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ABSTRACT: The ability to rationally engineer a protein with altered stability depends upon the detailed
understanding of the role of noncovalent interactions in defining thermodynamic properties of proteins.
In this paper, we usedT. celerL30e as a model to address the question of the role of charge-charge
interactions in defining the stability of this protein. A total of 26 single-site charge-to-alanine variants of
this protein were generated, and the stability of these proteins was determined using thermal- and denaturant-
induced unfolding. It was found that, although L30e is isolated from a thermophilic organism and is
highly thermostable, some of the substitutions lead to a further increase in the transition temperature.
Analysis of the effects of high ionic strength on the stabilities of L30e variants shows that the long-range
charge-charge interactions are as important as the short-range (salt bridge) interactions. The changes in
stabilities of theT. celerL30e protein variants were compared with the changes in the energy of charge-
charge interactions calculated using different computational models. It was found that there is a good
qualitative agreement between experimental and calculated data: for 70-80% (19-21 of 26, confidence
p < 0.003) of the variants, computational models predict correctly the sign of the stability changes. In
particular, computational models identify correctly those charged amino acid residue substitutions of which
led to enhancement in thermostability. Thus, optimization of the charge-charge interactions might be a
useful approach for the rational increase in protein stability.

Understanding the contributions of different noncovalent
interactions to the stability of proteins represents one of the
important aspects of deciphering the protein-folding problem.
A test for such understanding is the ability to predict the
effects of small perturbations in the sequence because of a
single-site substitution on the stability of a protein. Among
different interactions that contribute to the protein stability
(hydrophobic effect, hydrogen bonding, packing interactions,
and hydration), the effects of interactions between ionizable
groups in the protein surface (charge-charge interactions)
attracted little attention until recently. However, in the last
5 years, there have been a number of reports showing that
charge-charge interactions on the protein surface are capable
of modulating protein stability (e.g., see refs1-5). Further-
more, the effects of changes in charge-charge interactions

upon amino acid substitutions on the stability of several
proteins were predicted rather well using different compu-
tational models (2, 5-16). In this paper, we analyzed 26
variants of a thermophilic ribosomal protein L30e from
Thermococcus celerwith single-site alanine substitutions in
ionizable (K, R, H, D, or E) amino acid side chains. TheT.
celer1 L30e protein, is a small globular protein of 100 amino
acid residues (17). It does not contain any disulfide bonds
or bound cofactors. The three-dimensional structure ofT.
celer L30e is known from both X-ray (18) and solution
nuclear magnetic resonance (NMR) (19) experiments and
thus allows a structure-stability relationship analysis using
protein-engineering approaches (20). The effects of alanine
substitutions that lead to charge neutralization inT. celer
L30e on the stability are compared with the effects predicted
by computational modeling of energy of charge-charge
interactions. This comparison shows that current computa-
tional models are rather efficient in predicting the effects of
charge-charge interactions on the protein stability.

MATERIALS AND METHODS

Alanine-Scanning Mutagenesis.All alanine mutations were
introduced to the coding sequence ofT. celerL30e by the
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polymerase chain reaction using mutagenic primers. The
coding sequence for the mutants was cloned into pET3d
(Novagen), and their sequences were subsequently confirmed
by DNA sequencing.

Protein Expression and Purification.The vectors contain-
ing the coding sequences ofT. celer L30e variants were
transformed toEscherichia coliBL21 (DE3) pLysS (Novagen)
for overexpression. The bacterial culture was grown in M9ZB
medium untilA600 reached∼0.4, and protein expression was
induced by the addition of 0.4 mM isopropyl-â-D-thio-
galactopyranoside. The bacterial culture was harvested after
16 h, resuspended in 20 mM sodium acetate buffer at pH
5.4 (buffer B), and lysed by sonication. The lysate was
centrifuged at 15000g for 30 min, and the supernatant was
loaded to a Hi-Trap SP Sepharose HP column (Amersham
Biosciences) pre-equilibrated with buffer B. The protein was
then eluted at∼0.4 M NaCl using a linear gradient of 0.2-
0.7 M NaCl in buffer B over a volume of 225 mL. The eluted
protein was loaded to a Hi-Trap Heparin HP column
(Amersham Biosciences) pre-equilibrated with 0.2 M NaCl
in buffer B. The protein was eluted at∼0.4 M NaCl using
a linear gradient of 0.2-0.7 M NaCl in buffer B over a
volume of 120 mL. The eluted protein was then concentrated
to ∼5 mL and loaded to a Superdex G-75 column HiLoad
26/60 (Amersham Biosciences) gel-filtration column pre-
equilibrated with 0.2 M Na2SO4 in buffer B. The purifiedT.
celer L30e was eluted at∼200 mL.

Stability Measurements from Guanidine-Induced Dena-
turation. Protein samples (∼20 µM) were equilibrated with
0-7.2 M guanidine hydrochloride (GdnHCl) in 10 mM
sodium phosphate buffer at pH 7.4 and 25°C for 30 min
before circular dichroism measurements. The concentration
of the guanidine hydrochloride solution was determined from
refractive index measurements (21) using a Leica AR200
refractometer. Mean residue ellipticity at 222 nm was
measured at 25°C using a 1-mm path-length cuvette with a
JASCO J810 spectropolarimeter equipped with a peltier-type
temperature control unit. The data were fitted by a nonlinear
regression to a two-state model using (22) yobs ) {(yn +
mn[D]) + (yu + mu[D]) e-∆G(D)/RT}/(1 + e-∆G(D)/RT), whereyobs

is the observed mean residue ellipticity at 222 nm,yn and
mn are they intercept and slope of the linear baseline before
the transition,yu andmu are they intercept and slope of the
linear baseline after the transition,R is the gas constant,T
is the temperature in Kelvin, [D] is the concentration of
GdnHCl, and∆G(D) is the free energy of unfolding at [D].
The free energy of unfolding without the denaturant,∆G(H2O),
was obtained by the linear extrapolation model (22): ∆G(D)

) ∆GH2O - m[D]. Average values and standard deviations
of ∆GH2O, midpoint of transition, andm value over three
independent experiments were reported.

Stability Measurements from Thermal Denaturation.Ther-
mal denaturation was followed by molar ellipticity at 222
nm using a JASCO J810 spectropolarimeter equipped with
a peltier-type temperature control unit. All protein samples
were dialyzed in 10 mM sodium phosphate buffer at pH 7.4
and were thoroughly degassed before circular dichroism
measurements. The samples were heated in a 1-mm path-
length cuvette from 25 to 110°C at a heating rate of 1°
min-1. The cuvette was securely stoppered to ensure that
there was no loss in the volume of the protein solution
because of evaporation. The thermal denaturation data were

analyzed by a two-state model:K(T) ) {yobs - (yn + mnT)}/
{(yu + muT) - yobs}, whereK(T) is the equilibrium constant
of unfolding at temperatureT. K(T) values within the transition
zone were used to obtain∆G values by∆G ) -RT ln K(T).
The melting temperature,Tm, was determined as the tem-
perature at which∆G ) 0.

Thermal unfolding of several protein variants, most of
them with the substitutions in the negatively charged residues
(D2A, E6A, D12A, D44A, K46A, E47A, D48A, E50A,
E62A, E64A, E69A, and D87A), was irreversible. In these
cases, only apparent melting temperatures were estimated
as follows. Because the values of molar ellipticity of all
variants and wild-typeT. celerL30e proteins were similar
(-6.9 ( 0.2 × 105 deg cm2 mol-1) at their corresponding
Tm values, the apparent melting temperatures were estimated
as the temperatures at which the values of the molar ellipticity
were equal to-6.9× 105 deg cm2 mol-1. Tm measurements
were repeated twice for all variants and wild-typeT. celer
L30e.

For all protein variants, the ellipticity at 25°C was very
similar, suggesting that the single-site substitutions did not
have any significant effect of the structure of the protein.
Recently solved X-ray structures of the position K9A and
R92A variants of theT. celer L30e protein (20) further
support this conclusion.

Calculations of the Energy of Charge-Charge Interac-
tions. The energies of the charge-charge interaction were
determined from the changes in the pKa values relative to
the model compound values. The pKa values of ionazable
residues were calculated using several different computa-
tional models on the PDB entries 1H7M [X-ray (18)] and
1GO0 [NMR (19)] for T. celer L30e. The computational
models include both continuum (TK-SA, FDPB/UHBD,
MCCE, MM_SCP) and semimicroscopic (PDLD) approaches
to treat electrostatic effects. (1) The TK-SA procedure
implementation is described elsewhere (1, 2, 23). In this
model, the energy of pairwise interactions between unit
charges was calculated according to the Tanford-Kirkwood
algorithm (24) with the solvent accessibility correction as
proposed by Gurd et al. (25, 26). Mean field approximation
was used to calculated the effect of charge-charge interac-
tions on the pKa of ionizable groups from their model
compound values (Asp, 4.0; Glu, 4.5; Lys, 10.5; Arg, 12.0;
His, 6.3; Tyr, 10.5; N terminus, 7.7; C terminus, 3.6). To
estimate the uncertainties of calculation for the X-ray
structure, 10 structural models were built using MODELLER
(27). The standard deviations from the mean obtained using
these structures are reported for the energies calculated using
TK-SA for the X-ray data. (2) The finite difference Poisson-
Boltzmann (FDPB) method as implemented in the UHBD
software package (28, 29) was described previously (30).
(3) The multiconformer continuum electrostatics (MCCE)
software package uses Monte Carlo sampling of different
side-chain rotamers in conjunction with the FDPB calcula-
tions using the DELPHI software package and PARSE
solvation (31, 32). (4) The microenvironment-modulated
screened Coulomb potential (MM_SCP) approach introduced
by Mehler et al. (33, 34) was used as described previously
(30). (5) A semimicroscopic model of protein dipoles
Langevin dipoles (PDLD) as implemented in the MOLARIS/
POLARIS software package was introduced by Warshel et
al. (35-37).
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Charge-charge interactions were calculated for each of
the 10 structural models given in the NMR Protein Data Bank
entry file, and averaged values and standard deviations are
reported. For the comparison of the wild-type protein with
the L30e variants containing amino acid substitutions, it is
assumed that there are no differences in the charge-charge
interactions in the unfolded states of these proteins. Alter-
natively, the energy of charge-charge interactions in the
unfolded state was calculated using a Gaussian chain model
as introduced by Zhou (38).

RESULTS AND DISCUSSION

Charge-Charge Interactions in T. celer L30e.Figure 1
shows the results of the calculations for energies of the
charge-charge interactions in theT. celerL30e protein using
five different computational models: surface-accessibility-
corrected Tanford-Kirkwood (TK-SA) model, finite differ-
ence Poisson Boltzmann (FDPB/UHBD) model, multicon-
former continuum electrostatic (MCCE) model, microenviron-

ment-modulated screened Coulomb potential (MM_SCP)
model, and protein dipoles/Langevin dipoles (PDLD) model.
Calculations done on both X-ray and NMR-based structural
models are shown. Both structural models give statistically
indistinguishable results for the energies of charge-charge
interactions per individual ionizable residue basis. Cor-
respondingly, in all further discussions, the averaged energies
are used. A comparison also shows that qualitatively the
results of the calculations are very similar for different
computational models. Such agreement is expected for the
residues on the protein surface (35, 39).

Calculations presented in Figure 1 show that certain
residues have very strong favorable charge-charge interac-
tions, such as E6, K9, R39, and K46. It is thus expected
that neutralization of charges at these positions upon
substitutions with alanine will dramatically decrease the
stability of these variants. Several other positions also appear
to have favorable charge-charge interactions (e.g., R8, D12,
K28, K33, D87, and R92), and thus, substitutions at these

FIGURE 1: Comparison of the energies of the charge-charge interactions inT. celerL30e calculated according to different computational
models using X-ray (1H7M, black bars) or NMR (1GO0, gray bars). (A) TK-SA (62). (B) FDPB method as implemented in the UHBD
software package FDPB/UHBD (28, 29). (C) MCCE software package (31, 32). (D) MM_SCP software package (33, 34). (E) PDLD
software package (35, 36). Positive energies show that a given residue has an unfavorable overall energy of charge-charge interactions,
while a negative value indicates a favorable overall energy. The error bars are calculated as described in the Materials and Methods.
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positions are also predicted to decrease the stability of the
variants. Importantly, amino acid residues at several positions
appear to have an unfavorable overall energy of charge-
charge interactions (e.g., R21, K22, E47, and R76). Substitu-
tions in these positions that lead to charge neutralization are
predicted to be stabilizing because of the removal of these
unfavorable interactions. These predictions are tested ex-
perimentally by measuring the effects of substitutions on the
relative changes in stability ofT. celerL30e protein variants.

Scanning Charge-to-Alanine Mutagenesis of T. celer L30e.
To study the role of surface charges in the stability ofT.
celer L30e, 26 charge-to-alanine variants ofT. celerL30e
have been constructed. Their melting temperature (Tm) and
free-energy change of unfolding at 25°C (∆GH2O) were
measured by thermal- and guanidine-induced denaturation,
respectively (Table 1). Most of the charge-to-alanine muta-
tions (14 of 26: D2A, E6A, R8A, K9A, K15A, K28A,
K46A, R54A, E62A, E69A, H78A, D87A, E90A, and R92A)
resulted in significant decreases in bothTm and∆GH2O values
(∆Tm > 0.5, ∆∆GH2O > 1 kJ/mol; Table 1). Three variants
(K22A, D48A, and E50A) have increasedTm and ∆GH2O

values, suggesting that these variants are more stable than
the wild-type protein. On the other hand, the D44A substitu-
tion did not affect the stability ofT. celer L30e, because
there was no change in eitherTm or ∆GH2O values. The
changes inTm and ∆GH2O were not always consistent. For
example, K33A and K39A substitutions produced a large
decrease in theTm, yet their∆GH2O values were similar to
that of the wild type. However, the∆GH2O values were
measured from the GdnHCl-induced unfolding. Thus, it is
possible that because of the ionic nature of this denaturant
the Gibbs energy estimates might reflect not only the
differences in intrinsic stability but also the differences in

the ionic strength dependence of the stability (40). Indeed,
it is known that the stability of the L30e strongly depends
upon the ionic strength (20). For example, theTm for the
wild-type protein increases by∼4 °C (from 92.5 to 97°C)
upon addition of 200 mM NaCl, while theTm for the K9A
variant increases by∼8 °C. These effects appear to vary
depending upon the mutation. Figure 2 shows the ionic
strength dependency of∆Tm: ∆Tm(0 M NaCl)) Tm(mutant)
- Tm(WT) for 12 significantly destabilized variants (E6A,
R8A, K9A, K15A, K28A, K33A, R39A, K46A, R54A,
E62A, D87A, and R92A). It is apparent that the biggest
decreases inTm values for charge-to-alanine variants relative
to the wild type are observed in the absence of salt (∆Tm

ranges from-3.7 to -9.2 °C; Table 1 and Figure 2). The
∆Tm values became less negative at an increasing salt
concentration (Figure 2) and level off at the NaCl concentra-
tions above∼200 mM. This observation suggests that the
destabilization because of the charge-to-alanine mutations
was contributed by electrostatic interactions, which can be
screened efficiently by salt. As the∆Tm reaches a plateau
value at 200 mM NaCl, we define the ionic strength
sensitivity on ∆Tm as ∆∆Tm ) ∆Tm(200 mM NaCl) -
∆Tm(0 M NaCl). We have measured the∆∆Tm values for
all 26 charge-to-alanine variants (Table 1). A nonzero value
of ∆∆Tm indicates the contribution of electrostatic interac-
tions to the stability of the variants. For example, the∆Tm

value of R8A is∼ -7 °C at 0 M NaCl but levels off to-4
°C at 200 mM NaCl. In this case,∆∆Tm is ∼3 °C, which
represents the electrostatic contribution of the destabilization
caused by the R8A substitution.

Although T. celerL30e is already a very stable protein
(Tm ∼ 94 °C, ∆GH2O ∼ 48 kJ/mol), it could be further
stabilized. Removal of charges at positions E47, D48, and

Table 1: Thermodynamic Parameters of theT. celerL30e Protein and Its Variantsa

T. celerL30e variants Tm
b (°C) ∆Tm

c (°C) ∆∆Tm
d (°C) D1/2 (M) ∆GH2O (kJ/mol) ∆∆GH2O (kJ/mol)

wild type 93.8( 0.1 4.49( 0.02 47.5( 0.4
D2A 91.3( 0.1* -2.5* 1.4 4.29( 0.02 45.3( 0.2 -2.2
E6A 82.3( 0.2* -8.6* 5.4 4.19( 0.01 44.3( 0.2 -3.2
R8A 86.8( 0.2 -7.0 2.8 4.20( 0.02 44.3( 0.2 -3.2
K9A 85.4( 0.3 -8.4 4.2 4.39( 0.01 46.3( 0.3 -1.1
D12A 94.2( 0.2* 0.4* 2.6 4.59( 0.01 48.5( 0.2 1.1
K15A 87.7( 0.1 -6.0 2.9 4.14( 0.01 43.7( 0.2 -3.7
R21A 92.3( 0.3 -1.4 3.3 4.53( 0.03 47.8( 0.2 0.4
K22A 94.8( 0.1 1.1 1.9 4.67( 0.04 49.3( 0.3 1.9
K28A 89.4( 0.1 -4.3 2.1 4.03( 0.04 42.5( 0.3 -4.9
K33A 87.4( 0.3 -6.3 4.0 4.55( 0.05 48.0( 0.3 0.5
R39A 89.0( 0.1 -4.8 3.6 4.47( 0.04 47.2( 0.3 -0.2
R42A 94.0( 0.1 0.3 1.6 4.63( 0.03 48.9( 0.3 1.4
D44A 93.9( 0.1* 0.1* -1.2 4.51( 0.07 47.7( 0.4 0.2
K46A 86.4( 0.2* -7.4* 1.8 4.06( 0.05 42.9( 0.3 -4.6
E47A 95.8( 0.4* 1.6* 1.1 4.48( 0.03 47.3( 0.2 -0.1
D48A 97.0( 0.2* 3.2* 2.3 4.65( 0.03 49.0( 0.2 1.6
E50A 96.1( 0.4* 2.3* -1.0 4.73( 0.03 49.9( 0.2 2.4
R54A 88.4( 0.1 -5.3 3.4 4.40( 0.02 46.4( 0.2 -1.1
E62A 88.3( 0.1* -5.7* 3.0 3.98( 0.01 42.1( 0.2 -5.4
E64A 93.4( 0.1* 0.5* 0.8 4.40( 0.02 46.4( 0.2 -1.1
E69A 91.8( 0.2* -2.0* 1.4 4.20( 0.02 44.4( 0.2 -3.1
R76A 92.3( 0.1 -1.5 0.8 4.57( 0.03 48.3( 0.2 0.9
H78A 91.6( 0.2 -2.2 3.8 4.30( 0.02 45.4( 0.2 -2.1
D87A 84.6( 0.2* -9.2* -0.4 3.96( 0.05 41.8( 0.3 -5.6
E90A 92.9( 0.1 -0.8 2.3 4.34( 0.01 45.8( 0.2 -1.7
R92A 90.7( 0.1 -3.7 1.4 4.38( 0.03 46.2( 0.2 -1.2

a Thermal denaturation of these variants was irreversible, and only apparent melting temperatures (indicated by asterisks) estimated as described
in the Materials and Methods are reported.b Tm ) transition temperature in 0 M NaCl. c ∆Tm ) Tm(mutant)- Tm(WT). d ∆∆Tm ) ∆Tm(200 mM
NaCl) - ∆Tm(0 M NaCl).
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E50 resulted in increases inTm and/or∆GH2O values. All of
these residues are located in the helix 3 of L30e (Figure 3).
However, this increase in stability cannot be due to only
better helical propensity of Ala versus Asp or Glu residues
because similar substitutions in the helix 1 (E6 and D12) or
helix 4 (E64) are destabilizing. An additional factor, namely,
the removal of unfavorable charge-charge interactions,
appears to be also consistent with the observed increase in
stability (41).

Comparison with the Computational Models.Experimental
data on the effects of 26 single-site substitutions on the
stability changes in theT. celer L30e protein can be
compared with the results of the predictions based on the
computational assessment of the energetics of charge-charge
interactions in this protein. A comparison of experimental
data with two different computational models (TKSA and
UHBD) is presented in Figure 4. Inspection of Figure 4
reveals two important features. First,qualitatiVely, changes
in stability are predicted rather well; most of the points in
Figure 4 are in the either lower left or upper right quadrants
of the correlation plot. Second, the relative ranking of the
effects of substitutions on stability are also predicted
relatively well. The significance of these observations is
particularly important because alanine substitutions eliminate
not only charges. There are differences between alanine and
charged residues (aspartate, glutamate, lysine, and arginine)
also in terms of configurational entropy, hydrogen-bonding
potential, hydrophobicity, and secondary-structure propensity
to name just the major ones. However, it appears that, for

the surface residues, charge-charge interactions dominate
the contributions to the protein stability from these other
factors. If so, the results of computational modeling could
provide further insights into how charge-charge interactions
contribute to the protein stability. In particular, the issue of
contribution of short-range (salt bridges) versus long-range
charge-charge interactions may be possible to analyze.

The residues for which calculations of charge-charge
interactions were unable to predict the changes in stability
are also of interest because they can reveal why the prediction
failed. There is a possibility that substitutions in charge
residues have an effect on the charge-charge interactions
in the unfolded state (13, 42-47). Figure 4D compares the
experimental data on stability of L30e with the results of
the calculation done using the UHBD model corrected for
the charge-charge interactions in the unfolded state modeled
as a Gaussian chain (38). It appears however that inclusion
of the charge-charge interactions in the unfolded state does
not improve the observed correlation. Similar results (data
not shown) are observed using other models for predicting
the charge-charge interactions in the unfolded state (7, 48).
Another possibility is related to the fact that, as we already
discussed above, alanine substitutions remove not only
charge-charge interactions. For all residues that are mispre-
dicted (i.e., in the upper left and lower right quadrant of
Figure 4), the contribution of charge-charge interactions are
predicted to be small (within(2 kJ/mol), and in these cases,
misprediction could be due to larger changes in the non-
electrostatic factors than the changes in the charge-charge

FIGURE 2: Salt dependence of the thermostability of charge-to-alanine variants.∆Tm, of T. celerL30e and its variants, was measured in 10
mM sodium phosphate buffer at pH 7.4 and 0-0.5 M NaCl.∆Tm, calculated asTm(mutant)- Tm(WT), was found to be dependent upon
the salt concentration. At a low salt concentration, thermal denaturation of E6A, E62A, and D87A was irreversible. In these cases, only
apparent temperatures, indicated by asterisks, were estimated.
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interactions. Looking for these nonelectrostatic factors by
structural analysis ofT. celer L30e reveals an interesting
trend (see Figure 3): all of these residues (D2, D12, R21,
R42, R44, and R76) are located either at the N or C terminus
of R helices. Such clustering suggests that the residues at
these positions might be engaged in the structure-specific
interactions at the helix ends.

Indeed, several so-called helix-capping motifs have been
identified from the analysis of frequencies of residues in the
sequences at the ends ofR helices (49-51). Subsequent
experimental studies of the capping interactions in protein
helices confirmed that different residues at a given position
in the capping motif contribute differently to the thermody-
namic stability of proteins (52-57). According to the
notation of Rose and Aurora (51), the residues in the helix
are labeled as

where the numbered residues belong to helix, Ncap and Ccap
are the first residues before and after helical residues,
respectively, and primed residues are the residues outside
the helix. Using this notation, D2 is an Ncap residue and
D12 is a C1 residue for the first helix (residues 3-12), R21
is an N2 residue of helix 2 (residues 20-28), R42 is an Ncap
and D44 is an N2 residue for the third helix (residues 43-

56), and R76 is a C′′ residue for the fourth helix (residues
67-73). Looking at the correlation plot in Figure 4,
substitutions at residues D2, D12, R42, and D44 are
mispredicted, although they are within the experimental error
of the “correct” (lower left or upper right) quadrants. The
two residues that are mispredicted even taking into consid-
eration the experimental error and the difference in using
X-ray versus NMR structures for calculations are R21 and
R76. The effect of alanine substitution in these two residues
is predicted to be stabilizing, while experimental data show
destabilization. Arg21 is located at the N2 position of helix
2. Statistical analysis of the residue frequencies at the N2
position shows that alanine has almost twice the normalized
frequency than arginine (51, 52, 58). This would suggest
that the observed decrease instead of increase in stability
(as predicted by calculations of the charge-charge interac-
tions) is due to the nonelectrostatic factors. The C terminus
of helix 4 is capped by a Schellman motif, with L74, G75,
and R76 at the Ccap, C′, and C′′ positions. Residues with
long alkyl side chain are favored at the C′′ position of a
Schellman motif because they can form hydrophobic interac-
tions with C3 and Ccap residues (51, 56). Again, a nonelec-
trostatic factor such as the removal of a hydrophobic
interaction might be contributing to the observed decrease
in stability upon R76A substitution and the misprediction.

Short- and Long-Range Charge-Charge Interactions.
Analysis of the X-ray structure ofT. celerL30e shows that
there are three salt bridges, defined as the distance between
charged groups less than 5 Å (59): E6/R92, R39/E64, and
K46/E62. Analysis of the distance matrix in the NMR
structural models also identifies, in addition to these three
pairs, a potential salt bridge between K9 and E90. Interest-
ingly, substitution of individual partners in the salt bridge
leads to different changes in stability. For example, for the
E6/R92 salt bridge, the E6A variant is less stable than the
R92A variant, while for the K46/E62 salt bridge, the K46A
variant is less stable than the E62A variant. The most
dramatic difference is for the R39/E64 salt bridge, where
the R39A variant is less stable than the wild type, while
E64A is more stable. Keeping in mind that E6/R92, K9/
E90, R39/E64, and K46/E62 salt bridges are located on the
surface ofT. celerL30e and thus the desolvation penalty is
probably minimal, these experimental results support an
earlier finding (60) that the contribution of the salt bridge to
the protein stability is defined not only by the net strength
of the salt bridge but also by the long-range charge-charge
interactions of a given partner in the salt bridge with the
rest of the ionizable groups. Indeed, our experimental results
can be rationalized by computational modeling, which shows
that there is a qualitative correlation in the relative effects
of substitutions in the residues forming salt bridges and the
strength of the long-range charge-charge interactions of
these residues, i.e., the sum of all charge-charge interactions
except with the salt-bridge partner (Figure 5). For example,
in the absence of the salt-bridge partner, K9 has overall
favorable charge-charge interactions, while E90 has overall
unfavorable charge-charge interactions. Thus, the substitu-
tion in K9 removes both a favorable salt bridge and favorable
long-range interactions and therefore leads to a larger
destabilization than the substitution in E90 that removes not
only a favorable salt bridge but also unfavorable long-range
interactions.

FIGURE 3: Cartoon representation of the three-dimensional structure
and locations of the surface-charged residues ofT. celer L30e.
Ionizable residues are shown in a ball-and-stick representation and
labeled.

... -N′′-N′-Ncap-N1-N2-N3-N4- ... -C4-C3-
C2-C1-Ccap-C′-C′′- ...
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The significance of long-range charge-charge interactions
is further supported by the experimental data on the effect
of ionic strength on protein stability. It is known that the

increase in the ionic strength affects the strength of charge-
charge interactions. However, this effect appears to be
different for the short-range (e.g., salt bridges) and long-
range interactions. Both experimental data (61) and theoreti-
cal calculations (7) show that the long-range charge-charge

FIGURE 4: Correlation between the experimentally observed changes in stability of theT. celerL30e variants and the calculated changes
in charge-charge interactions. (A) Changes in the transition temperature versus the expected changes in the energies of charge-charge
interactions according to the TKSA model,∆∆GTKSA. (B) Changes in Gibbs energy,∆∆GH2O, versus the expected changes in the energies
of charge-charge interactions according to the TKSA model,∆∆GTKSA. (C) Changes in the transition temperature,∆Tm, versus the expected
changes in the energies of charge-charge interactions according to the UHBD model,∆∆GUHBD. (D) Changes in the transition temperature,
∆Tm, versus the expected changes in the energies of charge-charge interactions according to the UHBD model, corrected for the interactions
in the unfolded state using the Gaussian model,∆∆GUHBD-Gauss. Vertical bars at each data point show the estimated experimental uncertainty
in ∆Tm at (0.5 °C and in∆∆GH2O at (0.4 kJ/mol. Horizontal bars at each data point show the spread in∆∆G as calculated using an X-ray
or NMR structural model. See the Materials and Methods on the details of the calculations.

FIGURE 5: Comparison of the contributions from the total (black
bars) and long-range only (gray bars) interactions for the four salt
bridges inT. celerL30e as estimated by (A) TK-SA and (B) UHBD
calculations.

FIGURE 6: Correlation between the thermostability of theT. celer
L30e variants,∆Tm, and the ionic strength sensitivity,∆∆Tm. Data
for K9M and R92M variants shown with open squares were taken
from ref 20.
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interactions are strongly dependent upon the ionic strength,
while salt bridges are weakly modulated by the changes in
the salt concentration. Figure 6 shows the relationship
between the difference in ionic-strength sensitivity onTm,
∆∆Tm, and the difference in stability of the variant and WT
at low ionic strength,∆Tm(0 M NaCl). It reveals an
interesting trend: a decrease in stability leads to an increase
in the ionic-strength sensitivity. Keeping in mind the notion
that the changes in the ionic strength have an effect mostly
on the long-range interactions, inverse correlation between
∆Tm and∆∆Tm is indicative that the observed destabilization
is largely due to removal of long-range charge-charge
interactions.

CONCLUDING REMARKS

Analysis of the effects of charge elimination on the
stability of 26 single-site variants of theT. celerL30e protein
shows that the interactions between ionizable side chains can
provide a significant contribution to the protein stability. The
magnitude of these effects can be qualitatively predicted
rather well using a computational model for calculating
charge-charge interactions. From the practical standpoint,
the effects of surface charge-charge interactions on the
protein stability can be predicted with a rather good
confidence (70-80%, p < 0.003). Importantly, the use of
any computational model will produce reasonable results,
and thus, this approach can find broad applications in
modulating the protein stability.
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