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Do Proteins Always Benefit from a Stability Increase?
Relevant and Residual Stabilisation in a Three-state
Protein by Charge Optimisation

Luis A. Campos1,2, Maria M. Garcia-Mira1,3, Raquel Godoy-Ruiz1,3

Jose M. Sanchez-Ruiz1,3* and Javier Sancho1,2*
1Biocomputation and Complex
Systems Physics Institute
University of Zaragoza, 50009
Zaragoza, Spain

2Departamento de Bioquı́mica y
Biologı́a Molecular y Celular.
Fac. Ciencias, University of
Zaragoza, 50009 Zaragoza
Spain

3Departamento de Quı́mica
Fı́sica. Fac. Ciencias, University
of Granada, 18071 Granada
Spain
0022-2836/$ - see front matter q 2004 E

Abbreviations used: N-to-I, nativ
FMN, flavine mononucleotide; DSC
calorimetry; Tm, melting temperatu

E-mail addresses of the correspon
jsancho@unizar.es; sanchezr@ugr.es
The vast majority of our knowledge on protein stability arises from the
study of simple two-state models. However, proteins displaying equili-
brium intermediates under certain conditions abound and it is unclear
whether the energetics of native/intermediate equilibria is well
represented in current knowledge. We consider here that the overall
conformational stability of three-state proteins is made of a “relevant” term
and a “residual” one, corresponding to the free energy differences of the
native to intermediate (N-to-I) and intermediate to denatured (I-to-D)
equilibria, respectively. The N-to-I free energy difference is considered to be
the relevant stability because protein-unfolding intermediates are likely
devoid of biological activity. We use surface charge optimisation to first
increase the overall (N-to-D) stability of a model three-state protein
(apoflavodoxin) and then investigate whether the stabilisation obtained is
realised into relevant or into residual stability. Most of the mutations
designed from electrostatic calculations or from simple sequence con-
servation analysis produce large increases in the overall stability of the
protein. However, in most cases, this simply leads to similarly large
increases of the residual stability. Two mutations, nevertheless, show a
different trend and increase the relevant stability of the protein substan-
tially. When all the mutations are mapped onto the structure of the
apoflavodoxin thermal-unfolding intermediate (obtained independently
by equilibrium f-analysis and NMR) they cluster perfectly so that the
mutations increasing the relevant stability appear in the small unstructured
region of the intermediate and the others in the native-like region. This
illustrates the need for specific investigation of N-to-I equilibria and the
structure of protein intermediates, and indicates that it is possible to
rationally stabilise a protein against partial unfolding once the structure of
the intermediate conformation is known, even if at low resolution.
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Introduction

Over the last 15 years important advances have
been made in the understanding of protein stability
by combining mutational and thermodynamic
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e to intermediate;
, differential scanning
re; WT, wild-type.
ding authors:
studies of the unfolding equilibrium. To simplify
the analysis of the role played in stability by specific
interactions, the study of small model proteins
displaying two-state equilibrium behaviour1–5

has been largely favoured over that of larger,
multi-domain or multi-state proteins.6–10 The
investigation of protein stability principles has
concomitantly led to the discovery of methods of
protein stabilisation, a most important practical
goal with application in fields such as the industrial
use of enzymes11–14 and the use of antibodies for
d.



Figure 1. (a) Scheme of the apoflavodoxin structure,
1ftg. The side-chains of the acidic residues mutated to
lysine are shown in green. (b) Two views of the
electrostatic potential surface (calculated with Weblab)
of apoflavodoxin (negatively and positively charged
areas are in red and blue, respectively). The location of
the mutated residues is indicated.
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diagnostics or treatment.15–17 The issue even shows
a promising ramification to the emerging field of
molecular remediation of folding diseases.18

Among the methods proposed and tested in order
to rationally stabilise proteins, some exploit
entropic differences between folded and unfolded
polypeptides to achieve an overall stabilisation
through the engineering of disulfide bonds19–21 or
the removal of glycine residues or introduction of
proline residues into the sequence.1,22 Other
methods focus on the fairly well understood
energetics of a-helices,6,23–27 or in the engineering
of specific interactions, such as the filling of small
protein cavities28–30 or the discharge of hydrogen
bonds.31 Others, yet, are not based on physical
insight but rather on sequence comparison
of mesophilic and thermophilic homologous
proteins.20,32–37 The story of the application of
many of these methods shows that, despite being
extremely valuable, they may often fail due to the
intrinsic complexity of protein interactions. The
search for generally reliable methods may thus be
considered a key goal of the field.

This wealth of knowledge on the response of
two-state proteins to point mutations aimed at
increasing the stability of the native state is in sharp
contrast with the lack of guidance on the behaviour
of proteins displaying more complex unfolding
equilibria, which may not be in minority within the
proteome. If we take the simplest of such proteins,
one with one equilibrium intermediate, say in the
thermal unfolding, two distinct equilibria have to
be considered: the one linking the well-folded,
native conformation with the less orderly inter-
mediate, and another relating the latter to the
unfolded state. If, as it is to be expected, native
behaviour is confined to the well-folded state, the
free energy difference of the first equilibrium is the
one that really counts for the maintenance of
function and can thus be termed the “relevant”
conformational stability, as opposed to the
“residual” stability residing in the second
equilibrium.38 The intriguing question, for which
no answer has so far been offered, is: will the
strategies devised over the years to stabilise two-
state proteins be applicable to increasing the
relevant stability of three-state or more complex
proteins?

We seek here an answer to this question by using
one of the most promisingly general methods of
protein stabilisation: the optimisation of surface
charge–charge interactions, which has a reputed
story of success.39–43 The method relies in
identifying, by theoretical methods of varying
complexity, mutations of a protein that are expected
to lower the electrostatic energy of the native
state.41,44–46 Our procedure, one of the simplest,
uses the Tanford–Kirkwood model47 to estimate
interaction energies between charges, and has been
applied successfully to ubiquitin.39,46 In this work,
we design and test charge mutations in the
apoflavodoxin from Anabaena PCC7119 (Figure 1),48

a model protein with the interesting characteristic
of behaving as a two-state system towards urea-
denaturation49 but as a three-state system towards
thermal unfolding.50 Our analysis of the two-state
equilibrium shows that large overall protein stabil-
isation is achieved easily by the mutations so
simply designed: the native to denatured (N-to-D)
energy gap is largely increased. The successful
mutations are then used to investigate how the
stabilisation is partitioned into its relevant and
residual components. The analysis of the thermal
unfolding clearly indicates that the relevant stab-
ility of the protein remains nearly unchanged in
most cases. The few mutations that lead to
substantial increases of the relevant stability are
explained by the structure of the thermal inter-
mediate, as obtained from equilibrium f-analysis.90

The principles demonstrated here are applicable to
the analysis of other stabilising strategies and
illustrate how low-resolution structures of protein
intermediates can guide the rational stabilisation of
three-state proteins against the occurrence of partly
unfolded conformations.
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Results

Structural integrity of mutants and reversibility
of the thermal unfolding reactions

All the mutant proteins were purified in their
functional holoflavodoxin form, and the flavine
mononucleotide (FMN) prosthetic group was
subsequently removed as explained. To verify the
structural integrity of the mutants we have
compared their near-UV CD spectra with that of
wild-type (Figure 2(a)). Five of the mutants display
near-UV CD spectra identical with that of the wild-
type, while the E61K, D65K and D150K mutants
show moderate decreases in intensity that are, in
principle, compatible with slight modifications
in the environment of aromatic residues (we note
in this respect that positions 61 and 65 are close to
W57 and W66, respectively). The far-UV CD spectra
of six of the mutants (Figure 2(b)) are almost
identical with that of wild-type and only D65K
Figure 2. Near-UV (a) and far-UV (b) circular dichroism
spectra of wild-type (black), E20K (red), E40K (green),
E61K (blue), D65K (cyan), E72K (magenta), D75K
(yellow), D126K (orange) and D150K (purple) recorded
at 25.0(G0.1) 8C, in 50 mM Mops (pH 7.0).
and D150K show small increments in the signal
around 208 nm. This is not related to a partial
unfolding because the signal at 222 nm remains
unchanged for the two mutants. The spectral
differences in D65K and D150K probably reflect a
change in the contribution of their aromatic
residues to the far-UV CD spectrum.49

The reversibility of apoflavodoxin thermal
unfolding was reported in a previous work for the
wild-type protein and eight additional variants.50 In
differential scanning calorimetry (DSC) experi-
ments, 90% of the unfolded wild-type protein was
successfully renatured upon cooling. The degree of
reversibility observed was even higher when the
thermal denaturation was followed spectroscopi-
cally at lower concentrations of protein and the
unfolding was stopped immediately after the
transition. For the mutants described in this work,
we have typically recovered after cooling between
85 and 97% of the native near-UV ellipticity (which
is lost completely upon heating in all cases). Their
thermal unfolding is thus also highly reversible. In
addition, we have determined that the transition
temperatures are independent of the scan rate (from
0.5 to 1.5 deg.C/minute) with the exception of only
the D75K mutant. The data reported for D75K are
thus less accurate that that of wild-type and all
other mutants.
Global stabilisation of apoflavodoxin by charge
reversal mutations

The urea-denaturation curves of the wild-type
and the eight apoflavodoxin mutants analysed are
shown in Figure 3, and the data derived from their
fits to equation (1) are in Table 1. All the mutants
display higher U1/2 values than the wild-type
protein. As it is customary, the stability of each
Figure 3. Urea-denaturation curves of wild-type and
mutant proteins. The fitting to a two-state equation
(continuous lines) and the experimental data of wild-
type (black), E20K (red), E40K (green), E61K (blue), D65K
(cyan), E72K (magenta), D75K (yellow), D126K (orange)
and D150K (purple) are represented. The unfolding at
25.0(G0.1) 8C, in 50 mM Mops (pH 7.0) was followed by
fluorescence emission.



Table 1. Conformational stabilisation of charge reversal mutant apoflavodoxins relative to wild-type, as determined
from two-state (N4D) urea denaturation: comparison with predicted stabilisations

Protein Location
Um

a

(M)
ma

(kcal molK1 MK1)
DDGexp(ND)

b

(kcal molK1)
DDGexp(ND)

c

(kcal molK1)
DDGpred(ND)

d

(kcal molK1)

Wt 2.07G0.01 2.44G0.03 – –
E20K Helix (center) 2.56G0.01 2.58G0.07 K1.60G0.19 K1.27G0.16 K1.39
E40K Loop 2.66G0.02 2.73G0.17 K2.21G0.45 K1.47G0.17 K1.29
E61K Loop 2.24G0.01 2.66G0.09 K0.88G0.21 K0.40G0.15 K1.53
D65K Helix (N1) 2.09G0.01 2.29G0.07 C0.26G0.16 K0.05G0.15 K2.77
E72K Helix (C-cap) 2.64G0.02 2.40G0.13 K1.28G0.36 K1.40G0.17 K1.72
D75K Loop 2.47G0.01 2.45G0.09 K1.00G0.23 K1.00G0.16 K1.03
D126K Loop 2.35G0.01 2.58G0.10 K1.01G0.25 K0.70G0.16 K1.00
D150K Helix (N 0) 2.12G0.01 2.25G0.07 C0.28G0.16 K0.13G0.15 K1.03

a The standard deviations have been calculated by interval analysis86 and propagated to calculate the reported SD of DDG.
b Experimentally determined DDGND values calculated using the fitted m values and urea concentration of mid-denaturation of each

protein ðDDGZmWTUWT
m KmmutUmut

m Þ. DDG corresponds to the unfolding free energy difference of the wild-type protein minus that of
the mutants. Negative values indicate a greater stability of the mutant.

c Experimentally determined DDGND values calculated using an average value of mZ2.49 kcal molK1 MK1 ðDDGZmavDUWTKmut
m Þ.

DDG corresponds to the unfolding free energy difference of the wild-type protein minus that of the mutants. Negative values indicate a
greater stability of the mutant.

d Predicted stabilisation calculated with the Tanford–Kirkwood model.39–47
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protein and, hence, the change in stability conferred
by each mutation can be calculated in two ways:
either using the fitted m value for each protein, or
using an averaged m value that minimises the
extrapolation errors. The DDG values calculated
with either approach are in qualitative agreement
and are reported in Table 1. Since the m values
obtained for each of the proteins (G their corre-
sponding standard deviations (SD)) lay in all cases
within the SD interval around the mean m value of
all the mutants, we consider the stability differences
calculated using the average m value to be more
accurate and we will therefore discuss them.

The effectiveness of the method used to select the
mutations is illustrated by the fact that six out of the
Figure 4. Representation of experimental global unfold-
ing free energy changes (wild-type minus mutant)
determined from chemical denaturation versus the corre-
sponding theoretical predicted changes for ubiquitin
(open circles) and apoflavodoxin (filled circles) mutants.
The linear fit of all data points (except that of the
apoflavodoxin D65K mutant (surrounded)) is shown as
a continuous line. The ideal relationship of DDGexpZ
DDGtheor is shown as a broken line.
eight mutations predicted to stabilise apoflavo-
doxin clearly succeed and increase the overall
conformational stability of the protein by 0.4–
1.5 kcal molK1 (1 calZ4.184 J). Two mutations
(D65K and D150K), however, contradicting predic-
tion, leave the stability barely changed. Perhaps
significantly, these two mutations occur near the N
terminus of a-helices, as it will be discussed below.
In order to further evaluate the reliability of the
design method, we compare in Figure 4 the
calculated stability changes predicted for the eight
flavodoxins mutants analysed here and for nine
ubiquitin mutants analysed previously with the
observed experimental stability changes.39 The only
clear outlier is the flavodoxin D65K mutant that
fails to stabilise the protein. Leaving it aside, the
data of the additional 16 mutants can be fit
(with RZ0.90) to: DDGexp.Z1.37DDGtheor.C0.75.
Although this is not perfect agreement between
prediction and experiment, it shows clearly the
usefulness of attempting global protein stabilisation
using simple electrostatic calculations.
Relevant and residual stabilisation of
apoflavodoxin by charge reversal mutations

The urea unfolding of apoflavodoxin is a two-
state equilibrium where only the native and the
fully unfolded states of the protein appear at
measurable concentrations.49 The thermal unfold-
ing, in contrast, is a three-state equilibrium where
an intermediate accumulates that, at certain
temperatures, constitutes the major species.31,50 In
previous work,38 the free energy difference of the
native to intermediate (N4I) equilibrium in a
three-state protein was termed “relevant stability”
(because it is relevant to function) and that of the
I4D equilibrium “residual stability”. To investi-
gate the influence of charge reversal mutations on
the relevant and residual stabilities of apoflavo-
doxin, the thermal denaturation of each variant has



Figure 5. Thermal denaturation curves of wild-type
and mutant proteins: wild-type (a), E20K (b) and D126K
(c). The global fittings to a three-state equation of the four
curves corresponding to each protein are shown as solid
lines. The far-UV CD (black dots), near-UV CD (red dots),
absorbance (green dots) and fluorescence (blue circles)
experimental curves are shown.
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been recorded using four different spectroscopic
techniques, from which a global analysis of the
equilibria energetics can be performed. Qualitat-
ively, the effect of some mutations on the relevant
and residual stabilities can be already anticipated
from the shifts in the apparent melting temperature
(Tm) of individual unfolding curves. This is so
because the apparent fluorescence and near-UV CD
Tm values are not far from Tm1 (N4I), and the
apparent absorbance and far-UV CD Tm values are
quite close to Tm2 (I4D),50 which reflects the fact
that the intermediate displays a close to native
secondary structure and UV absorbance, but fluor-
escence and near-UV CD signals closer to those of
the denatured state.50 Figure 5(b) and (c) show the
experimental unfolding curves of the E20K and
D126K variants, respectively, which, compared to
those of the wild-type protein (Figure 5(a)), illus-
trate two different trends observed among the
mutants. In E20K, the absorbance and far-UVCD
curves (those of higher apparent Tm) are clearly
shifted towards higher temperatures, relative to
wild-type (most stabilising mutants display this
trend). In contrast, in D126K, the absorbance and
far-UV CD curves are similar to that of the wild-
type, while the fluorescence and near-UV CD
curves (of lower apparent Tm) are shifted towards
higher temperatures.

The global analysis of the thermal unfolding data
gathered for each mutant allows us to calculate
quite accurately the changes brought about by the
charge reversal mutations in the free energy
differences of the N4I and I4D equilibria
(Table 2). The two mutations that hardly modify
the global stability (N4D), as determined by
two-state urea unfolding (D65K and D150K,
Table 1), cause little change in DG1 or DG2. Of the
six mutations that stabilise apoflavodoxin against
denaturation by urea, only two (E61K and D126K)
stabilise moderately the native state relative to the
intermediate of the thermal unfolding (and they do
not modify the stability of the intermediate signifi-
cantly relative to the unfolded state), while four of
them (E20K, E40K, E72K, D75K) leave unchanged
the stability of the native state, relative to the
intermediate, but stabilise markedly the inter-
mediate relative to the unfolded state.

We have checked whether the global stabilisation
of the native state measured in the two-state urea
unfolding correlates with that calculated by
summing the relevant and residual stabilisations
determined from the global fitting of the thermal
unfolding data. This can occur only if the urea-
unfolded and the high temperature-unfolded states
are energetically similar with respect to the
mutations studied, the stability differences at 44 8C
derived from the thermal unfolding global analysis
extrapolate to 25 8C (the temperature of the urea-
unfolding experiments) and, most importantly, if
the simplifications introduced in equations (4) and
(5) for the calculation of DDG1 and DDG2 using the
data derived from global analysis of the thermal
unfolding are reasonable. We show in Figure 6 that
the overall stabilisation achieved by the charge
reversal mutations and measured by the two-state
urea-denaturation curves correlates very well
indeed (RZ0.97) with that calculated by summing
the DDG1 and DDG2 energies derived from the
global analysis of the thermal unfolding
(DDGthermalZ0.2C1.1DDGurea), which lends



Table 2. Relevant (DDGN–I) and residual (DDGI–D) conformational stabilisation in charge reversal mutant
apoflavodoxins, relative to wild-type, as determined from three-state thermal denaturation global analysis

Protein
Tm1(NI)

(K)
DH1(NI)

(kcal molK1)
Tm2(ID)

(K)
DH2(ID)

(kcal molK1)
DDGNI

a

(kcal molK1)
DDGID

a

(kcal molK1)
DDGND

b

(kcal molK1)

Wt 317.3G0.2 33.9G0.1 329.0G0.1 52.7G0.6 – –
E20K 315.8G0.4 30.2G0.3 332.8G0.1 66.1G1.3 C0.14G0.05 K1.20G0.08 K1.06G0.09
E40K 317.9G0.4 33.5G0.1 333.5G0.1 62.5G1.1 K0.06G0.05 K1.16G0.07 K1.22G0.09
E61K 320.9G0.1 41.0G0.9 331.7G0.2 38.0G1.0 K0.46G0.03 C0.22G0.07 K0.24G0.07
D65K 315.2G0.4 30.4G0.1 329.2G0.1 54.9G0.9 C0.20G0.05 K0.11G0.06 C0.09G0.08
E72K 318.5G0.3 33.2G0.2 336.2G0.1 57.8G1.0 K0.13G0.04 K1.38G0.07 K1.50G0.08
D75K 317.4G0.2 34.2G0.1 334.2G0.1 59.6G0.8 K0.01G0.04 K1.14G0.06 K1.15G0.07
D126K 321.9G0.2 40.6G0.2 330.8G0.1 45.1G1.3 K0.58G0.04 C0.03G0.07 K0.55G0.08
D150K 317.2G1.1 30.4G0.7 329.6G0.4 44.7G1.2 C0.01G0.11 C0.21G0.08 C0.22G0.14

The DH and Tm values of the two equilibria are derived from a global fit performed, for each protein, on four thermal unfolding curves
obtained using fluorescence emission, near-UV CD, near-UV absorbance, and far-UV CD. The standard deviations (SD) have been
calculated by interval analysis.86 Reducing to 1/20th of the data points, the data sets of each protein that are globally fit to the three-state
equations leads to SD for the Tm and DH values about two and three times larger, respectively, than those reported in the Table. The
propagation of those SD to the DDGvalues approximately doubles their SD. Experimental errors for the DH and Tm values have been
determined for the wild-type protein by independent global analysis of four different sets, each consisting of the four unfolding curves
required. They are 2.9 kcal molK1 and 1.1 kcal molK1 for DH1 and DH2, and 0.61 K and 0.19 K for Tm1 and Tm2, respectively. An
approximation to the experimental errors associated with the relevant and residual stabilisations reported in this Table can be obtained
assuming that the errors are similar for the mutants. Under this assumption, the propagated experimental errors for DDGID are very
similar to those reported in the Table, while those for DDGNI are 1.5 times larger to twice as large.

a Free energy differences calculated at 317.3 K (see Materials and Methods). The SD in DDGN–I and DDGI–D have been propagated
from those of the enthalpies and mid temperatures as described here.

b Calculated as: DDGN–ICDDGI–D. SD propagated from those of the individual energy differences.
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support to the simplifying assumptions introduced
in the calculation of DDG1 and DDG2.

As we discussed previously,50 the calorimetric
fitting of thermograms corresponding to three-state
equilibria is particularly difficult when one of the
transitions is broad and of low enthalpy, as is the
case of the N-to-I transition in apoflavodoxin. As a
consequence, the calorimetric fittings performed
here require the guessing of the Cp(I) values. In spite
of this, the calorimetric fitted data obtained for the
wild-type and mutant proteins (Table 3) is in
qualitative agreement with the more robust data
Figure 6. Global stabilisation in apoflavodoxin charge
reversal mutants. Correlation of DDGND energy changes
obtained directly from two-state urea denaturation
(DDGurea) and from global fittings of thermal unfolding
curves (DDGthermal). The linear fit is represented as a
continuous line. The good correlation is indicative of the
equivalence of the thermally unfolded and urea-unfolded
states of the protein and of the appropriateness of the
simplifications introduced in the global analysis of the
thermal unfolding curves.
derived from the spectroscopically followed
thermal unfolding and we find reasonable linear
correlation between the Tm, DH and DG values
derived from the calorimetric fitting and those
deriving from the global spectroscopic fitting (not
shown), especially for the second transition of
larger enthalpy change. The agreement in the
temperatures of the first transition is lower, as
expected, because not even a prominent shoulder is
observed centred at this temperature in the
thermograms of the wild-type and mutants proteins
(see Figure 3 of Irun et al. 50).
Relationship between stability gain and
sequence conservation

Previous work on other proteins has shown that
some relationship seems to exist between the level
of conservation of a residue at a given position
within a family of homologous proteins and the
stability increase obtained upon engineering that
residue in a member of the family previously
displaying a different one. For example, an increase
of 18 deg. C in the Tm of GroEL minichaperones was
attained by combining six mutations so designed,51

and an even larger increase of 27 deg. C was
obtained by deriving consensus sequences of fungal
pythases.52 The approach has been termed the
consensus concept for protein stabilization.53 An
attempt to relate sequence conservation and
stability effects quantitatively was done in a study
of mutations in the SH3 domain.54 For charge
reversal mutations, such as those studied here,
one would expect that some form of the consensus
concept applying, the reversal of poorly conserved
negative charges would lead to protein stabilis-
ation, while mutating conserved negatively charged



Table 3. Thermodynamic parameters and relevant and residual stabilization free energies for some of the apoflavodoxin
variants, as derived from the analysis of DSC thermograms

Protein
Tm1(NI)

(K)
DH1(NI)

(kcal molK1)
Tm2(ID)

(K)
DH2(ID)

(kcal molK1)
DDGNI

a

(kcal molK1)
DDGID

a

(kcal molK1)
DDGND

b

(kcal molK1)

Wt 312G2.5 28.0G3.6 326G1.2 60.0G2.4 K – –
E20K 309.3G3.1 22.0G5.3 331.2G0.3 66.2G0.7 0.24G0.25 K0.95G0.51 K0.71G0.57
E40K 316.5 32.7 332.5 59.6 K0.4G0.25 K1.12G0.51 K1.52G0.57
E72K 312.8G0.4 27.2G1.0 333.6G0.5 68.4G2.4 K0.07G0.25 K1.40G0.51 K1.47G0.57
D75K 314.8 28.3 330.0 54.3 K0.25G0.25 K0.73G0.51 K0.98G0.57
D126K 320.0 21.8 327.5 39.7 K0.71G0.25 K0.28G0.51 K0.99G0.57
D150K 305.8 25.1 326.9 48.0 0.60G0.25 K0.12G0.51 C0.48G0.57

For the WT form, and the E20K and E72K variants, three DSC experiments were carried out, and average values and the corresponding
standard errors are reported for the transition temperatures and transition enthalpy changes. We believe that these reported standard
errors are roughly representative of the errors associated to the transition parameters for the other variants. The mutation effects on
stabilisation free energies were calculated using the Schellman equation (see the text for details); the errors reported for the DDG values
are rough estimates, based on the premise that the main source of error in DDG calculation in this case is the uncertainty in the transition
temperatures (estimated to be about 2 K). The error in global stabilisation values: DDGND, have been propagated from the errors of the
added free energy differences.

a See Table 2.
b See Table 2.
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residues would produce smaller stabilisations. To
test this possibility, we have calculated weighted
conservation percentages of negatively charged
residues at the mutated positions among the
known long-chain flavodoxin sequences. For the
purpose of the calculation, Asp and Glu residues
have been considered as identical. The overall
stabilisation afforded by the charge reversal
mutations is represented in Figure 7 versus the
weighted conservations. A clear linear
relationship (RZ0.89) is found that can be fit to:
DDGZK2.01C0.02 C, where C is the percentage
of conservation at the position mutated, and the
stabilisation is calculated in kcal molK1. The global
stabilisation obtained by the charge reversal
mutations can thus be predicted semi-quantitat-
ively from a simple sequence comparison within
Figure 7. Correlation between the percentage of
conservation, within the flavodoxin family, of negatively
charged residues in positions equivalent to those mutated
in this work and the experimentally determined global
stabilisation observed in the mutants analysed. The
continuous line is the linear fit. Replacement of poorly
conserved acidic residues within the flavodoxin family by
positively charged residues leads to large global
stabilisations.
the flavodoxin family. This and a recently reported
study on the effect of carboxylic acid mutations on
Escherichia coli thioredoxin stability55 represent, to
our knowledge, the best demonstration of the
consensus concept at the level of single mutations.
Discussion
Rational, easy and global stabilisation of
two-state and three-state proteins by charge
reversal mutations

Among the different methods devised over the
years to increase the conformational stability of
proteins, the optimisation of electrostatic inter-
actions stands as one of the more promising. It
does not rely on engineering salt-bridges, which
usually contribute little to protein stability,56–59

unless they are carefully engineered.60 Instead, it
is based in optimising medium-range and long-
range charge interactions at protein surfaces, and it
has been used successfully to stabilise several
proteins, such as ubiquitin,39,46 cold-shock
protein,42,61 the peripheral subunit-binding
domain,41 rubredoxin,59 and Rnase T1 and Rnase
Sa.40 We have tested here, using apoflavodoxin
(a highly acidic protein), one of the simplest
implementations of the electrostatic calculations
that constitute the basis of the method.39,46 Of the
eight mutations predicted to stabilise apoflavo-
doxin that have been tested, six clearly succeed
and increase the overall conformational stability by
0.4–1.5 kcal molK1, while two mutations leave the
stability barely changed (Table 1). This is a high rate
of success and indicates, as shown for ubiquitin,
that even the simplest implementations of electro-
static calculations is an extremely useful guide to
achieve protein stabilisation. Furthermore, we find
a good qualitative agreement between the calcu-
lated stabilisation and that observed experimentally
(Figure 4) for both apoflavodoxin and ubiquitin.
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Since the method works well for two proteins that
are different in several ways (ubiquitin is a very
basic protein displaying two-state behaviour
towards thermal unfolding, while apoflavodoxin
is highly acidic and displays a three-state thermal
unfolding), it is clear that it will probably work well
for most proteins, provided that their denatured
states are truly unfolded. Actually, the simple
Tanford–Kirkwood method we use here has been
shown to account qualitatively for the effect of
charge-deletion and charge-reversal mutations on
several proteins,43 as well as for the salt-induced
proton uptake/release behaviour.62 As for the two
mutations that did not stabilise apoflavodoxin
(D65K and D150K, Table 2), we notice that they
are located near the N terminus of helices 3 and 5,
respectively, where the replacement of negatively
charged residues by positive ones may exert a
substantial destabilising effect through repulsion
with the positively charged helix dipoles, which is
not taken into account by our electrostatic calcu-
lations, as they do not involve partial charges. An
estimation of this effect, based on mutational
analysis at helical ends,† suggests that an Asp to
Lys mutation should destabilise the protein by
about 1.6 kcal molK1, thus significantly opposing
the stabilisation afforded by medium and long-
range favourable interactions. However, we cannot
rule out the possibility that the lack of stabilisation
of the D65K and D150K mutations is due to other
unforeseen effects on the protein structure (as small
changes in the near-UV CD spectra of these mutants
could indicate), and it is clear that any current
method of rational protein stabilisation will fail
when the integrity of the native state is not
preserved by the mutation introduced, an even-
tuality that cannot always be anticipated.

On the other hand, several proteins have been
stabilised in recent years, by applying the so-called
consensus concept,53 which consists of introducing
at specific positions of a protein the residues that
abound in the equivalent position of its homol-
ogues. In one instance,54 a linear relationship was
found between the stability of several SH3 single
mutants and the logarithm of the percentage of
conservation, at the mutated positions, of the
residues present in the variants analysed (with
rZ0.52). To investigate if the consensus concept can
be applied to predict the stabilisation afforded by
charge reversal mutations at the surface of
apoflavodoxin, we have applied the rather bold
approach of calculating, within the flavodoxin
family, percentages of conservation of acidic resi-
dues at the mutated sites (without differentiating
between Asp and Glu residues). The plot in Figure 7
shows that there is a fair linear relationship between
that simple magnitude and the stabilisation
afforded by the charge reversal mutations (with
rZ0.89). In practice, this means that we can predict
the stability gain of charge reversal mutations
† http://wwwbioq.unizar.es/departamento/
investigacion/JSS/PFS/alfahelix.html.
(Asp or Glu to Lys) at the surface of apoflavodoxin
based solely on this simple conservation criterion.

On a physical basis, the consensus approach for
protein stabilisation is another name for the known
fact that the statistics of residues in specific
locations in proteins often seem to obey Boltzman’s
law.55,63,64 In fact, with the appropriate treatment,
the relationship between percentage of negative
residues and stability gain shown in Figure 7 can be
restated in terms of a linear relationship between
statistical energies of occurrence of negatively
charged residues at the mutated positions and the
experimental stability gain, with rZ0.89 (not
shown). This is remarkable because, in the particu-
lar case of flavodoxin, the observed high level of
conservation of some of the mutated residues (E61,
D65, D126 and D150) could be additionally related
to a functional role in the binding to its redox
partner, the enzyme ferredoxin-NADPC

reductase.65

The apoflavodoxin mutations analysed clearly
illustrate that performing charge reversal mutations
involving the replacement by lysine of negatively
charge residues not involved in salt-bridges or
hydrogen bonds and located at protein surfaces is a
most useful strategy to achieve stabilisation of the
native state relative to the unfolded one. As criteria
to select the appropriate mutations, both electro-
static calculations and statistical analysis seem to
work well. The electrostatic calculations, never-
theless, are superior in that they allow us to
estimate with reasonable accuracy the extent of
the stabilisation that will be exerted by a given
mutation (Figure 4). The feasibility of achieving
similarly accurate predictions based on statistics
remains to be determined.
The partitioning of global stabilisations into
relevant and residual stabilisations

The large global stabilisation of the apoflavo-
doxin native state, relative to the unfolded one,
produced by the charge reversal mutations, as
determined from two-state urea-denaturation, has
also been observed in the thermal denaturation.
Due to the fact that an intermediate accumulates in
the thermal unfolding of this protein, the accurate
calculation of free energy differences of the N-to-I
and of I-to-D equilibria usually requires perform-
ing, for each variant, a global fitting of several
thermal unfolding curves recorded using different
spectroscopic techniques.66 In this work we have
globally fitted fluorescence, near-UV CD, far-UV
CD and near-UV absorbance thermal unfolding
curves to analyse the energetics of the two
equilibria. As is typical of spectroscopically
followed thermal unfolding analysis, the fittings
for DCp are not very accurate. To increase the
accuracy of the calculated changes in free energies
associated with the mutations, the DCp values have
been constrained to intervals around the means
obtained in the analysis of over 40 flavodoxin
mutants.90 Besides, a simplification of equations (4)

http://wwwbioq.unizar.es/departamento/investigacion/JSS/PFS/alfahelix.html
http://wwwbioq.unizar.es/departamento/investigacion/JSS/PFS/alfahelix.html
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and (5) has been used to extrapolate the thermo-
dynamic data obtained for each mutant at its two
temperatures of mid-denaturation to a common
temperature of comparison (317.3 K). The DDGND

values obtained by summing the DDGNI and DDGID

energies so calculated agree very well with those
determined directly from two-state urea unfolding
curves (Figure 6; see also Ref. 90), thus supporting
the method of analysis, and indicating that the
thermally unfolded state is thermodynamically
equivalent to the urea-unfolded state.

For proteins with an equilibrium intermediate,
the overall free energy difference between the
native and denatured states (the global confor-
mational stability) can be partitioned into two terms
corresponding to the free energy differences of the
two associated equilibria:

DGND ZDGNI CDGID

Since the intermediate states of proteins are
expected to be deprived of the biologically relevant
properties of the native states, the free energy
difference between the native and the first inter-
mediate state (DGNI) has been termed the relevant
stability of the protein, as it is the one that preserves
native behaviour, while the free energy difference
between the intermediate state and the unfolded
one (DGID) was termed residual stability, because it
is of little importance for function.38 For multi-
subunit proteins, a similar idea was suggested by
Privalov et al.,67 who pointed out that “The stability
of the native state of a macromolecule consisting of
several independent subunits is not defined by the
total Gibbs energy value needed for complete
disruption of its structure, but by the stability of
the least stable subunit of this system.” Somewhat
surprisingly, a key issue that has received little
attention until now is that of whether the various
known stabilising strategies that are successful for
increasing the global stability of two-state proteins
will be effective for increasing the relevant stability
in proteins displaying equilibrium intermediates.
This is key for the rational stabilisation of complex
proteins against in vitro partial unfolding and
related closely to the possibility of in vivo protein
stabilisation through the binding of small ligands.18

The apoflavodoxin from Anabaena, by behaving as
two-state with urea-denaturation and as three-state
with thermal unfolding, provides an excellent
opportunity to investigate the matter. Towards
that end we have analysed here one of the most
robust strategies of two-state protein stabilisation,
i.e. the rational optimisation of electrostatic inter-
actions, and indeed we have found that six of the
eight mutations tested have significantly increased
the energy gap between the native and the unfolded
state. For any of these six successful mutations, an
increase of the melting temperature for the first
transition will be a reflection of an increase in its
relevant stability, while increases of the temperature
of the second transition will merely indicate that the
thermal intermediate is more resistant to further
unfolding. Of the six stabilised mutants, only two
(E61K and D126K) display Tm1 values that are
significantly higher than those of the wild-type
(Table 2), and can thus be described as having a
larger relevant stability than the wild-type protein
(by about 0.5 kcal molK1). In contrast, four mutants
(E20K, E40K, E72K and D75K) display almost the
same Tm1 as the wild-type, while their second
transition occurs at higher temperatures than it
does in the wild-type. Each of these four mutants
has almost completely realised a global stabilisation
of more than 1 kcal molK1 into increasing the
residual stability of the intermediate relative to the
denatured state (Figure 8) and, in practice, they are
not more stable than the wild-type protein towards
thermal inactivation because their N-to-I energy
gap has not changed. This result illustrates clearly
that even some of the more successful methods of
Figure 8. Partitioning of the
global stabilisation of the N–D
equilibrium in apoflavodoxin
mutants into relevant and residual
stabilisation of the N–I and I–D
equilibria of the thermal unfold-
ing. Orange bars represent the
overall stabilisation of the indi-
cated mutants relative to the
wild-type protein (as determined
from thermal unfolding global
analysis of fluorescence, far-UV
CD, near-UV CD and near-U
absorbance unfolding curves).
Dark blue bars represent the
associated relevant stabilisations
and pink bars the residual stabil-
isation. The corresponding error
bars are shown. The global stabil-
isation directly calculated from
two-state urea unfolding is
shown as diamonds (with error
bars).
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rationally increasing the global stability of proteins
may fail in most cases to enhance the relevant
stability of complex proteins that display equili-
brium intermediates.
The structure of protein intermediates as a guide
to increase the relevant stability

Given the fact that achieving a global stabilisation
of a protein seems not to guarantee an increase of its
relevant stability, it would be helpful to have criteria
to help selecting the strategies best suited to
stabilise proteins with complex equilibria. It is
possible that, through the detailed study of many
protein intermediates at the residue level, some of
the known strategies may stand out as more
effective in order to increase the relevant stability.
Meanwhile, guidance should be sought in follow-
ing the same approach that has been followed to
devise rational strategies for overall protein stabil-
isation; that is, exploiting the structural differences
of the two protein conformations in equilibrium; in
the case of the relevant stability, those of the native
and intermediate states. The problem here is that,
unlike the unfolded state that can, in principle, be
modelled as essentially deprived from side-chain
interactions (which, of course, is not always true),
no appropriate general model of a protein
intermediate is available. Conjecture based on
spectroscopic observations in the early studies
leading to the discovery of molten globules
favoured a view of their conformation as being
rich in secondary structure but lacking native
tertiary interactions.68–70 There is, however, com-
pelling evidence indicating that the conformation of
many protein intermediates may be quite close to
that of native states.50,71–74 This vanishing of a clear
general picture of the differences between native
and intermediate conformations precludes any
a priori approach to operate on the non-existent
obvious differences between the two conformations
and, therefore, the rational stabilisation of the native
state requires detailed knowledge of the structure of
the associated intermediate. This is the main
difficulty, because gathering structural information
on protein intermediates is usually difficult. In a
parallel work,90 we have used equilibrium f-value
analysis50 to produce a low-resolution structure of
the apoflavodoxin thermal intermediate. Basically,
the intermediate displays a bipartite structure
consisting of a large region with a close to native
structure and a smaller region, comprising some 40
residues located in three different loops, which is
disordered. This structure satisfactorily explains the
contrasting behaviour of the E61K and D126K
mutations (which effectively increase the relevant
stability) with that of the E20K, E40K, E72K and
D75K variants (where the large global stabilisation
is merely realised into increasing the residual
stability; Figure 8). The latter four mutations appear
in regions of the protein that are close to being
natively folded in the intermediate (as judged from
their f-values) and, hence, strengthening the native
conformation there similarly strengthens that of the
intermediate without modifying the free energy
difference of the two species. The intermediate,
nevertheless, is greatly stabilised against further
unfolding. In contrast, the two mutations that
increase the relevant stability appear located in
regions where the intermediate is likely unfolded.
For the E61K mutant the evidence is indirect
because no information on the structure of the
intermediate is available for the loop where the
mutated residue is located. Yet, a simple compari-
son of the X-ray structures of three flavodoxin
variants75,76 singles out this loop as highly flexible
and thus very likely to be “unfolded” in the thermal
intermediate. For the D126K mutant, the one
displaying the clearer pattern of full conversion of
the overall stabilisation into relevant stability
(Figure 8), the f-structure of the thermal intermedi-
ate places residue 126 in a clearly unfolded region,
corresponding to the long loop comprising residues
120–140 that is specific to the long-chain flavodox-
ins.77 The stabilisation of apoflavodoxin by engin-
eering specific interactions of residues located in
regions that becomes disordered in the intermediate
can thus stabilise efficiently, in a specific manner,
the native state relative to the intermediate. Had the
structure of the apoflavodoxin intermediate been
available in advance, it could have been anticipated
which of the six successful charge reversal
mutations were appropriate to increase the relevant
stability or rather likely to increase only the residual
one. Similarly, any attempt to drive the intermediate
conformation of the protein into the native state by
small molecule binding should consider the
unfolded region of the intermediate as the target.
We hope thus that f-structures of equilibrium
intermediates obtained by the method developed
to investigate the apoflavodoxin thermal inter-
mediate90 will help define in complex proteins the
regions that constitute appropriate targets for
successful relevant stabilisation, either by protein
engineering or ligand binding.
Materials and Methods

Design of mutants

Calculations of the energies of charge–charge inter-
actions were carried using our implementation of the
Tanford–Kirkwood model with the solvent-accessibility
correction due to Gurd, as described.46 This is, admit-
tedly, a very simple model, but has been shown to predict
qualitatively the effect of charge-deletion and charge-
reversal mutations on the stability of several proteins.43

We found that, according to these Tanford–Kirkwood
calculations, most carboxylic acid groups in the apo-
flavodoxin molecule are involved in predominantly
destabilising interactions with charges of the same sign
(as shown by positive values for their charge–charge
interaction energy). Among them, we selected for
mutation those groups for which the predicted stabilising
effect of a charge reversal mutation was about 1 kcal/mol
or more and that, in addition, were not involved in
hydrogen bonding or salt-bridges. On this basis, we
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selected eight mutations (E20K, E40K, E61K, D65K, E72K,
D75K, D126K and D150K) for experimental testing. The
mutations are spread on several a-helices and loops
(Figure 1(a) and Table 1), in regions of negative electro-
static potential (Figure 1(b)). Since the calculation of the
stabilising effects does not take into account more subtle
electrostatic effects such as those exerted by helical
ends,2,78,79 care has been taken so that the mutations
implemented in a-helices represent both internal
positions and positions near the helical termini. In this
way, the influence of helical position on the predictability
of the energetics of lysine-introducing charge reversal
mutations can be assessed roughly.

Mutagenesis, protein expression and purification and
circular dichroism spectra

The mutations have been introduced in the flavodoxin
gene80 by PCR-based mutagenesis using the Stratagene
QuikChange kit. The presence of the mutations was
verified by sequencing the entire gene. The protein was
purified as described,49 and the apoprotein prepared by
precipitation with trichloroacetic acid.81 The near-UV and
far-UV CD spectra of the mutant apoflavodoxins in
50 mM Mops (pH 7) were measured in a 1 or a 0.1 cm
path-length cuvette, respectively, using 30 mM protein
solutions.

Urea-denaturation curves

Denaturation curves of wild-type and mutant apofla-
vodoxins in 50 mM Mops (pH 7) were obtained by
measuring the fluorescence of 2 mM protein solutions of
different concentrations of urea, using a thermostatically
controlled Aminco-Bowman series 2 spectrophotometer
from Spectronics Instruments. Fluorescence emission was
measured at 25.0(G0.1) 8C, with excitation at 280 nm.
To minimise protein concentration errors, the ratio of
the emission intensities at 320 nm and 380 nm was
represented as a function of the concentration of urea.

Thermal denaturation curves

Thermal denaturation of wild-type and mutant
apoflavodoxins in 50 mM Mops (pH 7) was followed by
far-UV CD at 222 nm, near-UV CD at 288 nm, near-UV
absorbance at 288 nm and fluorescence emission (ratio of
320 nm/380 nm, with excitation at 280 nm). We have used
the equipment described above for the fluorescence
measurements, and a Jasco 710 spectropolarimeter for
CD and absorbance measurements. In all the experiments
the temperature was raised from 275 8C to 360 8C at a rate
of 1.5–2 deg. C/minute. The CD measurements were
done with 30 mM protein samples using 1 mm or 1 cm
path-length cuvettes for the far-UV and near-UV regions,
respectively. The absorbance data were collected during
the near-UV CD measurement. The fluorescence data
were collected using a protein concentration of 2 mM.

Calorimetric measurements

Differential scanning calorimetry (DSC) experiments
were carried out with a VP-DSC calorimeter from
Microcal (Northhamton, MA) at scan-rates of 1.5 k/
minute or 0.5 k/minute. protein solutions for the
calorimetric experiments were prepared by exhaustive
dialysis against the buffer. The samples were degassed at
room temperature before the calorimetric experiments.
calorimetric cells (operating volume w0.5 ml) were kept
under an excess pressure of 30 psi (1 psiz6.9 kpa) to
prevent degassing during the scan. In all measurements,
the buffer from the last dialysis step was used in the
reference cell of the calorimeter. Several buffer–buffer
baselines were obtained before each run with a protein
solution in order to ascertain proper equilibration of the
instrument. In most experiments, a reheating run was
carried out to determine the reversibility of the denatura-
tion process. Finally, an additional buffer–buffer baseline
was obtained immediately after the protein runs to check
that no significant change in instrumental baseline had
occurred when working with aqueous solutions. The
level of instrumental baseline reproducibility attained
was similar to that described.50

Data analyses

Urea-denaturation curves for wild-type and mutant
proteins were fit to the following two-state equation:82

FZ
FN CmNUC ðFD CmDUÞe�DG=RT

1CeKDG=RT
(1)

with:

DGZmðUm KUÞ (2)

where F is the fluorescence signal, U is the concentration
of urea; Um is the concentration of urea at mid-
denaturation; FN and FD are the fluorescence signals of
the native and denatured states, respectively, at [U]Z0,
mN and mD are the linear dependences of the native and
denatured state fluorescence signals, respectively, with
concentration of urea; and m is the linear dependence of
the free energy with concentration of urea.

The thermal denaturation curves of each protein were
fit globally to the following three-state equation that
accounts for the presence of an intermediate and is based
on the two-state equation from Privalov et al.:83

YZ
YNCmNTCðF1Cm1TÞe

KDG1=RTCðFDCmDTÞe
KðDG1CDG2Þ=RT

1CeKDG1=RTCeKðDG1CDG2Þ=RT

(3)

where DG is given by the Gibbs–Hemholtz equation:

DG1ZDH1ð1KT=Tm1ÞKDCp1ððTm1KTÞCTlnðT=Tm1ÞÞ (4)

DG2ZDH2ð1KT=Tm2ÞKDCp2ððTm2KTÞCTlnðT=Tm2ÞÞ (5)

In equation (3), Y is the spectroscopic signal; YN, YI and
YD are spectroscopic signals at TZ0 K of the native,
intermediate and denatured states, respectively; mN, mI

and mD are the spectroscopic slopes of the native,
intermediate and denatured states, respectively. In
equations (4) and (5), DH1, Tm1 and DCp1 correspond to
the enthalpy change, the melting temperature and the
change in heat capacity of the first transition (N4I); and
DH2, Tm2 and DCp2 correspond to the enthalpy change,
the melting temperature and the change in heat capacity
of the second transition (I4D). For each protein, the four
thermal unfolding curves recorded (near-UV and far-UV
CD, fluorescence and absorbance) were roughly normal-
ised to represent signal changes between approximately 1
and 0, in order to make each curve contribute similarly to
the fitting. Due to the non-negligible slopes of the native
and denatured state spectroscopic signals, an exact
normalization of a given set of curves, previous to the
global fitting, is possible only if individual fits of the
different curves are performed. This was avoided because
it can bias the subsequent global fitting. The four curves
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were then fit globally to equation (3), using the MLAB
program (Accelrys Inc.), to obtain a single set of transition
temperatures, enthalpy and heat capacity changes
describing the two unfolding equilibria, while the
spectroscopic values and slopes of the three species
were allowed to differ for each curve. It is well known that
the fitting of thermal unfolding curves to equations
similar to equation (3) does not provide accurate DCp

values.84 Although performing, for each protein, a global
fit of several curves increases the reliability of the fitted
DCp values, we have still observed too wide a range of
fitted DCp values among the different mutants, a clear
reflection of their unreliability. Although this hardly
affects the accuracy of the fitted DH(Tm) and Tm values,
it precludes extrapolation of the data from the transition
regions. To improve the fitting of DCp, we have initially
calculated the mean and the standard deviations of the
DCp values obtained in preliminary fits for 40 different
apoflavodoxin mutants analysed in the laboratory. Then,
in subsequent fits of the mutants analysed in this work we
have imposed the criterion that the fitted DCp values
should remain within an interval defined as jxjKs
to jxjCs, which is 0–2.6 kJ molK1 KK1 for DCp1 and
5.4–7.6 kJ molK1 KK1 for DCp2.

The calorimetric heat capacity versus temperature
profiles for the denaturation of apoflavodoxin variants
were fit using a three-state model.50 This fitting procedure
assumes that the (temperature-dependent) heat capacity
of the intermediate state can be represented as a linear
combination of the heat capacities of the native and
denatured states, weighted by a parameter Z (for ZZ1 the
heat capacity of the intermediate state would equal that of
the denatured state). Fittings were carried out using
ZZ0.6, as suggested by the results reported.50 The quality
of the fittings obtained was similar to that reported by
these authors for wild-type (WT) apoflavodoxin.50 Since
the effects of mutations on the overall denaturation free
energy were reasonably small, the Schellman equation
was used to get an approximation of their values.85 The
Schellman equation can be written as:

DDGZDH0
mDTm=T0

m

where DDG is the perturbation free energy (i.e. DG
(variant)KDG(WT)), T0

m and DH0
m are the denaturation

temperature and denaturation enthalpy change (at the
denaturation temperature) for the WT form, and DTm is
the perturbation effect on the denaturation temperature
[i.e. TmðvariantÞKT0

m]. This procedure was applied to
both the N-to-I and the I-to-D transitions using, in each
case, the thermodynamic parameters derived from the
fittings to the DSC profiles.

Free energy calculations from global analysis of
thermal denaturation, and error calculations

The changes produced in the free energies of the N-to-I
and I-to-D thermal unfolding equilibria by the mutations
analysed can be calculated more accurately from the
parameters obtained in the global fitting of the four
thermal unfolding curves obtained for each mutant using
different spectroscopic techniques. Because of the intrin-
sically low accuracy of the DCp values, equations (4) and
(5) have been simplified by removing their second terms,
and an optimal reference temperature has been chosen for
comparison of the different mutations (317.3 K, melting
temperature for the first transition of the wild-type
protein) at which the average contribution of the deleted
terms to the changes in free energy differences is at a
global minimum.90 On the other hand, the estimations of
the standard deviations provided by the MLAB for each
fitted parameter are correct only for linear models, which
is not the case of protein unfolding. We have thus
calculated standard deviations by a rigorous interval
analysis at a 67% confidence level using the method
described by Beechem.86
Calculation of percentages of conservation of
charged residues in the flavodoxin family

A total of 31 sequences of long-chain flavodoxins
obtained with a BLAST search87 against the sequence of
the flavodoxin from Anabaena PCC7119 were first aligned
using ClustalW88 and the initial alignment was then
refined. The 31 sequences of the alignment were weighted
following an established procedure,89 and weighted
percentages of conservation of negatively charged
residues at each flavodoxin position mutated in this
work were calculated.
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