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ABSTRACT: Recent studies of proteins with reversed charged residues have demonstrated that electrostatic
interactions on the surface can contribute significantly to protein stability. We have used the approach of
reversing negatively charged residues using Arg to evaluate the effect of the electrostatics context on the
transition temperature (Tm), the unfolding Gibbs free energy change (∆G), and the unfolding enthalpy
change (∆H). We have reversed negatively charged residues at a pocket (Asp9) and protrusions (Asp10,
Asp20, Glu85), all located in interconnecting segments between elements of secondary structure on the
surface of Arg73AlaEscherichia colithioredoxin. DSC measurements indicate that reversal of Asp in a
pocket (Asp9Arg/Arg73Ala,∆Tm ) -7.3 °C) produces a larger effect in thermal stability than reversal
at protrusions: Asp10Arg/Arg73Ala,∆Tm ) -3.1 °C, Asp20Arg/Arg73Ala,∆Tm ) 2.0 °C, Glu85Arg/
Arg73Ala,∆Tm ) 3.9°). The 3D structure of thioredoxin indicates that Asp20 and Glu85 have no nearby
charges within 8 Å, while Asp9 does not only have Asp10 as sequential neighbor, but it also forms a 5-Å
long-range ion pair with the solvent-exposed Lys69. Further DSC measurements indicate that neutralization
of the individual charges of the ion pair Asp9-Lys69 with nonpolar residues produces a significant decrease
in stability in both cases: Asp9Ala/Arg73Ala,∆Tm ) -3.7 °C, Asp9Met/Arg73Ala,∆Tm ) -5.5 °C,
Lys69Leu/Arg73Ala, ∆Tm ) -5.1 °C. However, thermodynamic analysis shows that reversal or
neutralization of Asp9 produces a 9-15% decrease in∆H, while both reversal of Asp at protrusions and
neutralization of Lys69 produce negligible changes. These results correlate well with the NMR analysis,
which demonstrates that only the substitution of Asp9 produces extensive conformational changes and
these changes occur in the surroundings of Lys69. Our results led us to suggest that reversal of a negative
charge at a pocket has a larger effect on stability than a similar reversal at a protrusion and that this
difference arises largely from short-range interactions with polar groups within the pocket, rather than
long-range interactions with solvent-exposed charged groups.

Progress in protein engineering depends on our ability to
determine the relative significance of hydrophobic and
electrostatic contributions to protein folding and stability.
While no question remains about the importance of the
hydrophobic force in the folding of soluble globular mon-
omeric proteins (1), determining the relative importance of
electrostatics in protein stability still constitutes a challenge
(2, 3). A key event occurred in the 1970s (4, 5) with the
appearance of a mesophile of known structure whose
homologous thermophilic counterparts exhibited a higher
number of ion pairs (6). That discovery raised expectations
for the untangling of the role of electrostatics on the thermal
stability of proteins. The recent explosion of sequence and

structural information about these thermophiles (7, 8) has
stimulated enormous activity in this area (2, 3, 9-11). Recent
computational studies of hyperthermophilic (12) and ther-
mophilic (13) proteins suggest that thermal stability of these
proteins is enhanced by favorable electrostatic interactions
arising through the optimum placement of ion pairs. It is
known that nature does not always optimize the overall
electrostatics of mesophiles for stability (14-17). In fact,
the elegant mutational analysis of cold shock proteins
indicates that removal of a pairwise electrostatic repulsion
between nearby solvent-exposed charges present in the
mesophile but absent in the thermophilic counterpart favors
the overall electrostatic interactions and increases stability
(16). It is thus expected that protein stability could be
enhanced by judicious manipulation of the electrostatic
interactions among surface residues (15, 18). However, so
far de novo engineering of salt bridges in proteins has
resulted in only marginal contributions to stability (19, 20),
indicating that we are still far from a complete understanding
of the contribution of electrostatics to protein stability.
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Recent years have witnessed a great accumulation of
experimental and computational studies about electrostatics
interactions in peptides and proteins, which, despite stirring
some controversy (21), have increased our understanding of
the significance of salt bridges (22-24) and long-range
electrostatic interactions (25) in the folded and unfolded states
(26) and their contributions to protein stability. Indeed, recent
calculations have illuminated experimental studies of the
relationship between surface electrostatics and protein stabil-
ity involving aspects such as ionic strength (27), solvent-
exposed charges (28, 29), ion pairs with different degrees
of solvent exposure (16, 22, 28, 30-32), and charge-charge
interactions in the unfolded state (33-39). In particular,
multiple mutational cycles in proteins have been used to
assess the charge-charge interactions in ion pairs (19, 22,
40, 41) and ion networks (42, 43) on the surface of proteins.
More interplay between experimental and computational
analysis of electrostatics in proteins (44-47) is clearly
necessary for improving the accuracy of calculated potential
energies and the predictive ability needed in protein design
and engineering. The purpose of the present mutagenesis
studies is to identify patterns in the contributions of
negatively charged surface residues to protein stability. We
selected to substitute nonconserved negatively charged
residues from interconnecting segments ofEscherichia coli
thioredoxin (Trx), a globular monomeric protein of 108
amino acids with a single Arg at position 73, a transition
temperature of 86.6°C, and a negative net charge at neutral
pH. The single arginine of Trx was relocated and placed at
a pocket (Asp9) or protrusions (Asp10, Asp20, Glu85) of
the surface. As it turns out, Asp9 belongs to an ion network
of attractive and repulsive long-range ion pairs involving the
solvent-exposed Lys69 and Asp10, which makes them likely
candidates as important partners. Relocating the Arg of Trx
in the pocket produced the most detrimental effect on
stability, and therefore Asp9 became the focus of the studies.
The possibility that the long-range ion pair Asp9-Lys69
could play an important role led us to include Lys69 in the
mutational studies. Our mutational analysis suggest that
reversal of a negative charge at a pocket has a larger effect
on stability than a similar reversal at a protrusion. This
difference, however, arises largely from short-range interac-
tions with polar groups within the pocket rather than long-
range interactions with other solvent-exposed charged groups.

MATERIALS AND METHODS

Mutagenesis, Expression, and Purification of Trx Variants.
15NH4Cl was purchased from Cambridge Isotopes Labora-
tories. All other chemicals were reagent grade. The buffer
used in all experiments was 10 mM potassium phosphate
(KPi buffer). Mutations were introduced in theE. coli Trx
gene carrying the Arg73Ala substitution. Site-directed mu-
tagenesis of this gene was carried out using the QuickChange
Site-Directed Mutagenesis kit (Stratagene). The incorporation
of the selected mutation was confirmed by DNA sequencing.
The plasmid carrying the variant gene was transformed into
E. coli JF521 (gift from J. Fuchs and C. Woodward) for
overexpression (48). Each variant was purified to apparent
homogeneity by molecular exclusion and reverse phase
chromatography (49) and subsequently stored in lyophilized
form. The lyophilized samples were resuspended in 7 M
GuHCl, 10 mM KPi buffer at pH 7.5. The buffer of each

protein sample was exchanged to 10 mM KPi buffer at pH
7.5 or 6.5 by using a Sephadex G25 column and further
concentrated as required. The homogeneity of each protein
sample was characterized by SDS/PAGE, analytical reverse
phase, analytical gel filtration, and electrospray mass spec-
troscopy. Uniformly enriched15N mutants of Trx were
obtained by transformation of each plasmid into theE. coli
BL21 (DE3) strain and subsequent expression in minimal
media (50). The concentration of each mutant of Trx was
determined spectrophotometrically using the average mo-
lecular mass and the extinction coefficientε280 ) 14 100 M-1

cm-1.
Differential Scanning Calorimetry.DSC1 experiments were

performed using a VP-DSC microcalorimeter (MicroCal)
with a scan rate of 1.5 deg/min. Samples were filtered and
centrifuged at 14 000 rpm previous to the measurements.
Calorimetric cells (operating volume≈ 0.5 mL) were kept
under an excess pressure of 207 kPa to prevent degassing
during the scan. The reference cell of the calorimeter was
filled with KPi buffer, pH 7.5 from the exchange column.
The concentration of the mutants of Trx varied between 0.3
and 1.8 mg/mL. The temperature induced unfolding of all
variants were checked for reversibility by comparing the
heating and reheating DSC scans. In all cases, the revers-
ibility was better than 75%. The absolute heat capacity,Cp-
(T), was obtained from the experimentally measured apparent
heat capacity difference between the sample cell containing
the protein solution and the reference cell containing buffer,
∆Cp

app(T), according to previously published procedures
(49). The calorimetric profiles were analyzed according to
a two-state transition model (49). The standard thermo-
dynamic functions under reference conditions were calculated
according to the following equations:

whereC is the protein concentration,V0 is the volume of
the calorimetric cell,VP andVH2O are the specific volumes
of the protein and water, respectively,Tm is the transition
temperature, and∆Cp(Tm) is the difference between the
absolute heat capacities of the unfolded and folded states of
the protein, at theTm. ∆H, ∆S, and∆G are, respectively,
the changes in enthalpy, entropy, and free energy between
the unfolded and folded states.

1 Abbreviations: CD, circular dichroism; GnHCl, guanidinium
hydrochloride; Trx, oxidizedE. coli thioredoxin; DSC, differential
scanning calorimetry; NMR, nuclear magnetic resonance.

∆Cp
app(T) ) CV0(Cp(T) -

VP

VH2O
Cp,H2O) (1)

∆Hcal(T) ) ∆H(Tm) + ∆Cp(Tm)(T - Tm) (2)

∆S(T) ) ∆S(Tm) + ∆Cp(Tm) ln(T/Tm) (3)

)
∆Hcal(Tm)

Tm
+ ∆Cp(Tm) ln(T/Tm)

∆G(T) ) (Tm - T)(∆Hcal(Tm)

Tm
-∆Cp(Tm)) -

T∆Cp(Tm) ln(T/Tm) (4)
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Structural Analysis.Samples containing about 0.3 mM
protein in KPi 90%H2O/10%D2O and uncorrected pH 6.5
were prepared and NMR data were acquired on a 600 MHz
Varian Unity plus spectrometer at 25°C. Two-dimensional
1H-15N HSQC spectra were recorded using eight scans and
Fast-HSQC sequence (51) with 1024 and 128 complex in
t2, andt1, respectively. The spectral widths were 8999.9 Hz
in the1H dimension and 2400 Hz in the15N dimension. 1D-
NMR and 2D-NMR spectra were processed and analyzed
on a Silicon Graphics computer using Felix 2.3 (Biosym
Technologies, San Diego, CA) and on a Linux machine using
NMRPipe (52) and NMRView (53), respectively.

Structural Calculation.Calculation of the relative burial
of different side chains of Trx were performed using the
Molmol (54) software package for the surface area calcula-
tions. Calculations of the electrostatic potentials at the protein
surface were carried out using the programs MEAD (55) and
MSM (56). All calculations were performed on the 1xoa.pdb
Protein Data Bank entry.

RESULTS

Amino Acid Substitution Sites.Our interest in this subject
started when we observed widely different stabilities for some
mutants of Trx where the single Arg73 had been relocated
to generate proteolytic fragments using arginase. These
variants have a charge reversal mutation on surface sites
chosen to minimize disruptions of secondary structure: Asp9
and Asp10, which are located between strandâ1 and helix1;
Asp20, located between helix1 and â2; and Glu85, located
betweenâ4 and â5 (see Figure 1). Our initial observations
concerned mutations at positions 9, 20 and 85, and we
subsequently extended the studies to Asp10. As it turns out,
and it will be important in what follows, Asp9 is located in
a pocket while the others are in protrusions (see Figure 2).
Asp9 is therefore much less exposed and surrounded by more
heavy atoms than the other three (see Table 1), making short-
range interactions with nonpolar (Phe12, Gly65) and polar
(Asn63, Thr66, Lys69) residues. An interesting observation
from the 3D structure of Trx is that the oxygen of the

carboxylate of Asp9 is in the middle of an ionic network: it
is about 5 Å from the nitrogen of the amino of Lys69 and 6
Å from the oxygen of the carboxylate of Asp10 (see Figures
1 and 2). Since preliminary thermal denaturation experiments
of the variants using increasing concentrations of NaCl (0-1
M) and far-UV CD spectroscopy exhibited only subtle shifts
in the unfolding transition (data not shown), which is not
necessarily unexpected (see ref47 and references therein),
we decided to evaluate the role of the electrostatic interaction
between Asp9 and Lys69 by neutralization of the individual
charges at positions 9 and 69 using nonpolar, or moderately
nonpolar, residues. These residues were judiciously chosen
to be of similar size to the charged residues in question: Ala
for Asp, Met for Arg, and Leu for Lys. For technical reasons
related to the generation of proteolytic fragments ofE. coli
Trx, all the charge reversal mutations were carried out on a
mutant of Trx whose Arg73 was replaced by Ala (Arg73Ala).
Therefore, all comparisons are made with respect to this
mutant.

Effect of Amino Acid Substitution on the Folded State of
the Trx Variants.Size exclusion chromatography of Arg73Ala
Trx and its variants indicates a similar elution volume (data

FIGURE 1: Three-dimensional structure of Trx depicting the
substitution sites. The figure was generated using the program
Molscript (62) and rendered with Raster3D (63). The hydrogen,
nitrogen, and oxygen atoms are shown as white, blue, and red sticks,
respectively.

FIGURE 2: Electrostatic potential at the surface ofE. coli Trx. The
potential was generated using the program MEAD (55); the surface
was generated with the MSM program (56); the final picture was
created with the program DINO (http://www.dino3d.org) and
rendered with Raster3D (63). The negative and positive charges
are depicted in blue and red, respectively.

Table 1: Solvent Exposure (in Å2) and Number of Heavy Atoms
within a 7-Å Radius Surrounding Selected Charged Residues from
E. coli Trxa

residue ∆ASA ∆ASA (%) no. of neighbors

Asp9 52.1 21.6% of 240.9 174
Asp10 127.6 52.2% of 244.2 81
Asp20 134.0 56.8% of 235.8 55
Lys69 125.9 43.0% of 293.0 166
Arg73 181.9 57.5% of 316.2 138
Glu85 125.9 47.6% of 264.3 102
a Surface exposures were computed using the program Molmol (54)

and correspond to the average of the 20 structures present in the
1Xoa.pdb Protein Data Bank Entry
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not shown), implying that these substitutions do not alter
the monomeric state of Trx. Comparing the upfield portion
of the 1D-NMR spectrum for Arg73Ala Trx with that of its
variants indicates that substitutions at position 9 increase the
separation between the peaks of Ile72 and Leu103 and
decrease the distance between the two peaks of Val16 (57)
(see Figure 3). The peaks of Ile72 and Leu103 also show a
better overlap in the spectrum of Lys69Leu than that of
Arg73Ala. On the basis of previous assignments of Trx (58),
the 15N-1H-HSQC spectra of the double variants, i.e.,
Asp9Arg, Asp20Arg, and Glu85Arg show shifted cross-peaks
with respect to that of Arg73Ala Trx for amide protons of
residues in the vicinity of the substitution site (see Figure
4). For instance, the spectrum of Asp20Arg and Glu85Arg
(data not shown) exhibits subtle shifts only in the vicinity
of the substitution site. However, Asp9Arg shows a more
pronounced effect, which includes residues located within
the 5 Å radius, i.e., Phe12, Asn63, Gly65, Thr66, Lys69 and
residues beyond the 5 Å radius such as Val16, Phe27, Ala67,
Ile72. These results reflect conformational changes in the

N-terminal portion of helix1 andâ4, the C-terminal portion
of â2 and â5, as well as the long interconnecting segment
betweenâ3 andâ4. Together, the NMR analysis demonstrates
that substituting Asp9 produces extensive conformational
changes on an area close to the disulfide Cys32-Cys35 (see
Figure 5). As expected, the far and near-UV CD analysis
indicates minimal changes in the content of secondary and
tertiary structure of all the variants with the exception of
Asp9Arg, whose near-UV spectrum shows a subtle difference
that may arise from perturbations of Trp28, Trp31, and Tyr70
(data not shown).

Effect of Amino Acid Substitutions on the Thermostability.
The analysis of at least three sets of reversible DSC
experiments of the variants of Trx at concentrations between
0.3 and 1.8 mg/mL (see Figure 6) provides, under the
assumption of a two-state process, a complete set of
thermodynamic parameters (see Table 2). The fitting of the
DSC measurements is excellent and yields Van’t Hoff ratios
close to unity, implying that the two-state assumption is
warranted. Interestingly, the charge reversal in the pocket
produces a decrease inTm of about 7°C, while the reversals
at the protrusions can go either way but by not more than
2-4 °C. Interestingly, this includes Asp10, whose carboxy-
late is within 5.9 Å of Asp9. The pronounced drop in the
case of the pocket led us to investigate the potential
electrostatic interaction partners of Asp9 (see Figure 2), of
which the most prominent is Lys69 (charged moieties are
within 5.1 Å). Neutralization of Asp9 by an Ala or Met
decreases theTm by 4 and 5°C, respectively. The small
difference between the Ala and Met mutations seems to
indicate that the effect of elongating the nonpolar side chain
is not more than 2°C. Moreover, neutralization of Lys69
produces a drop of 5°C. Thus, neutralization of either residue
in the Asp9-Lys69 pair exhibits similar effects in the∆G
andTm. However, as we will see, the picture is dramatically
different when one looks at the changes in∆H.

Effect of Amino Acid Substitutions on the Enthalpies of
Unfolding. The next step is to compare the enthalpy of
unfolding of the Trx variants at a reference temperature of

FIGURE 3: Overlay of upfield portion of the 1D-NMR spectrum of
single and double variants ofE. coli Trx: Arg73Ala, Asp10Arg,
Asp20Arg, Glu85Arg, Lys69Leu, Asp9Ala, Asp9Met, Asp9Arg.
Assignments are indicated on Arg73Ala.

Table 2: Effects of Amino Acid Substitutions on the
Thermodynamic Parameters of Unfolding Trxa

variantb
Tm

(°C)c
∆H (Tm)
(kJ/mol)

∆Cp (Tm)
(kJ/K mol)

∆H
(82 °C)
(kJ/mol)

∆∆G
(82 °C)
(kJ/mol)

Asp9Arg 78.2 338.0( 0.6 6.3( 0.2 361 -8.11
Asp9Met 80.1( 0.2 344.3( 0.5 4.8( 0.2 352 -6.23
Lys69Leu 80.4 427.1( 0.2 7.3( 0.7 437 -6.34
Asp9Ala 81.8 386.4( 0.4 5.5( 0.1 386 -4.48
Asp10Arg 82.4 429.3( 0.4 7.0( 0.1 426 -3.9
Arg73Ala 85.5 456.2( 0.3 7.5( 0.1 424 0e

Asp20Arg 87.5 452.2( 0.4 7.6( 0.4 414 +1.77
Glu85Arg 89.4 458.5( 0.5 5.9 ‡ 415 +4.53

aTransition temperatures (Tm), unfolding enthalpy change (∆H),
unfolding heat capacity change (∆Cp), and unfolding free energy change
(∆G) were derived from the two-state fittings to DSC profiles of the
variants at a range of concentrations spanning 0.3-1.8 mg/mL in KPi

buffer, pH 7.5. Standard errors and uncertainty associated with the∆H,
∆Cp, and∆G are estimated from the scatter of values corresponding
to independent DSC measurements.b With the exception of Arg73Ala,
all the variants are double mutants that contain the Arg73Ala mutation.
Van’t Hoff ratios of all the variants are close to 0.99.c Except when
noted the errors are less than 0.1°C. d Calculated according to the
theoretical model of Freire et al. (61). e The ∆G at 82 °C is +4.51
kJ/mol.
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82 °C, an average transition temperature that minimizes the
errors of extrapolation due to the temperature dependence
of ∆Cp (see Table 2). The differences in∆H of unfolding
between the variants with substitutions at position 9 and the
remaining variants are beyond the expected errors associated
with protein concentration measurements. For instance, a 5%

decrease in the concentration of Asp9Arg translates in a 1%
increase in the∆H value at theTm and a 2.8 and 6.7%
increase in the∆H and∆G values of unfolding, respectively,
at 82 °C. On the basis of the∆H values, two groups of
variants are clearly defined: (i) those arising from a reversal
of a charge at protrusions, including Asp10, which show
essentially the same enthalpy of unfolding found for Arg73Ala
(between 413 and 426 kJ/K‚mol) and aTm above 82°C,
and (ii) those corresponding to the neutralization or reversal
of the negatively charged Asp9 sitting in a surface pocket,
which produce a drop in the∆H (to a value between 352
and 386 kJ/K‚mol) and have aTm below 82 °C. One
interesting exception is the solvent-exposed Lys69Leu: the
∆H is similar to that of Arg73Ala, but theTm is lower than
82 °C. Since the Gibbs free energy of unfolding (∆G) of
the variants at 82°C exhibits the same trend as the
thermostability (see Table 2), these two groups of variants
can be also organized by the∆G values.

Summary.The mutations we have studied seem to indicate
that reversal of Asp9 at the pocket is the most detrimental
to stability. Moreover, only the replacement of Asp9 at the
pocket affects the∆H to any significant degree. Interestingly,
a reduction in the∆H occurs irrespective of whether the
replacement is a polar (Arg) or nonpolar (Ala, Met) residue
and is accompanied by the propagation of structural changes
to distant residues (beyond 9 Å). In fact, this is the only
case in which such structural changes are observed, which
is consistent with our expectation that structural changes
result in changes in∆H.

FIGURE 4: Plots of the observed chemical shift values for the amide protons and nitrogens of a15N-labeled double variant ofE. coli Trx
minus that of Arg73Ala Trx. (A)∆δ (in ppm) for amide protons of double variant Asp20Arg. (B)∆δ (in ppm) for amide nitrogens of
double variant Asp20Arg. (C)∆δ (in ppm) for amide protons of double variant Asp9Arg. (D)∆δ (in ppm) for amide nitrogens of double
variant Asp9Arg. Residues 66 and 69 were shifted, but their shifts were undetermined and they are marked with an asterisk in the figure.

FIGURE 5: Three-dimensional structure of Trx. The network of
residues showing changes in chemical shifts of the amide protons
upon replacement of Asp9 by Arg are depicted in shades of blue.
A selected subset of the side chains has also been depicted and
labeled to show direct and indirect interactions with Asp9. The
figure was generated using the program Molscript (62) and rendered
with Raster3D (63).

Pockets vs Protrusions inE. coli Thioredoxin Biochemistry, Vol. 43, No. 13, 20043839



DISCUSSION

Structure and Energetics of Substitutions at Protrusions.
Structural analysis at low (far and near-UV CD) and high
(1D-NMR and1H15N-HSQC) resolution of the variants with
reversal of charge at the protrusions shows that, overall, they
maintain the structure of Trx.

As far as the energetics, Glu85Arg is the most stable
variant, regardless of whether one compares the∆G or the
Tm (see Table 2). Assuming that the nonpolar portion of the
long side chain of Arg arranges itself according to the
interactions of the guanidinium, the increasing trend in
stability going from Asp10Arg to Asp20Arg, and Glu85Arg
reflects differences in the polar/electrostatic context around
the Arg in these protrusions. In all these cases, the∆H at
the reference temperature are the same, within the experi-
mental uncertainties (3%), and it is not clear whether the
differences in the polar/electrostatic context have any effect
on the enthalpies. It is, however, provocative to believe that
the increase in stability relative to Arg73Ala shown by the
solvent-exposed Asp20Arg and Glu85Arg arises from en-
tropic contributions. Indeed, recent computational studies
indicate that the long Arg side chain shields the backbone
from solvation and contributes entropically to the increase
of stability (24). On the other hand, Asp10Arg shows a
decrease in the unfolding∆G of about 3.9 kJ/mol relative
to Arg73Ala and also exhibits a clear difference in context:
the carboxylate oxygens of Asp10 and Asp9 are within 6 Å
from each other, but both Asp20 and Glu85 are at least 8 Å
away from any nearby charge. This reflects the complexity
of the ionic network around Asp10 and awaits further
mutational analysis.

In summary, the reversal of a negative charge at pro-
trusions affects theTm either way (by not more than 2-4
°C), and produces almost no structural changes and negligible
changes in∆H.

Structure and Energetics of Substitutions at the Pocket.
Analysis of the 1D-NMR spectra of the family of variants
with substitutions at position 9 (see Figure 3) shows shifts
in the methyl group of either Ile72 or Leu103, and the1H15N-
HSQC (see Figure 4) spectrum of variant Asp9Arg shows a
change in the amide of Ile72 and not in that of Leu103. We
therefore conclude that, regardless of their polarity and size
(Ala, Met, or Arg), substitutions at position 9 produce
conformational changes of Ile72, which lies beyond the 5-Å
radius. From the HSQC spectrum of Asp9Arg, we can also
see changes, although subtle, in Phe12 and Phe27, and
therefore it is likely that the change in Ile72 stems from a
direct interaction between Asp9 and Phe12. It is worth noting
that Phe12 and Ile72 are connected through at least two
hydrophobic networks of native Trx: Phe12-Phe27-Ile72
(see Figure 5) and Phe12-Phe27-Ala67-Ile72. Structural
perturbations are also found on Gly65, Thr66, Lys69, which
appear to reflect other native networks of interactions:
Asp9-Lys69, Asp9-Gly65-Lys69, Asp9-Thr66-Lys69,
Asp9-Phe12-Thr66-Lys69, and Asp9-Phe12-Phe27-
Thr66-Lys69. These structural perturbations demonstrate
that substitution of Asp9 at the pocket produces extensive
conformational changes in the surroundings of solvent-
exposed Lys69 (see Figure 5) and, most importantly,
demonstrate the existence of direct and indirect routes of
interaction between Asp9 and Lys69. On the other hand,
neutralization of Lys69 (Lys69Leu) shows no structural
changes. Unfortunately, the asymmetry in these structural
perturbations complicates the use of the elegant double
mutagenesis approach (47, 59, 60) to extract information
about the effect of the putative long-range ion pair Asp9-
Lys69.

The variants with substitutions of Asp9 at the pocket not
only exhibit the largest conformational changes, but also the
largest decrease in the∆H of unfolding (9-15%, see Table

FIGURE 6: Temperature dependence of the absolute heat capacity of the double variants ofE. coli Trx obtained by DSC measurements. The
results of the data analysis are shown in symbols, and the best fits to the two-state equilibrium model are shown as continuous lines.
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2). An important question is whether experimental errors
account for this drop; in particular, we wanted to know
whether these results are sensitive to errors in the protein
concentration, which is one of the least reliable measure-
ments. We therefore evaluated the impact of a 5% error in
concentration of Asp9Arg and found that it results in only a
3% error in the∆H at the reference temperature. Another
source of errors could be the fact that the unfolded baselines
of the most stable variants are much shorter than the folded
ones (see Figure 6), and therefore the resulting∆Cp at Tm

may be inaccurate. The dispersion in the∆Cp at theTm does
not, however, affect the∆H values at theTm. At this point,
the only remaining question is about the effect of errors
arising from the temperature dependence of the∆Cp. In this
regard, the reference temperature was selected as the median
of theTm values to minimize the errors due to extrapolation.
We therefore conclude that the extensive structural perturba-
tions of the variants with substituents of Asp9 at the pocket
produce a real and significant decrease in the∆H of
unfolding.

Disruption of Electrostatic Interactions Inside the Pocket
DriVes the Decrease in∆H. The decrease in the∆G andTm

upon neutralization of Asp9 by Ala indicates that removal
of the carboxylate from this pocket costs 4.5 kJ/mol and near
4 °C. Further decrease upon replacing Ala by Met suggests
that extending the methylene chain out of the pocket costs
1.8 kJ/mol and almost 2°C. Assuming that Met and Arg
have similar nonpolar effects, introducing a positive charge
is worth 1.9 kJ/mol and about 2°C. Thus, if we dissect the
decrease in∆G (8.2 kJ/mol) andTm (7 °C) observed in
Asp9Arg into contributions arising from neutralization (4.5
kJ/mol and near 4°C), elongation of side chain (1.8 kJ/mol
and almost 2°C), and ionization with opposite charge (1.9
kJ/mol and about 2°C), neutralization stands out as the most
prominent effect. Indeed, recent experiments (data not
shown) show that replacing Asp9 by Asn has the same effect
as replacement by Met (decrease in∆G and∆H), confirming
that the removal of the carboxylate from the pocket at
position 9 has the most detrimental effect on stability (4.5-
6.2 kJ/mol and about 4-5 °C).

Interestingly, the neutralization of Asp9 (Ala, Met)
decreases the∆H value by about 38 kJ/mol, but the
replacement of a nonpolar side chain at the same position
by a charged one (Met to Arg) does not further affect the
∆H value (see Table 2). Thus, it seems that the cost of
neutralizing Asp9 at a pocket is independent of the side chain
length, and the ionization with an opposite charge of a long
nonpolar side chain (Met to Arg) reaching out of that pocket
has just an entropic effect, that is, the change in∆G is mostly
due to a change in∆S.

Assuming that the nonpolar interactions involving Lys69
are similar to the ones for Leu, the decrease in∆G andTm

of Lys69Leu implies that this neutralization costs 6.3 kJ/
mol and 5°C. It seems therefore that the loss of stability
due to individual neutralization of the solvent-exposed Lys69
and Asp9 at a pocket is about the same. A naive interpretation
of these results is that the long-range attractive ion pair
Asp9-Lys69 has a significant stabilizing effect. However,
the lack of change in∆H upon neutralization of one of the
partners, Lys69, implies that the decrease in∆G for this
particular neutralization is rather entropic (24). This fact
makes the naive interpretation less believable, since changes

in the values of both∆G and∆H are expected whenever a
long-range ion pair plays a significant role in stability. It is
possible that compensatory favorable enthalpic contributions
result in the same∆H, but this is unlikely because no
significant structural changes are found, just as for the other
solvent exposed charges studied here (Asp20, Glu85, and
Arg73). This led us to find other electrostatic interactions
with low sensitivity to ionic strength that may be responsible
for the decrease in∆H upon substitution of Asp9 at a pocket.
We thus conclude that this decrease is driven by (electro-
static) short-range interactions with polar groups within the
pocket, that is, with the amide and hydroxyl protons of buried
Thr66, rather than long-range interactions with the solvent-
exposed Lys69 (see Figure 7). These results are surprising
considering that the recent work of Raleigh and co-workers
(47) implies that salt bridge effects become more significant
as the surface salt bridge becomes more buried, while our
results suggests that short-range electrostatic interactions
begin to predominate in those cases.

Many simplified models have been used to calculate
charge-charge interactions on protein surfaces. Indeed,
calculations of the charge-charge interactions of Trx using
a variant of the Tanford-Kirkwood model (19, 20), in which
the protein surface is treated as a smooth sphere but some
corrections for solvent accessibility are made, indicate, in
increasing order, that Glu85, Asp20, Asp9, and Asp10 are
involved in destabilizing charge-charge interactions, while
Arg73 and Lys69 are involved in stabilizing charge-charge
interactions. Interestingly, these calculations support the
subtle reduction in thermostability of Arg73Ala relative to
Trx (Tm ) 86 °C) and the further decrease of that for the
double variant Lys69Leu. They are also consistent with the
enhanced thermostability of the double variants Asp20Arg
and Glu85Arg, although not in the appropriate order.
However, they fail to account for the decrease in the
thermostability of the double variant Asp9Arg, which is not
unexpected if, as we believe, the determining factors are the
short-range interactions with polar groups within the pocket
rather than long-range interactions with solvent-exposed

FIGURE 7: Close-up of the three-dimensional structure of Trx
depicting the residues with charged and polar side chains within 5
Å of Asp9. Some of the possible electrostatic interactions with the
carboxylate of Asp9 are depicted with broken lines. Color coding:
red: O; blue: N; gray: H; green: C. The figure was generated
using the program Molscript (62) and rendered with Raster3D (63).
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charged groups. Thus, more experimental analysis of elec-
trostatics in proteins is clearly necessary as benchmarks for
computational analysis to improve the predictive ability of
protein design.

CONCLUDING REMARKS

Our results demonstrate that charge reversal of Asp at
protrusions results in changes in stability that are mainly of
entropic origin, that is, the changes in∆G are due to changes
in ∆S, while ∆H remains unaffected within the experimental
errors. On the other hand, substitutions of Asp9 at a pocket
produces extensive conformational changes, significant (9-
15%) decreases in∆H, and significant effects in∆G. In fact,
the most detrimental decrease in stability arises from the
reversal of Asp9 at a pocket, and this can be dissected into
contributions from neutralization (4.5 kJ/mol and near 4°C),
elongation of the neutral side chain (1.8 kJ/mol and almost
2 °C), and ionization with opposite charge (1.9 kJ/mol and
about 2°C). In regard to the ionic partners of Asp9, neither
charge reversal of Asp10 at a protrusion nor neutralization
of the solvent-exposed Lys69 show extensive conformational
changes, or changes in∆H, indicating that the long-range
interactions of Asp9 at a pocket with solvent-exposed
charged groups are not the dominant contributions.

Our results led us to suggest that reversal of a negative
charge at a pocket has a larger effect on stability than a
similar reversal at a protrusion and that this difference arises
largely from short-range interactions with polar groups within
the pocket, rather than long-range interactions with solvent-
exposed charged groups.
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