backbone dihedral angles with theφ
andψ changing by an average of 10° and 27° at thei - 1 positions,
by 22° and 10° at ith positions, and by 7° and 20° at the i + 1
positions.
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disulfides in these cases were also observed to be exclusively
at the NHB pairs, indicating that preference of cross-strand
disulfides to form at NHB positions can be successfully used
to cross-link chains of interacting proteins that form an
extended sheet structure. This statement is also supported
by an earlier study on Arc-repressor (7). It was reported that
there was an increase inTm of the Arc-repressor homodimer
by 40 °C upon introduction of an intermolecular disulfide
between engineered cysteine residues at position 11 on each
chain. This position, upon inspection by us, also turned out
to be a NHB pair and the resulting disulfide cross-linked
adjacent antiprallel strands. In that study, sites were selected
using a program (50) that did not make use of the fact that
the disulfide would be at a NHB position. The particular
site was chosen primarily because it involved making a
mutation at a single residue, rather than two residues as with
other sites, and the original asparagine residue present at the
11th position was exposed and would allow side chain
rearrangements upon disulfide formation.

There were six examples in the present dataset where a
cross-strand disulfide was not formed in the protein structure
though two free cysteines were present at the NHB paired
positions. Closer investigation revealed that these proteins
were devoid of disulfides at any position, though they had a
significant number of free cysteines and were localized in
the cytoplasm or nucleus of the cell. This suggested that there
was no evolutionary driving force for cross-strand disulfide
formation in these cases because of the reducing environment
of the cytoplasm.

The occurrence of cross-strand disulfides specifically at
the NHB positions indicates that disulfides at HB positions
are unfavorable. One possibility is that disulfide formation
at these positions is geometrically not possible. However, a
single example of a cross-strand disulfide between HB pairs
(PDB 1b56) indicated that disulfide bonding is possible at
the HB pairs. The other possibility is that disulfides at HB
positions induce strain in the protein structure and hence are
very rare. To test these hypotheses, we had designed
disulfides in Trx at both HB and NHB positions. The results
show that disulfide formation is sterically possible at all four
positions nullifying the possibility that HB pairs are unlikely
to form due to geometric constrains. Isothermal chemical
denaturation experiments and DSC studies show that disul-
fides at HB positions cause significant destabilization of Trx,
whereas the disulfides at NHB positions significantly sta-
bilized the protein. This suggests that disulfides at HB
positions destabilize proteins and hence were selected against
during evolution. The increase in stability of 77c and 79c
corroborated well with the expected value of about 3.1 kcal
mol-1, calculated from the length of the loop enclosed using
eq 2.

In the absence of any steric effects, we would expect a
similar increase in stability of 78c because of the similar
loop length involved between the disulfide-bonded residues.
The observed destabilization must therefore result from
torsional strain in the engineered disulfide. The predicted
increase in stability for 77c and 79c was obtained from
models that take into account the loss of entropy of the
unfolded state. The sign of∆∆H and ∆∆S values for the
mutants (Table 2) indicates that there is indeed a decrease
in the entropy associated with unfolding of 77c and 79c. This
change is seen to be absent in the case of 78c mutant. Mutant

77c is stabilized by 2.6 kcal/mol and 79c by 2.3 kcal/mol
relative to Wt* at 25°C and by 2.1-2.7 kcal/mol at 89.8
°C. These increases in stability compare favorably with the
stability increase seen in other engineered disulfides (5, 51-
53), and this suggests that the cross-strand disulfide bonds
are formed with little strain. Since, these disulfides can
provide significant stability to a structure, modulation of their
redox state has the ability to modulate the structural integrity
of a protein. Introduction of cross-strand disulfides at NHB
pairs involving one edge strand thus appears to be a simple
and straightforward method to increase protein stability.
Further studies with a variety of proteins will be required to
test the above assertion.

SUPPORTING INFORMATION AVAILABLE

A table containing a list of proteins that were found to
have a cross-stand disulfide bond and a figure showing CD
and fluorescence spectra of thioredoxin mutants. The material
is available free of charge via the Internet at http://
pubs.acs.org.
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