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A B S T R A C T

Enhancing the stability of highly stable proteins represents an interesting challenge in protein design. We have 
used the computational tool Protposer to rapidly achieve large additional stabilization of apoflavodoxin, a protein 
strongly thermostabilized over the years through protein engineering based on educated guesses. By rationally 
combining top-ranked mutations onto a previously stabilized variant (6 M), we have generated a series of new 
mutants and characterized their stability by thermal and chemical denaturation. Relative to the starting variant, 
the Tm of 10 M apoflavodoxin is nearly 9 ◦C higher, while the simplified 3 M and 4 M mutants, showing improved 
refolding properties, display increases of 6/7.5 ◦C, respectively. The thermostabilizing effects of individual 
mutations are close to additive and translate into a large increase in conformational stability at 25.0 ◦C. Com
parison of the x-ray structures of progressively stabilized WT, 6 M and 10 M flavodoxins reveals a concomitant 
mild trend toward shorter hydrogen bonds, reduced internal cavity volumes and narrower tunnels. Overall, these 
conformational changes are minor, and a functional assay confirms the mutants also preserve their catalytic 
activity. These findings demonstrate that even highly stable proteins can be further stabilized through rational 
design using a simple computational tool that automatically analyses PDB files and identifies stabilizing 
mutations.

1. Introduction

The functional properties of most proteins are linked to the stability 
of their native conformation [1]. As the stability of proteins is charac
teristically low and tends to be further reduced ex vivo, the use of pro
teins as medicines [2,3], biocatalysts [4] or key components of all kind 
of analytical tests [5] is challenging [6]. One straightforward strategy to 
stabilize proteins is replacing specific amino acid residues by others that, 
given their structural context, make the protein more stable [7]. The 
difficulty is in identifying successful replacements. For that, many 
rational approaches based on physicochemical principles as well as on 
evolutionary considerations have been tried [8]. As the success rate 
obtained in the design of stabilizing mutations is not very high, 
computational tools have been devised to rationalize further the choice 
of stabilizing mutations [9–14]. In many cases the goal of those tools has 
been to predict the change in stability (ΔΔG) associated to a mutation. 
Unfortunately, the error bar of those predictions continues being high, 

as it is in the range of the expected stabilizing effect of mutations 
[15–19]. Trying to overcome this limitation, an alternative computa
tional approach to stabilize proteins has been recently introduced that, 
rather than calculating ΔΔG values, classifies mutations as either 
significantly stabilizing or not, and provides the estimated success rate 
for each mutation proposed [20].

Over the years, our group has been using a variety of approaches to 
increase the conformational stability of the model protein apoflavodoxin 
[21]. They include, electrostatics [22,23], α-helix [24], H-bonding [25], 
packing [26] and solvent exposure optimization [27] as well as sequence 
consensus analysis [28]. By combining stabilizing mutations painfully 
discovered, wild type apoflavodoxin has been greatly stabilized and the 
cooperativity of its thermal folding equilibrium improved [28,29]. 
Feeling that we have exhausted our capabilities to intuitively designing 
stabilizing mutations for this protein, we explore here the use of Prot
poser [20] to further increase thermostability, as well as conformational 
stability at 25 ◦C. Protposer (https://protposer.bifi.es/) is a 
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computational tool designed to identify stabilizing mutations. To that 
end, it integrates a protein sequence and structure scanning engine with 
a logistic regression model that nominates and classifies mutations in an 
unsupervised manner. Given an input protein structure (PDB file or 
AlphaFold model), the algorithm systematically searches for structural 
or sequence features associated with instability, such as divergence from 
consensus or ancestral sequences, suboptimal α-helix composition, un
favorable residue solvent exposure, internal cavities, electrostatic 
imbalance, or destabilizing hydrogen bonds. For each identified “weak 
spot”, Protposer proposes point mutations and evaluates their likelihood 
of enhancing stability. The evaluation brings together multiple struc
tural and sequence-based criteria within a logistic regression model, 
which estimates the probability that a given mutation will increase 
conformational stability by at least 0.5 kcal/mol. The output is a ranked 
list of candidate stabilizing mutations, accompanied by a rationale for 
each proposal and a feature-based scoring breakdown, presented in an 
HTML summary. By merging established strategies for rational protein 
stabilization with machine learning, Protposer provides a practical and 
automated pipeline for guiding protein engineering efforts. A quick 
implementation of some of the top ranked mutations obtained with 
Protposer using only the PDB code as input has led to a substantial in
crease in apoflavodoxin stability in a short time.

2. Materials and methods

2.1. Design of mutants

New mutants of the apoflavodoxin from Anabaena PCC 7119 were 
designed using the Protposer software [20]. Apoflavodoxin mutations 
were selected from the ranked list of stabilizing proposals, excluding 
those labeled as affecting the active site. As the aim was to further sta
bilize a previously engineered and highly stable mutant referred to as 6 
M [28,29], the six mutations already present in it were not considered 
either. Those mutations (I59A, I92A, D126K, A142V, E20K, and E72K) 
are also present in all new mutants that have been obtained and char
acterized in this work. From the Protposer list so cleaned, the best ranked 
15 mutations were grouped to make three new mutants, each carrying 
five mutations: 5 M1 (D35K, I21K, D65K, D129K, L44F), 5 M2 (D43K, 
V76L D153K, N28G, D154E) and 5 M3 (V36L, Q48E, N79S, E61K, 
S158T). Mutant 5 M1 contains mutations ranked 1–3 and 5–6 (the five 
best ranked mutations with the exception of L44F (ranked 6) which 
replaces D43K, (ranked 4) to avoid pooling in 5 M1 five charge reversal 
mutations). Mutant 5 M2 contains mutations ranked 4 and 7–10 and 
mutant 5 M3 contains mutations ranked 11–15. A new mutant (10 M) 
was constructed by combining the mutations in 5 M2 and 5 M3. In 
addition, ten new single mutants were generated, each one containing 
only one of the mutations in either 5 M2 or 5 M3. Thermal analysis of the 
single mutants identified four mutations (V36L, D154E, D153K and 
N79S) as particularly stabilizing, which were combined to create two 
new mutants: 3 M (V36L, D154E, D153K) and 4 M (V36L, D154E, 
D153K, N79S). All plasmids encoding apoflavodoxin mutants were ob
tained from GeneScript.

2.2. Overexpression and purification

Flavodoxin mutants were purified as previously described [30], with 
some modifications. To obtain a given flavodoxin variant, E. coli (BL21 
strain), cells carrying the pTr99a plasmid containing the corresponding 
mutant gene were grown overnight in 50 mL of LB medium supple
mented with ampicillin (100 μg/mL). 1 L of LB medium was inoculated 
with the culture and grown at 37 ◦C. When the optical density at 600 nm 
reached 0.6–0.8, 1 mL of 1 M isopropyl-β-D-thiogalactopyranoside was 
added and the culture continued overnight. Cells were harvested using a 
high-speed centrifuge (2236R High Speed Centrifuge, Gyrozen) with a 
rotor with capacity for 6 1-L bottles (GRF-L-1000-6, Gyrozen), at 6000 
rpm during 15 min, and the cell paste was collected and stored at 

− 80 ◦C. After thawing, the cell paste was resuspended in the least 
quantity needed of 50 mM Tris-HCl, pH 8.0 for total resuspension. A 
small amount (2 mg) of flavin mononucleotide (FMN) (Sigma-Aldrich) 
was added to the suspension and completely dissolved. The suspension 
was placed in an ice bath and sonicated (UP 200S, Hielscher Ultrasonics 
GmbH) with 8 cycles of 45 s at 70 % amplitude, with 30 s rest intervals 
between cycles. The sonicated suspension was centrifuged at 18000 rpm 
for 30 min in a 50 mL bottle rotor (GRF-L-50-6, Gyrozen) and ammo
nium sulfate (Panreac Applichem) was added to the supernatant to reach 
60 % saturation at 0 ◦C. The suspension was centrifuged at 20000 rpm 
for 30 min to remove unwanted proteins, and the supernatant was 
loaded into an equilibrated HiTrap Capto DEAE 5 mL column (Cytiva) 
using a ÄKTA start system (Cytiva). The column was washed with 10 
volumes of 50 mM Tris-HCl, pH 8.0, 60 % ammonium sulfate to remove 
unbound FMN and non-retained proteins. Then, flavodoxin was eluted 
using a gradient from 60 % to 0 % ammonium sulfate in the same Tris 
buffer. Fractions containing flavodoxin, as indicated by the UV/Vis 
spectrum, were dialyzed against 50 mM Tris-HCl pH 8.0 and then loaded 
into a HiTrap Capto DEAE 5 mL column (Cytiva) equilibrated in the 
same buffer. The column was washed with 10 volumes of equilibration 
buffer and the protein was eluted with a NaCl gradient (from 0 to 1 M). 
Fractions with a 464/280 absorbance ratio > 0.12 were dialyzed against 
50 mM Tris-HCl, pH 8.0, pooled and stored. For mutants 5 M1 and 10 M 
the purification process was performed in a different way due to their 
weak binding to the DEAE matrix, probably caused by their low net 
charge at the purification pH. After performing the purification process, 
the fractions of these two mutants with a 464/280 absorbance ratio of 
approximately 0.12, were concentrated using centrifugal filters (Amicon 
Ultra-15 10 k, Sigma-Aldrich) and loaded into a Superdex 75 Increase 
10/300 GL column (Cytiva) equilibrated in 50 mM Tris-HCl, pH 8.0 to 
perform a gel filtration using a ÄKTA Go system (Cytiva). The elution 
buffer for the gel filtration was the same in which the column was 
equilibrated. Fractions with a 464/280 absorbance ratio > 0.12 were 
pooled and stored frozen until use.

2.3. Preparation of apoflavodoxin

For most mutants, FMN was removed from the holoprotein using a 
treatment with trichloroacetic acid, as described [31]. Dithiothreitol 
(DTT) (Sigma-Aldrich) up to 1 mM and trichloroacetic acid (TCA) 
(Thermo Fisher Scientific) up to 3 % (w/v) at 0 ◦C were added to the 
holoflavodoxin solution, causing the protein to precipitate. The protein 
was centrifuged at 5000 rpm for 5 min and the pellet resuspended and 
washed in 1 mL of 1 mM DTT/3 % TCA, and the protein was pelleted 
again. This washing step was repeated until the pellet became white. The 
final pellet was resuspended in 1 M MOPS, pH 7.0 (Thermo Fisher Sci
entific) and dialyzed against 50 mM MOPS, pH 7.0. Purity of all apo
flavodoxin solutions so prepared were > 98 % as judged from SDS-PAGE 
(Fig. S1). For mutants 5 M1 and 10 M, apoflavodoxin was obtained using 
an alternative method including unfolding and refolding steps. A solu
tion of holoflavodoxin was added to a solution of 6 M guanidinium 
chloride in 50 mM MOPS, pH 7.0 to a final guanidinium concentration of 
5 M and it was incubated at 37 ◦C for 1 h in the dark. The FMN released 
was separated from the solution using centrifugal filters (Amicon Ultra- 
15 10 k, Sigma-Aldrich) and then the buffer of the protein solution was 
changed to 50 mM MOPS, pH 7.0, using the same filters. Purity of these 
apoflavodoxin preparation was >95 % as judged from PAGE.

2.4. Circular dichroism and fluorescence spectra

Circular dichroism (CD) spectra were registered at 15 ◦C in a Chir
ascan apparatus (Applied Photophysics). For both near-UV CD and far- 
UV CD, 20 μM protein samples dissolved in 50 mM MOPS, pH 7.0 
buffer were used. Near-UV spectra were recorded from 310 to 260 nm in 
a 4-mm path-length cuvette. Far-UV CD spectra were recorded from 260 
to 190 nm in a 1-mm path-length cuvette. Fluorescence spectra (from 
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360 to 320 nm, with excitation at 280 nm) of 2 μM protein samples were 
obtained using a Cary Eclipse fluorimeter (Agilent Technologies).

2.5. Thermal denaturation curves

Thermal denaturation curves were obtained using the same protein 
concentration, buffer and cuvette path-length and equipment as 
described above for the CD and fluorescence spectra. The denaturation 
curves were followed measuring the signal at 222 nm in far-UV CD, 290 
nm in near-UV CD, and the 360/320 ratio of fluorescence intensities, 
with excitation at 280 nm. As reported previously [32], recording 
fluorescence intensity ratios is useful to minimize the strong tempera
ture dependence of the folded and unfolded baselines but it may slightly 
modify the value of the observed Tm. However, it hardly modifies the 
value of differences between ΔTm between variants of the same protein 
[33]. In all experiments the temperature was raised from 290.15 to 
365.15 K at a rate of 1 K/min.

2.6. Differential scanning calorimetry (DSC)

The protein samples for differential scanning calorimetry were pre
pared at a 20 μM protein concentration in 50 mM MOPS, pH 7.0. The 
experiments were performed in a MicroCal Differential Scanning Calo
rimeter (Malvern Instruments) from 10 ◦C to 95 ◦C at a scan rate of 1 ◦C/ 
min. For all measurements 50 mM MOPS, pH 7.0 buffer was used in the 
reference cell of the calorimeter. The baseline was recorded after filling 
both calorimeter cells with buffer prior to performing the experiments, 
and several buffer–buffer baselines were recorded prior to each run with 
a protein sample to ensure a proper equilibration of the instrument [23].

2.7. Analysis of thermal unfolding data

The data from thermal denaturation curves followed by near-UV CD, 
far-UV CD and fluorescence were roughly normalized between 0 and 1 
and globally fitted to either 2-state or 3-state models using Origin 9.0 
(OriginLab Corporation). Eq. 1 was used to fit the curves to the two-state 
model, and Eq. 2 to fit to the three-state one [23]. 

Y =
YN + mNT + (YD + mDT)e− ΔG/RT

1 + e− ΔG/RT (1) 

Y =
YN + mNT + (Yi + miT)e− ΔG1/RT + (YD + mDT)e− (ΔG1+ΔG2)/RT

1 + e− ΔG1/RT + e− (ΔG1+ΔG2)/RT (2) 

In these equations [23,32], Y corresponds to the signal registered by 
the dichrograph or fluorimeter, T is the absolute temperature, YN, Yi and 
YD are, respectively, the signals of the protein in the native, intermediate 
and denatured states at T = 0, mN, mi and mD are the slopes of the 
temperature dependency of the native, intermediate and denatured 
states signals and ΔG is given by the Gibbs–Helmholtz equation (Eq. 3) 

ΔG = ΔH(1 − T/Tm − ΔCp)(Tm − T+Tln(T/Tm) ) (3) 

From a global fitting of the near-UV CD, far-UV CD and fluorescence 
curves corresponding to a protein variant, the thermodynamic param
eters describing the unfolding equilibrium are obtained (ΔH, Tm and 
ΔCp for a 2-state fit, and ΔH1, Tm1, ΔCp1, ΔH2, Tm2 and ΔCp2 for a 3-state 
fit), together with several spectroscopic parameters, which are specific 
of each curve and have no thermodynamic meaning or influence on the 
value of the common thermodynamic parameters shared by the curves 
(e.g the melting temperatures do not change if molar ellipticity is used 
instead of mdeg for circular dichroism). Unlike ΔH and Tm values, the 
values obtained for ΔCp in these global fits are not accurate [34], so they 
will not be reported. The DSC unfolding data was normalized to con
centration and analyzed using a two-state or three-state model, as 
implemented in the Origin 7.0 package.

2.8. Thermal denaturation reversibility

The thermal denaturation reversibility was studied by DSC, near-UV 
CD and fluorescence with protein dissolved in 50 mM MOPS, pH 7.0. For 
DSC and near-UV CD, the samples were prepared at a 20 μM protein 
concentration and, for fluorescence, at 2 μM. DSC experiments were 
performed recording from 10 ◦C to 90 ◦C, allowing the sample to cool 
down, and then recording the denaturation again up to 90 ◦C at a scan 
rate of 1 ◦C/min. For fluorescence and near-UV CD, a denaturation curve 
from 15 ◦C to 90 ◦C was recorded, followed by rapidly cooling the 
sample to 15 ◦C and then recording a new denaturation curve. The 
percentage of reversibility was obtained comparing the ΔHcal obtained 
in the first DSC scan or denaturation curve measured by fluorescence or 
near-UV CD with the second one performed after cooling.

2.9. Urea denaturation curves and data analysis

The protein solutions were made as described [28] with minor var
iations. 100 μL of 20 μM apoprotein in 50 mM MOPS, pH 7.0 were mixed 
with 900 μL of urea solutions (from 0 to 7 M) in 50 mM MOPS, pH 7.0. 
The samples were equilibrated at 25 ◦C for 30 min and the denaturation 
was followed at 25 ◦C recording fluorescence at 320 nm with excitation 
at 280 nm, using a thermostated Cary eclipse fluorimeter (Agilent 
Technologies). As flavodoxin unfolding in urea follows a 2-state mech
anism [30], the curves were fitted to Eq. 4, using Origin 9.0 (OriginLab 
Corporation) assuming that the free energy of denaturation varies lin
early with urea concentration (Eq. 5), as described [26]. 

S =
SF + mFD + (SU + mUD)e(− ΔG/RT)

1 + e(− ΔG/RT) (4) 

ΔG = ΔGw − mD = m(Um − D) (5) 

In Eq. 4, S corresponds to the signal registered by the fluorimeter, T is 
the absolute temperature, SF, and SU are, respectively, the signals of the 
protein in the folded and unfolded state, mF and mU are the slopes of the 
urea dependency of the folded and unfolded state signals, R is the ideal 
gas constant, ΔG is the free energy of unfolding. In Eq. 5, m is a pro
portionality constant and Um is the urea concentration of mid- 
denaturation. [26].

2.10. Cytochrome c reductase activity

All stock samples for this experiment were dissolved in 50 mM Tris- 
HCl, pH 8.0. Measurements were made at 25 ◦C in a Cary 3500 Multicell 
UV–Vis spectrophotometer (Agilent Technologies). Stock solutions of 
the reagents used for this reaction (Scheme 1) were 7.5 mg/mL cyto
chrome c (Thermo Fisher Scientific), 1 mM NADPH (Sigma-Aldrich), 
0.1–0.8 mM flavodoxin, and 2.5–5.0 μM FNR. The volumes of stock 
solutions used in a typical assay, together with the electron transfer 
reaction measured, are those in scheme 1. After adding all the other 
reagents to the sample cuvette, FNR was deposited on the upper end of 
the inner wall of the cuvette and the reaction started by inverting the 
cuvette three times. The kinetic reaction was measured for 30 s at a 
wavelength of 550 nm. Kinetics were recorded at different flavodoxin 
concentrations and the corresponding initial velocities were fitted to the 
Michaelis-Menten equation (Eq. 6). 

V =
vmax [S]
Km + [S]

(6) 

2.11. Protein crystallization and structure resolution of mutant 10 M in 
complex with FMN

Crystals of holoflavodoxin mutant 10 M were obtained using the 
hanging-drop vapor-diffusion method at 291 K. Each drop consisted of 1 
μL of 5 mg/mL holoflavodoxin in 10 mM Tris-HCl, pH 8.5, plus 1 μL of 
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reservoir solution. The drops were equilibrated against 500 μL of 
reservoir solution. Crystals suitable for X-ray diffraction were obtained 
in the condition 28 % PEG 4000, 0.1 M Tris-HCl, pH 8.5 and 0.2 M 
MgCl2. The crystals reached their maximum size in one week and were 
cryoprotected with 20 % of glycerol before diffraction data collection. 
Data were collected from a single crystal using the synchrotron source 
DLS beamline BL13-XALOC and PILATUS3 X 6 M (100 Hz) detector with 
a wavelength of 0.979260 Å, to a maximum resolution of 1.4 Å. Crystals 
belonged to the P212121 orthorhombic space group with two molecules 
in the asymmetric unit. Data set was processed, scaled and reduced using 
XDS [35] and SCALA from CCP4i package [36,37]. The structure was 
solved by molecular replacement using the MOLREP program from 

CCP4i [38] with the structure of wild-type holoflavodoxin (PDB ID: 
1FLV) as the search model. Automatic refinement was performed by 
Refmac5 [39] from the CCP4i package, combined with alternating 
manual model building in WinCOOT [40]. The final model includes 
residues 2–169, one FMN molecule, one glycerol molecule and 236 
water molecules. Relevant data collection statistics and refinement pa
rameters are presented in Table S1. The coordinates and structure fac
tors for apoflavodoxin mutant 10 M in complex with FMN have been 
deposited in the Protein Data Bank with PDB ID: 9RXF. The program 
PyMOL was used for the superposition with RMSD calculation and 
visualization of the structures [41], and Biopython for identification of 
hydrogen bonds [42].

3. Results

3.1. Mutant purification and apoflavodoxin preparation

Protein purification and apoflavodoxin preparation was done as re
ported [30,31] except for mutants 5 M1 and 10 M. Possibly because of 
their reduced net charge at the pH used for the purification, their 
binding to the DEAE column was less tight and their purification 
required an additional gel filtration step, as described in Methods. Once 
the holoforms of these two mutants were obtained, the preparation of 
the corresponding apoflavodoxins by precipitation with TCA was not 
possible as their precipitates did not refold properly. Thus, their apo 
forms were obtained using a different procedure as described in 
Methods. The 5 M1 and 10 M apoflavodoxins so obtained displayed the 
typical near UV CD apoflavodoxin spectrum [30], as shown in Fig. 1.

3.2. Mutants thermostability as determined by CD and fluorescence

Thermal denaturation curves were recorded for each mutant by 
monitoring tryptophan emission fluorescence, near-UV CD and far-UV 
CD. For each mutant, a global analysis of the three curves was per
formed to determine the melting temperature and the apparent 

Scheme 1: Protocol for preparing cytochrome c reductase 
activity solutions, and the electron transfer flow in the reaction

Reagent Sample (µL) Reference (µL)

Tris-HCl (50 mM) 850 – x 900

cytochrome c (7.5 mg/mL) 100 100

NADPH (1 mM) 50 -

Flavodoxin (0.1-0.8 mM) x -

FNR (2.5-5.0 µM) 2 -

Scheme 1. Protocol for preparing cytochrome c reductase activity solutions, 
and the electron transfer flow in the reaction

Fig. 1. Near UV CD spectra of the apo form of two apoflavodoxin mutants (5 M1, orange; and 10 M, black line) obtained by unfolding/refolding (see Methods), 
compared to the spectrum of 6 M (blue line), obtained by TCA precipitation. Protein concentration was 20 μM in all cases.
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unfolding enthalpy following a previously described approach [43]. It is 
well established that wild type apoflavodoxin experiences a three-state 
thermal unfolding [44], while some carefully stabilized mutants (e.g., 
6 M) are two-state [29]. The data recorded for the new mutants have 
been fitted to both two-state and three-state thermal unfolding models to 
determine their equilibrium unfolding mechanisms. The previously re
ported 6 M mutant [28,29], which act in this study as a starting pseudo 
wild type, has been re-examined, as it constitutes the reference protein 
to judge the thermostabilization afforded by the new mutations here 
introduced. In agreement with the initial report [28], the unfolding 
mechanism of 6 M is well described by a two-state model (Fig. 2a, 
Table 1) with a single Tm of 70.1 ± 0.3 ◦C, which compares well with the 
values of 70.3 ± 0.1 ◦C (reported previously [28] by DSC) and also with 
the value of 70.4 ± 0.2 ◦C obtained in new DSC experiments done for 
this work (see Table 2).

Of the three new apoflavodoxin mutants (5 M1, 5 M2 and 5 M3) 
where five mutations have been added to 6 M, mutant 5 M1 failed to 
stabilize it. In fact, mutant 5 M1 reverted from the two-state behavior 
displayed by 6 M to the three-state behavior characteristic of the original 
wild type protein [44], and its higher Tm (Tm2) was 69.0 ± 1.2 ◦C (not 
shown). While in revision, we have been able to trace this unwanted 
effect to mutation D129K (see Fig. S2). In contrast, mutants 5 M2 and 5 
M3 retain the two-state equilibrium unfolding of 6 M and display higher 
Tm values of 74.5 ± 0.3 ◦C and 72.7 ± 0.8 ◦C, respectively. Thus, the 

thermostability of 5 M2 and 5 M3 has been increased by 4.4 and 2.6 ◦C, 
compared to 6 M. As the effect of protein stabilizing mutations tends to 
be additive [29], we then combined the mutations in 5 M2 and 5 M3 to 
produce the 10 M mutant. An initial global analysis of its unfolding 
curves (not shown) raised doubts on whether it retained the two-state 
behavior of 6 M. As indicated above, and similarly to 5 M1, the 10 M 
mutant showed a low tolerance to the acidic pH used to prepare the apo 
form, which complicated its purification (Fig. S3). In addition, 10 M also 
shows a low tolerance to freezing: a high percentage of the protein 
precipitates upon thawing and, according to near-UV CD (Fig. S4), the 
soluble part displays an altered structure. Thus, to clarify the unfolding 
mechanism of 10 M, we performed new spectroscopic measurements in 
a sample that had not been previously frozen. This analysis confirmed 
that 10 M retains a two-state unfolding mechanism, with a Tm of 79.3 ◦C, 
9.2 ◦C higher than that of 6 M (Table 1, Fig. 2b).To identify the specific 
mutations responsible of the high thermostability of 10 M and to be able 
to discard those that yield the observed poor behavior at the low pH 
needed for the preparation of its apo form, 10 new mutants were pro
duced and tested. These mutants were based on 6 M, with the mutations 
from 10 M incorporated individually. After analysis of these mutants, 
the most stabilizing mutations: V36L (ΔTm = 3.8 ◦C), D153K (ΔTm =

2.5 ◦C), D154E (ΔTm = 1.1 ◦C) and N79S (ΔTm = 1.0 ◦C) were grouped 
in two final mutants, termed 3 M and 4 M, both of which present a fine 
pH stability and do not aggregate after the TCA precipitation step used 

Fig. 2. Thermal denaturation curves (far-UV CD: black squares, near-UV CD: blue dots, and fluorescence: orange triangles) of 6 M and the most stabilizing new 
variants: 10 M, 3 M and 4 M, are shown. (a) 6 M; (b) 10 M; (c) 3 M; (d) 4 M. The global fitting to a two-state equation of the three curves corresponding to each 
variant are shown as solid lines.
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for apoprotein preparation. The 3 M Tm of 76.2 ◦C is 6.1 ◦C higher than 
that of 6 M (Table 1, Fig. 2 c), and the 4 M Tm of 77.9 ◦C is 7.8 ◦C higher 
(Table 1, Fig. 2 d).

3.3. Mutants thermostability as determined by DSC

The thermostability of all the mutants as well as their thermal 
unfolding mechanism have also been determined by DSC (Fig. 3). 
Analysis of the thermograms indicates that both 5 M2 and 5 M3 comply 
to a two-state equilibrium thermal unfolding, as judged from their 
ΔHVH/ΔHcal ratios of 1.08 and 1.10.

Relative to 6 M, the 5 M2 and 5 M3 Tms are 4.0 and 2.6 ◦C higher 
(Table 2, Fig. 3), respectively, which is in good agreement with the 
thermostabilizations of 4.4 and 2.6 ◦C derived from the analysis of the 
thermal unfolding curves (Table 1). The 10 M mutant showed an in
crease in Tm of 8.6 ◦C and according to its ΔHVH/ΔHcal ratio of 1.16 it 
seems it follows a two-state equilibrium (Table 2). The ten mutants built 
on 6 M individually incorporating the mutations in 10 M appear to 

follow a two-state mechanism, according to the ΔHVH/ΔHcal ratios from 
0.91 to 1.15 (Table 2). The more stabilizing ones are: V36L, D153K, 
D154E and N79S, which increased the Tm by 3.1, 1.4, 1.3 and 1.4 ◦C, 
respectively. The 3 M mutant (V36L, D153K and D154E) has a Tm 6.1 ◦C 
higher than that of 6 M (Table 2), which coincides with the thermo
stabilization of 6.1 ◦C determined from the spectroscopic analysis 
(Table 1). Its ΔHVH/ΔHcal ratio of 1.01 confirms its thermal unfolding is 
two-state. The 4 M mutant (3 M plus N79S) has a Tm 7.3 ◦C higher than 6 
M (Table 2), which is consistent with the stabilization of 7.8 ◦C observed 
by spectroscopy (Table 1). Fig. 3 shows the thermograms of 6 M, 10 M, 3 
M and 4 M, compared to that of WT apoflavodoxin.

3.4. Thermal denaturation reversibility

The reversibility of the thermal unfolding of WT apoflavodoxin has 
been reported to be as high as 90 % when the heating is stopped at 65 ◦C, 
close to the end of the second unfolding transition of its three-state 
unfolding process [25,44]. Reversibility, however, is lower if the heat
ing reaches higher temperatures. Because the apoflavodoxin variants 
here examined unfold at quite higher temperatures, reversibility studies 
have been conducted on 6 M, 10 M, 3 M and 4 M, to determine whether 
their thermal unfolding is reversible and, in such case, the percentage of 
unfolded protein that is able to refold after denaturation at 90 ◦C. For 
that, consecutive DSC thermal denaturations from 10 to 90 ◦C have been 
conducted on each variant, with cooling in between. For each variant, 

Table 1 
Tm and ΔH values for apoflavodoxin mutants as determined from global fitting 
of spectroscopically monitored thermal unfolding curves to a two-state model.

Variant Tm (◦C) ΔH (kcal/mol)

6 Mb 70.1 ± 0,3 72.7 ± 8.3
5 M1a – –
5 M2 74.5 ± 0,3 91.2 ± 3.0
5 M3b 72.7 ± 0,8 82.9 ± 1.9
10 Mc 79.3 ± 1,0 109.2 ± 3.2
D153Kb 72.6 ± 0,0 78.6 ± 7.6
D154Eb 71.2 ± 0,7 75.6 ± 1.0
N28Gb 70.6 ± 0,4 79.0 ± 9.0
V76Lb 67.6 ± 0,9 56.9 ± 9.3
D43Kb 70.8 ± 0,0 78.3 ± 4.2
Q48Eb 69.2 ± 0,8 73.5 ± 1.0
V36Lb 73.9 ± 0,1 83.3 ± 0.6
E61Kb 70.8 ± 0,0 88.0 ± 9.0
N79Sb 71.1 ± 0,1 67.5 ± 3.8
S158Tb 68.4 ± 0,4 84.6 ± 6.4
3 Mb 76.2 ± 0,1 77.8 ± 1.1
4 Mb 77.9 ± 0,0 97.4 ± 3.0

a The thermal unfolding equilibrium of this variant is three-state. The fitted 
values of the two transition temperatures and unfolding enthalpies are, in ◦C and 
kcal/mol, respectively: Tm1=59.7±0.9; ΔH1=121±2; Tm2=69.1±1.2 and 
ΔH2=109±3.

b The reported values of Tm and ΔH are means of two determinations ± SE.
c The reported value of Tm and ΔH is a mean of three determinations ± SE.

Table 2 
Tm and ΔH values for apoflavodoxin mutants as determined from DCS.

Protein Tm(◦C) ΔHcal 

(kcal/mol)
ΔHvH ΔHvH

ΔHcal

6 Ma 70.4 ± 0.2 83.2 ± 2.5 91.8 ± 4.2 1.10
5 M1b 67.9 ± 0.1 60.5 ± 1.3 137.5 ± 6.2 2.27
5 M2b 74.4 ± 0.1 89.0 ± 3.7 95.9 ± 10.4 1.08
5 M3 73.0 ± 0.1 80.1 ± 0.2 88.3 ± 0.3 1.10
10 Mb 79.0 ± 0.4 97.7 ± 1.7 113.1 ± 4.5 1.16
D153K 71.8 ± 0.1 95.0 ± 0.2 94.5 ± 0.2 0.99
D154E 71.7 ± 0.1 89.0 ± 0.2 92.6 ± 0.2 1.04
N28G 71.6 ± 0.1 85.6 ± 0.5 88.9 ± 0.6 1.04
V76L 70.1 ± 0.1 74.8 ± 0.2 72.2 ± 0.2 0.97
D43K 69.3 ± 0.1 74.7 ± 0.1 80.6 ± 0.2 1.08
Q48E 70.0 ± 0.1 87.2 ± 0.1 89.7 ± 0.1 1.03
V36L 73.5 ± 0.1 87.9 ± 0.1 90.0 ± 0.1 1.02
E61K 71.5 ± 0.1 88.6 ± 0.1 102.1 ± 0.2 1.15
N79S 71.8 ± 0.1 86.5 ± 0.2 97.0 ± 0.2 1.12
S158T 70.2 ± 0.1 88.6 ± 0.3 80.4 ± 0.3 0.91
3 Mb 76.5 ± 0.4 105.4 ± 0.3 107.9 ± 1.8 1.02
4 M 77.7 ± 0.1 108.5 ± 2.0 112.5 ± 0.4 1.04

a The reported value of Tm and ΔH is a mean of three determinations ± SE.
b The reported values of Tm and ΔH are means of two determinations ± SE.

Fig. 3. DSC thermograms of the most stable variants (10 M: black, 3 M: orange, 
4 M: olive) compared to 6 M (blue) and WT apoflavodoxin (yellow). The 
experimental data are represented as dash-dots and the fits to either a two-state 
model (6 M, 10 M, 3 M and 4 M) or a three-state model (WT) as solid lines. The 
thermogram of the WT protein was taken from [28].

Table 3 
Thermal unfolding reversibility of 6 M, 10 M, 3 M and 4 M.

Near-UV CD and fluorescence

Mutant Tm
a

(◦C)
Tm

b

(◦C)
ΔHunf

a

(Kcal/mol)
ΔHunf

b

(Kcal/mol)
reversibilityc

(%)

6 M 68.9 ± 0.3 68.5 ± 0.3 76.1 61.5 81
10 M 81.1 ± 1.2 79.7 ± 0.2 85.9 81.3 95
3 M 75.2 ± 0.5 75.8 ± 0.8 80.9 80.4 99
4 M 77.7 ± 0.2 78.3 ± 0.8 95.1 94.8 99

DSC
6 M 70.2 ± 0.1 70.1 ± 0.1 84.6 35.4 42
10 M 78.7 ± 0.1 78.8 ± 0.1 95.9 57.2 60
3 M 77.0 ± 0.1 76.8 ± 0.1 105.6 72.4 69
4 M 77.8 ± 0.1 77.6 ± 0.1 106.5 93.1 87

a Before unfolding.
b After refolding.
c ΔHunf (first)/ΔHunf (second).
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the calculated Tms obtained were virtually identical (Table 3), indicating 
that the refolded protein is as stable as fresh one. Comparison of 
recovered ΔH values in consecutive unfoldings suggests the reversibility 
of refolding from 90 ◦C is of 42 % (6 M), 60 % (10 M), 69 % (3 M) and 87 
% (4 M). Thus, the reversibility of 4 M unfolding doubles that of 6 M. It is 
noticeable that, compared with the similarly thermostable 3 M and 4 M 
mutants, 10 M present a lower reversibility, which adds to its poorer 
tolerance to acidic pH and its tendency to aggregate and precipitate after 
thawing. In addition to using DSC, reversibility has been also assessed 
from analogous consecutive thermal unfolding experiments followed by 
near-UV CD and fluorescence (Table 3). In these experiments the Tms of 
the second scans are also the same as those of initial ones, and the 
observed reversibilities are higher (81, 95, 99 and 99 % for 6 M, 10 M, 3 
M and 4 M, respectively). The quality of the refolded protein has also 
been assessed from comparison of the near-UV CD spectra before 
unfolding and after refolding. Although intensities may be different due 
to incomplete reversibility in some cases, the distinct shape of the 
spectrum is recovered (Fig. S5).

3.5. Mutants thermostability at 25 ◦C as determined by chemical 
denaturation

Chemical unfolding curves of the original WT protein, the 6 M 
pseudoWT reference variant and the two thermostabilized 3 M and 4 M 
variants were recorded following the fluorescence emission at 320 nm 
with excitation at 280 nm. As the chemical unfolding of WT and 6 M 
apoflavodoxin is two-state [28,30] the curves (Fig. 4) were fitted to a 
two-state equation (Eq. 4). The stability so determined at 25.0 ◦C for WT 
and 6 M (Table 4) agrees with previously reported data [28] and in
dicates that the 6 M reference mutant on which new mutations have 
been introduced in this work is about 2.8 kcal/mol more stable than the 
original WT. Compared to 6 M, the new 3 M and 4 M mutants here 
obtained are around 2.5 kcal/mol more stable at 25.0 ◦C, which in
dicates that their higher thermostability translates into a higher 
conformational stability at much lower temperatures.

Translation of ΔTm into ΔΔG is the expected behavior for a variant 
exhibiting a higher Tm and ΔH and a similar ΔCp. Although accurate ΔCp 
values cannot be derived from the global fit of spectroscopically fol
lowed unfolding curves—and it is not without difficulty for very stable 
variants—, an approximation can be derived from linear plots of ΔH 
versus Tm for a family of variants with different thermostability.

Using this approach and the data in Tables 1 and 2, we calculated 
(Fig. 5), that the ΔCp of apoflavodoxin variants exhibiting a two-state 
thermal unfolding equilibrium is 2.5–2.8 kcal/mol.K, which compares 

well with the previously reported global ΔCp change (ΔCp1 + ΔCp2) of 
2.5(±0.3) to 3.1(±0.8) kcal/mol.K [44] for the wild type protein. Since 
WT, 6 M, 10 M, 3 M and 4 M, all seem to have a common ΔCp value and 
their unfolding enthalpies increase as they become more stable (as it is 
expected) the observed thermostabilizations (i.e., higher Tm values) 
translate into higher conformational stabilities at lower temperatures, as 
determined in the chemical denaturation experiments (Fig. 4).

3.6. Redox activity of the more stable mutants

Redox activity assays were conducted for 6 M and the stabilized 10 
M, 3 M, and 4 M mutants to determine the Michaelis-Menten (KM) and 
catalytic constant (kcat) of the FNR enzyme in an electron transfer re
action (Scheme 1), where flavodoxin acts as the electron acceptor. The 

Fig. 4. Urea denaturation curves of WT (green triangles), 6 M (pseudoWT, 
black squares) and the stabilized 3 M (orange triangles) and 4 M (blue dots) 
apoflavodoxin mutants. Two-state fits are shown as solid lines.

Table 4 
Chemical denaturation of apoflavodoxin variants. Conformational stability at 
25 ◦C.

Mutant m 
(kcal/mol M− 1)

[urea]m 

(M)
ΔGw 
(kcal/mol)

WT 2.57 ± 0.17 2.11 ± 0.02 5.42 ± 0.36
WTa 2.48 ± 0.05 2.07 ± 0.01 5.13 ± 0.02
6 M 2.23 ± 0.21 3.61 ± 0.03 8.04 ± 0.77
6 Ma 2.14 ± 0.08 3.78 ± 0.01 8.06 ± 0.01
3 M 2.26 ± 0.18 4.68 ± 0.04 10.55 ± 0.87
4 M 2.24 ± 0.16 4.71 ± 0.03 10.57 ± 0.77

a Data from Lamazares et al., 2015. Reported values of m, [urea]m and ΔGw 
are means of two determinations ± SE.

Fig. 5. Calculation of the folding heat capacity change in two-state apo
flavodoxin variants from ΔH vs T plots. (a) vant Hoff ΔH values from global fits 
of spectroscopic curves (Table 1). (b) calorimetric ΔH values from 
DSC (Table 3).
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reported KM values (Table 5) refer specifically to the flavodoxin sub
strate. A comparison of the values with those previously reported for the 
WT flavodoxin [45], reveals that all flavodoxin variants remain cata
lytically active with the FNR enzyme, albeit with slightly reduced effi
ciencies. (Table 5). Previous analysis of the catalytic efficiency of 
flavodoxin variants that were not designed to increase the conforma
tional stability revealed they were on average less catalytically efficient 
than the WT [46]. Comparison of the catalytic efficiencies of 12 such 
variants (Table 2 in [46] with those of the 4 variants in Table 5 (this 
work) indicates the two sets are not significantly different (p = 0.22 for 
Welch’s t-test and p = 0.50 for non-parametric Mann–Whitney U test). 
Thus, the reduced efficiencies associated with the stabilizing mutations 
analyzed in this study are unlikely to result from their enhanced sta
bility. Rather, they may arise from the extensive and mutation-sensitive 
nature of the flavodoxin/FNR binding interface [47,48], which is not 
annotated in the flavodoxin PDB file.

3.7. Crystal structure of 10 M. comparison with WT and 6 M

The crystal structure of the highly stabilized 10 M variant has been 
solved in its holo form. Comparison with the corresponding structures of 
the WT and 6 M holoflavodoxins previously reported [29,49] offers an 
opportunity to evaluate the impact of strong protein stabilization on the 
tridimensional structure. Overall, these three flavodoxins exhibit a very 
similar folding pattern, with their superposition yielding low r.m.s.d. 
values (10 M/WT: 0.263 Å for 146 Cα; 10 M/6 M: 0.185 Å for 139 Cα,) 
(Fig. 6). Most of the structural differences are concentrated in specific 
loop regions. In 10 M, loops 27–30 (bearing the N28G mutation) and 
36–40 deviate from their positioning in WT and 6 M, and the 133–137 
loop adopts a different folding arrangement in each structure.

The three structures have been compared in search for differences in 
hydrogen bonding. Our analysis indicates that the lengths of homolo
gous hydrogen bonds are significantly shorter in either of the more 
stable variants (6 M and 10 M) than in WT (Fig. 7). Specific comparison 
of 6 M and 10 M also suggests that hydrogen bonds are shorter in the 
more stable 10 M variant than in 6 M but, in this case, the difference is 
not statistically significant.

The ten hydrogen bonds exhibiting the greatest shortening are shown 
in Fig. S6. Among these, the most significantly shortened one are R112: 
V76—reduced from 3.19 Å in the WT to 2.84 Å in 6 M, and 2.91/2.48 Å 
in 10 M (chains A/B); R112:V76—and G27:R23—from 3.44 Å (WT) to 
3.05 Å (6 M) and 3.13/3.12 Å (10 M, chains A/B). Seven of these 
shortened bonds involve backbone nitrogen and oxygen atoms. Notably, 
four of them, along with three additional bonds involving also side chain 
atoms, contain polar residues located on the protein surface (i.e., R112: 
V76, G27:R23, G168:S65, S17:G13, R155:Q148, S37:D35, and R134: 
K137). This pattern suggests that the surface shell of the stabilized 
mutants may be slightly more compact compared to the WT. Of interest 
is the shortening of the bond between the O atom of V41 and the N atom 
of L44. While in 6 M it is 0.2 Å shorter than in WT and does not cause any 
local structural difference, in 10 M the shortening is 0.3 Å and, together 
with the presence of the D43K mutation, results in a different organi
zation of helix 2α N-terminus (41–46) and of loop 36–40 (Fig. S7). The 
0.3 Å-shortened bond between residues F86 and I52 of the protein core 

does not seem to induce structural changes in either 6 M or 10 M. Be
sides, an automated calculation of tunnels in the three structures was 
performed using Caver PyMOL plugin v3.0. Although a similar number 
of tunnels was found in the three variants (13 in WT and 10 M, and 12 in 
6 M), the average of the bottleneck radii, which gives the maximum 
probe size that can fit into the narrowest part of the tunnel, decreases 
from 0.751 Å in WT, to 0.725 Å in 6 M and 0.719 Å in 10 M. The nar
rowing of the tunnels in the three variants seems also to parallel their 
progressive stabilization. Finally, the impact of the stabilization on the 
flavodoxin molecular volume and internal cavities has also been 
assessed (Table S2). The WT protein exhibits the largest molecular 
volume (21,150 Å3) and the highest number of internal cavities (5). The 
molecular volume of the stabilized mutants is slightly smaller and they 
contain less cavities of an overall smaller volume. However, their cav
ities are not equivalent in all cases, highlighting that stabilizing muta
tions can induce localized structural rearrangements without big 
changes in total volume.

4. Discussion

Thermostabilization of 6 M apoflavodoxin [28,29], a highly stable 
apoflavodoxin variant obtained from the wild type protein over many 
years of as rational as possible trial an error based design, has been 
carried out exploiting the Protposer ranked list of potentially stabilizing 
mutations. As Protposer [20] is trained to identify mutations one by one 
and to compute their individual success probabilities, the more 
straightforward use of the Protposer list consists on producing individual 
mutants, testing stability and combining the stabilizing mutations. 
Alternatively, a potentially faster approach is to directly produce mu
tants encompassing several mutations. We have explored here the two 
strategies. On one hand, starting from 6 M, we created three multiple 
mutants (5 M1, 5 M2 and 5 M3) incorporating five new mutations in 
each one. Mutant 5 M1 recovered the three-state unfolding equilibrium 
of WT apoflavodoxin [44], experiencing a partial unfolding at a much 
lower temperature than 6 M, so it was not further considered. Of the two 
other mutants, 5 M2 had a ΔTm of 4.4/4.0 ◦C (calculated from spec
troscopic/DSC determinations) and 5 M3 of 2.6/2.6 ◦C. The subsequent 
combination of the 10 mutations in 5 M2 and 5 M3 into mutant 10 M, 

Table 5 
Kinetic parameters of WT, 6 M, 10 M, 3 M and 4 M flavodoxins.a

Mutant KM 

(μM)
kcat 

(s− 1)
kcat/KM 

(s− 1 μM− 1)

WTb 33.0 ± 5.0 23.3 ± 1.6 0.70 ± 0.12
6 M 35.9 ± 0.6 21.2 ± 7.4 0.59 ± 0.21
10 M 43.6 ± 3.5 19.0 ± 8.0 0.44 ± 0.19
3 M 38.6 ± 9.1 6.3 ± 1.3 0.16 ± 0,05
4 M 101.1 ± 1.8 38.3 ± 6.3 0.38 ± 0.06

a The reported values of KM and kcat are means of two determinations ± SE
b Data taken from [45]

Fig. 6. Cartoon representation of the structural comparison of holoflavodoxin 
variants: 10 M (magenta; PDB ID: 9RXF), and 6 M (light blue; PDB ID: 5LJP) 
with WT (wheat; PDB ID: 1FLV). Key loop regions are highlighted, and residues 
mutated in the more stable 10 M variant are shown as stick representations, 
with mutations labeled in magenta.
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produced a stabilizing effect which was slightly above additive (Fig. S8), 
raising the Tm by 9.2/8.6 ◦C. Given the strong stabilization achieved in 
10 M and the low number of mutants tested to arrive to it, the approach 
followed of directly combining several mutations without individually 
testing them might have been considered the best choice. However, 10 
M, albeit quite stable, showed a low tolerance to acidic pH, as well as a 
low tolerance to freezing and thawing. Thus, we sought to discard the 
mutations causing those issues and to identify those that increased the 
protein’s stability. For that, we produced 10 single mutants. As many as 
7/6 (from spectroscopic data/from DSC data) out of them displayed a Tm 
higher than 6 M. The three more stabilizing mutations (V36L, D153K 
and D154E) were then combined to produce 3 M and the forth mutation 
(N79S) was additionally included in 4 M. Both of these mutants were 
more stable than the 6 M reference variant (ΔTms of 6.1/6 ◦C for 3 M and 
7.8/7.3 ◦C for 4 M), the stabilizing effects of the individual mutations 
combined being close to additive (Fig. S8). Unlike 10 M, neither of these 
mutants was negatively affected by acidic pH or freezing and thawing 
cycles, and they showed a higher reversibility in thermal unfolding than 
10 M. Therefore, in terms of usability, the slightly lower stability of 4 M 
and 3 M relative to 10 M is more than compensated by their much better 
behavior in solution and their improved refoldability.

Increases in Tm usually pair with increases in conformational sta
bility at lower temperatures [23], but this fact is not guaranteed by eq. 3
because changes in ΔH and ΔCp also play a role in the extrapolation 
[50]. On the other hand, as Protposer has been trained with ΔΔG data, it 
produces a list of mutations that are expected to increase the stability by 
at least 0.5 kcal/mol, but whose effect on the Tm has not been calibrated. 
To test whether the thermostabilization achieved in 3 M and 4 M relative 
to 6 M, as well as that of 6 M relative to WT apoflavodoxin translate into 
conformational stabilization at 25.0 ◦C, we have used urea denaturation. 
Our data indicate that, at 25.0 ◦C, 6 M is about 2.7 kcal/mol more stable 
than the original WT and, more relevant for this work, they also indicate 
that 3 M and 4 M are approximately 2.5 kcal/mol more stable than 6 M, 

in line with the definition of success by Protposer (ΔΔG ≥ 0.5 kcal/mol) 
and with the expected success rates of the mutations combined in them. 
Finally, we have briefly analyzed potential consequences of the strong 
stabilization of apoflavodoxin in its three dimensional structure and 
electron transfer function. Comparison of WT [49], 6 M [29] and 10 M 
(this work) indicates that, as the protein becomes more stable, there is a 
mild trend toward compaction, reflected in a small reduction of cavity 
volume and a small shortening of hydrogen bond lengths. However, 
these small changes hardly modify the overall structure, and the same 
applies to the electron transfer efficiency of the protein which is similar 
in all the mutants tested.

5. Conclusions

Protposer is a straightforward and efficient computational tool for 
protein thermostabilization. Two cases can be considered to design a 
stabilizing strategy based on a Protposer mutation list. If the stability of 
the target protein is difficult to determine (e.g. the protein is difficult to 
express or purify in sufficient amount) a method that minimises the 
variants to be tested may be preferred. For that, several of the best 
ranked mutations may be simultaneously introduced in the WT and the 
more successful combination mutants may themselves be combined. 
However, for proteins that are easy to obtain and analyse, the proposed 
mutations are best tested one by one and the stabilizing ones combined, 
taking advantage of the fact that stabilizing effects tend to be additive. 
With this second approach, the unwanted effects from the odd, unex
pectedly destabilizing mutations or from those that turn the protein 
unstable in certain solution conditions can be easily avoided. While the 
more artisanal stabilization of WT flavodoxin to produce the 6 M mutant 
took 15 years in our laboratory, the present stabilization of 6 M to obtain 
4 M has been done in few months.

Fig. 7. Distribution of hydrogen bond lengths (Å) in (a) the wild-type (WT, n = 114) protein and its 6 M (n = 114) and 10 M A (n = 114) variants, or in (b) the wild- 
type (WT, n = 110) protein and its 6 M (n = 110) and 10 M B (n = 110) variants. Each box plot displays the interquartile range (IQR; 25th–75th percentiles) with the 
horizontal golden line inside representing the median. Whiskers extend to the most extreme data points within 1.5 × IQR from the quartiles. Black diamonds indicate 
the mean, with ticker black error bars and short caps showing the standard deviation (SD) of the mean. Given that the data did not meet the assumptions of normality 
and/or homogeneity of variances, group comparisons were performed using the non-parametric Mann–Whitney U test. Pairwise comparisons were performed be
tween all groups. Significance levels are indicated only for statistically significant differences: p < 0.05 (*); non-significant comparisons are not shown. The analysis 
in (a) indicates that the 6 M variant differs significantly from WT (p = 0.045) and that the 10 M A variant differs significantly from WT (*p = 0.019), while no 
significant difference was detected between 6 M and 10 M A (p = 0.796). The analysis in (b) indicates that the 6 M variant differs significantly from WT (p = 0.027) 
and that the 10 M B variant differs significantly from WT (*p = 0.012), while no significant difference was detected between 6 M and 10 M B (p = 0.808).
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gation. Víctor Correa-Pérez: Methodology, Data curation, Writing – 
original draft. Marta Martínez-Júlvez: Validation, Supervision, Re
sources, Methodology, Formal analysis, Data curation, Writing – original 
draft. Javier Sancho: Validation, Supervision, Resources, Project 
administration, Methodology, Funding acquisition, Formal analysis, 
Data curation, Conceptualization, Writing – review & editing, Writing – 
original draft.

Declaration of competing interest

All authors confirm that there are no known conflicts of interest 
associated with this publication and that there has been no significant 
financial support for this work that could have influenced its outcome.

Acknowledgments

We acknowledge financial support to JS from grants: 101004806 
(European Union’s Horizon 2020, MOSBRI); EFA080/01 (Interreg VI-A 
España-Francia-Andorra POCTEFA 2021-2027, OENOPROT); PID2022- 
141068NB-I00 (MICINN, Spain); and B23_24 and E45_23R (Gobierno de 
Aragon, Spain).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2025.148333.

Data availability

Data will be made available on request.

References

[1] K.A. Dill, J.L. MacCallum, The protein-folding problem, 50 years on, Science 338 
(2012) (1979) 1042–1046, https://doi.org/10.1126/SCIENCE.1219021.

[2] M. Kesik-Brodacka, Progress in biopharmaceutical development, Biotechnol. Appl. 
Biochem. 65 (2018) 306–322, https://doi.org/10.1002/BAB.1617.

[3] P.J. Carter, A. Rajpal, Designing antibodies as therapeutics, Cell 185 (2022) 
2789–2805, https://doi.org/10.1016/J.CELL.2022.05.029.

[4] J.M. Woodley, Protein engineering of enzymes for process applications, Curr. Opin. 
Chem. Biol. 17 (2013) 310–316, https://doi.org/10.1016/j.cbpa.2013.03.017.

[5] P. Chaisupa, R.C. Wright, State-of-the-art in engineering small molecule biosensors 
and their applications in metabolic engineering, SLAS Technol. 29 (2024) 100113, 
https://doi.org/10.1016/J.SLAST.2023.10.005.

[6] M. Blümel, J. Liu, I. de Jong, S. Weiser, J. Fast, J. Litowski, M. Shuman, S.B. Mehta, 
L. Amery, D.C.T. Tan, F. Jia, D. Shekhawat, C. Dagallier, M. Emamzadeh, 
A. Medina, C. Santos, F. Gasser, C. Urban, Current industry best practice on in-use 
stability and compatibility studies for biological products, J. Pharm. Sci. 112 
(2023) 2332–2346, https://doi.org/10.1016/j.xphs.2023.05.002.

[7] H.P. Modarres, M.R. Mofrad, A. Sanati-Nezhad, Protein thermostability 
engineering, RSC Adv. 6 (2016) 115252–115270, https://doi.org/10.1039/ 
C6RA16992A.

[8] K. Xu, H. Fu, Q. Chen, R. Sun, R. Li, X. Zhao, J. Zhou, X. Wang, Engineering 
thermostability of industrial enzymes for enhanced application performance, Int. J. 
Biol. Macromol. 291 (2025) 139067, https://doi.org/10.1016/J. 
IJBIOMAC.2024.139067.

[9] Y. Dehouck, J.M. Kwasigroch, D. Gilis, M. Rooman, PoPMuSiC 2.1: a web server for 
the estimation of protein stability changes upon mutation and sequence optimality, 
BMC Bioinf. 12 (2011) 1–12, https://doi.org/10.1186/1471-2105-12-151/ 
METRICS.

[10] J. Schymkowitz, J. Borg, F. Stricher, R. Nys, F. Rousseau, L. Serrano, The FoldX 
web server: an online force field, Nucleic Acids Res. 33 (2005), https://doi.org/ 
10.1093/NAR/GKI387.

[11] E. Capriotti, P. Fariselli, R. Casadio, I-Mutant2.0: predicting stability changes upon 
mutation from the protein sequence or structure, Nucleic Acids Res. 33 (2005), 
https://doi.org/10.1093/NAR/GKI375.

[12] M. Musil, J. Stourac, J. Bendl, J. Brezovsky, Z. Prokop, J. Zendulka, T. Martinek, 
D. Bednar, J. Damborsky, FireProt: web server for automated design of 
thermostable proteins, Nucleic Acids Res. 45 (2017) W393–W399, https://doi.org/ 
10.1093/NAR/GKX285.

[13] J.J. Weinstein, A. Goldenzweig, S.Y. Hoch, S.J. Fleishman, PROSS 2: a new server 
for the design of stable and highly expressed protein variants, Bioinformatics 37 
(2021) 123–125, https://doi.org/10.1093/BIOINFORMATICS/BTAA1071.

[14] R.F. Alford, A. Leaver-Fay, J.R. Jeliazkov, M.J. O’Meara, F.P. DiMaio, H. Park, M. 
V. Shapovalov, P.D. Renfrew, V.K. Mulligan, K. Kappel, J.W. Labonte, M.S. Pacella, 
R. Bonneau, P. Bradley, R.L. Dunbrack, R. Das, D. Baker, B. Kuhlman, T. Kortemme, 
J.J. Gray, The Rosetta all-atom energy function for macromolecular modeling and 
design, J. Chem. Theory Comput. 13 (2017) 3031–3048, https://doi.org/10.1021/ 
ACS.JCTC.7B00125.

[15] F. Pucci, K.V. Bernaerts, J.M. Kwasigroch, M. Rooman, Quantification of biases in 
predictions of protein stability changes upon mutations, Bioinformatics 34 (2018) 
3659–3665, https://doi.org/10.1093/BIOINFORMATICS/BTY348.

[16] O. Buß, J. Rudat, K. Ochsenreither, FoldX as protein engineering tool: better than 
random based approaches? Comput. Struct. Biotechnol. J. 16 (2018) 25–33, 
https://doi.org/10.1016/J.CSBJ.2018.01.002.

[17] D.R. Usmanova, N.S. Bogatyreva, J.A. Bernad, A.A. Eremina, A.A. Gorshkova, G. 
M. Kanevskiy, L.R. Lonishin, A.V. Meister, A.G. Yakupova, F.A. Kondrashov, D. 
N. Ivankov, Self-consistency test reveals systematic bias in programs for prediction 
change of stability upon mutation, Bioinformatics 34 (2018) 3653–3658, https:// 
doi.org/10.1093/BIOINFORMATICS/BTY340.

[18] J. Fang, A critical review of five machine learning-based algorithms for predicting 
protein stability changes upon mutation, Brief. Bioinform. 21 (2020) 1285–1292, 
https://doi.org/10.1093/BIB/BBZ071.

[19] K.T. Bæk, K.P. Kepp, Data set and fitting dependencies when estimating protein 
mutant stability: toward simple, balanced, and interpretable models, J. Comput. 
Chem. 43 (2022) 504–518, https://doi.org/10.1002/JCC.26810.
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[46] G. Goñi, B. Herguedas, M. Hervás, J.R. Peregrina, M.A. De la Rosa, C. Gómez- 
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