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Adaptation of life to low temperatures influences both protein stability and flexibility. Thus, proteins from
psychrophilic organisms are excellent models to study relations between these properties. Here we focused
on frataxin from Psychromonas ingrahamii (pFXN), an extreme psychrophilic sea ice bacterium that can grow
at temperatures as low as — 12 °C. This a/p> protein is highly conserved and plays a key role in iron homeo-
stasis as an iron chaperone. In contrast to other frataxin homologs, chemical and temperature unfolding ex-
periments showed that the thermodynamic stability of pFXN is strongly modulated by pHs: ranging from
55+0.9 (pH 6.0) to 0.9+0.3 kcal mol~" (pH 8.0). This protein was crystallized and its X-ray structure
solved at 1.45 A. Comparison of B-factor profiles between Escherichia coli and P. ingrahamii frataxin variants
(51% of identity) suggests that, although both proteins share the same structural features, their flexibility dis-
tribution is different. Molecular dynamics simulations showed that protonation of His44 or His67 in pFXN
lowers the mobility of regions encompassing residues 20-30 and the C-terminal end, probably through favor-
able electrostatic interactions with residues Asp27, Glu42 and Glu99. Since the C-terminal end of the protein
is critical for the stabilization of the frataxin fold, the predictions presented may be reporting on the micro-
scopic origin of the decrease in global stability produced near neutral pH in the psychrophilic variant. We
propose that suboptimal electrostatic interactions may have been an evolutionary strategy for the adaptation
of frataxin flexibility and function to cold environments.
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1. Introduction

Close inspection of the molecular biology of extremophilic organ-
isms and their macromolecular components may give a clue about
their adaptive strategies. In the case of psychrophilic microorganisms,
these include general solutions like the production of anti-freeze [1,2]
and cold-shock proteins [3], alterations in membrane composition,
and overexpression of proteins that destabilize DNA structures [4],
among other mechanisms. In addition, cellular adaptations occur, such
as osmolyte synthesis (e.g., glycerol and trimethylamine N-oxide), in-
corporation of specific lipids, and macromolecular crowding [4,5]. How-
ever, proteins from extreme environments usually display differences
in their stability and functional temperature. We refer to these kinds
of solutions as particular solutions [6,7].

To explain the ability of psychrophilic microorganisms to proliferate
at low temperatures (cold adaptation), where natural selection

* Corresponding author. Tel.: +54 11 49648290x108; fax: +54 11 49625457x108.
E-mail address: javiersantosw@gmail.com (J. Santos).

1570-9639/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.bbapap.2013.02.015

overcomes the problems of protein (cold) unfolding, slow protein fold-
ing dynamics, and reduced enzyme activities, a very attractive hypoth-
esis, known as activity-stability—flexibility relationships was proposed
[6,8]. This hypothesis suggests that psychrophilic proteins might be
more flexible than mesophilic and thermophilic homologs, to compen-
sate for reduced kinetic energy at low temperatures. This keeps their
atomic fluctuations relatively constant at their corresponding environ-
mental temperature. In this way, researchers proposed that evolution
tunes the strength and number of stabilizing interactions that consoli-
date protein conformations to balance rigidity (for enthalpic stability)
and flexibility (for activity) in cold environments [9]. Thus, adaptation
to low temperatures would rely on an increase in the intrinsic flexibility
of proteins, and this enhancement in flexibility might occur at the ex-
pense of a reduction in thermodynamic stability which has been ob-
served for many cold adapted proteins [10-12].

To add more complexity to the scenario, it was also suggested that
low stability of cold-adapted proteins may be due to a decrease in selec-
tive pressures on thermostability. Moreover, it is not obvious whether a
decrease in thermal stability promotes enhanced mobility. Thus, the re-
lation between thermodynamic stability and flexibility is unclear.
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Regarding protein function, an improvement in catalytic efficiency
was also observed for many psychrophilic enzymes. Among them,
a-amylase of the Antarctic bacterium Pseudoalteromonas haloplanktis
[8], carbonic anhydrase from the Antarctic teleost Chionodraco
hamatus [13], and uracil-DNA N-glycosylase [14] were studied. It has
been suggested that this fact could be a way to compensate for the
lower apparent affinity for ligands at low temperature [6]. Remark-
ably, the enhanced flexibility may also be reflected by subtle changes
in local motions in the catalytic sites or in specific regions that influ-
ence the catalytic site architecture [13]. This view points to the dichot-
omy between two plausible explanations for cold adaptation of
protein function: the existence of an increase in overall flexibility
and, on the other hand, enhanced flexibility of only particular
stretches of the protein [15]. The latter is also supported by a lack of
a direct correlation between enzyme activity and global stability of
mutant variants [14].

Flexibility may be considered as a measure of conformational
heterogeneity at a given temperature. Mutations that destabilize a
protein could decrease their folding constant in such a way that the
population of unfolded state increases at a given temperature. How-
ever, it has been demonstrated that native states of homolog proteins
that are adapted to cold environments can modulate local flexibility
without the need of increasing the unfolded state population.

In this way, the thioredoxin of the psychrophilic eubacterium
P. haloplanktis has an exceptional half-life of 263 min at 95 °C, and
higher inactivation kinetics than its mesophilic counterpart [16,17].
In the case of proteins with more complex folding landscapes, partially
or locally unfolded states with lower energies compared to the global
unfolded state may also contribute to conformational heterogeneity.
Regarding the connection between flexibility and conformational
heterogeneity, different states can also be populated by flattening
of folding energy landscape. This can be achieved with or without a
significant change in the free energy of unfolding. For many psychro-
philic proteins, the native state has been described as a very heteroge-
neous ensemble of native conformations with similar conformational
stability, yielding fast interconversion between sub-states [18]. The
latter can be proposed as a flexibility metrics.

Frataxin (FXN) is a highly conserved protein between species and
plays an essential role in iron homeostasis [19], acting as an iron
chaperone [20,21]. Although FXN acts as regulatory protein, its bio-
logical function differs between eukaryotes and prokaryotes [22]. In
the former case, this protein stabilizes the functional form of cysteine
desulfurase and Fe-S cluster assembly, whereas in the latter (e.g.,
Cyay, the FXN homolog in Escherichia coli), it abolishes Fe-S cluster
synthesis upon binding to the IscS/IscU protein complex. The average
native structure of FXN has already been solved by NMR and crystal-
lography [19,23,24] showing an o/p fold with a five-stranded anti-
parallel 3 sheet that forms a flat platform and two parallel a-helices
that are tightly packed against it, forming an o/p sandwich. Despite
differences in the length as the presence of an N-terminal that confers
oligomerization properties, and the existence of a variable C-terminal
region (CTR) that contributes to enhancing global stability [25], the
topologies of FXN homolog proteins are practically superimposable.

To gain insight into the activity-stability-flexibility relationships, we
focused on FXN of Psychromonas ingrahamii (pFXN), an extreme psy-
chrophilic sea-ice bacterium which grows up to —12 °C (generation
time of 240 h, strictly psychrophilic: no growth is observed at 15 °C)
[26]. In addition, P. ingrahamii grows in a wide range of NaCl concentra-
tions (2-18%) and a variable range of pHs (6.5-7.4). [27-29].

Here, we present the pFXN structure and show that the thermody-
namic stability of this FXN homolog is significantly reduced and highly
modulated by pH, in contrast to other frataxin variants [25]. We also
provide structural support for this dependence. Furthermore, we char-
acterize the flexibility of the protein chain and study the role of key in-
teractions in the modulation of pFXN motions by molecular dynamics
simulation and computational calculations.

2. Materials and methods
2.1. Protein expression and purification

Frataxin gene from P. ingrahamii was synthesized and subcloned
into pJexpress411:56977 expression plasmid. Bacteria cultures (E. coli
BL21 (DE3), 2-3 L 2xYT Broth, pH 7.2) were grown at 37 °C and
280 rpm. Protein expression was induced at DO= 1.0 by addition of
1.0 mM IPTG. After induction for 5 h, bacteria were centrifuged at
6000 rpm and the pellet was stored at —20 °C until cell disruption
with French press. Soluble and insoluble fractions were separated by
centrifugation at 10,000 rpm (30 min). In this case, both soluble and in-
soluble fractions contained protein, although, the purity and quantity of
pFXN in the insoluble fraction made us continue purification from inclu-
sion bodies. This fraction was resuspended in 50 mL of 10 mM glycine,
6.0 M urea, pH 3.5 (pH was adjusted using phosphoric acid) and incu-
bated for 20 min, at room temperature. After this, the solution was
centrifuged at 100,000 g and supernatant was transferred to a clean
tube. This operation was repeated 3 times. The solution was then care-
fully loaded onto an ion exchange chromatography (HiTrap SP-HP
5.0 mL column, GE Healthcare), and eluted with a 200 mL linear gradi-
ent, from 0.0 to 1.0 M NaCl, in 10 mM glycine, 6.0 M urea, pH 3.5 (this
pH was yielded with phosphoric acid). Subsequently, fractions with
pEXN identified by SDS-PAGE were neutralized using a 2.0 M Tris—
HCl, pH 8.0. The sample was then subjected to exhaustive dialysis
against buffer 20 mM Tris-HCl, 100 mM NaCl, pH 7.0. The dialyzed
protein was loaded onto preparative Sephadex G-100 column (SEC,
93 cmx2.7 cm), previously equilibrated with the same buffer. This
yields >95% pure pFXN; concentration was determined spectroscopi-
cally using the extinction coefficient €80 nm=16,960 M~! cm™!
(Abszgg nm 1 mg/mL=1.38).

2.2. Crystallization, X-ray diffraction, and structure refinement

Crystallization was performed at 24 °C by hanging drop method.
One micro-liter of the purified protein at 17.0 mg mL~! (20 mM
Tris-HCl, 100 mM NaCl, pH 7.0) was mixed with 1.0 pL of the reser-
voir solution (200 mM sodium acetate, 200 mM MgCl,, 27.5% poly-
ethylene glycol 4000, pH 4.8). Crystals appeared after 5 days and
continued to grow to a maximum size of 300x 100x 50 um. They
were cryoprotected by transferring them to 200 mM sodium acetate
pH 4.8, 200 mM MgCl,, 34% polyethylene glycol 4000 and 5% ethyl-
ene glycol and subsequently flash-cooled in liquid nitrogen prior to
data collection.

An initial data set was collected at 1.75 A resolution on the laborato-
ry source. The crystals belonged to the P2; space group. Data was
processed with HKL2000 and the structure was solved by molecular re-
placement [30-32] using the Protein Data Bank (PDB) entry 1TEW4. A
second data set was collected up to a resolution of 1.45 A on the
X06DA beamline at the Swiss Light Source (SLS) (Swistzerland). The
structure was refined at 1.45 A resolution using PHENIX and COOT
[33,34], to an R-work=18.84% and an R-free =20.05%. Validation
tests were done using PHENIX, MolProbit online validation tests, and
the ProThe model and PDB validation tests.

Diffraction data has been deposited in the PDB (PDB ID: 4HS5). For
data collection and refinement statistics please see Table 1.

2.3. Fluorescence measurements

Steady-state fluorescence measurements were performed in a Jasco
FP-6500 spectrofluorometer operating in the ratio mode and equipped
with a thermostated cell holder connected to a circulating water bath
set at 25 °C. To this end, a 0.3 cm path length cell sealed with a Teflon
cap was used. When the intrinsic fluorescence of proteins was mea-
sured, excitation wavelength was 295 nm and emission data were col-
lected in the range of 305-430 nm. The spectral slit-width was set to
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Table 1
Data collection and refinement statistics. Values in parentheses are for the highest
resolution shell.

Data collection

X-ray source, beamline SLS, X06DA

Wavelength (A) 0.9191

Space group (one complex per a.u.) P2

Unit-cell parameters a=39.84 Ab=50.13 A c=45.75 Ap=91.35
Resolution range (A) 31.97-1.45 (1.50-1.45)

No. of observations 107,850
No. of unique reflections 29,948
Multiplicity 34 (3.1)
Completeness (%) 97.1 (94.7)
Rsym (%) 3.6 (255)
Mean I/o(I) 26.5 (44)
Refinement

Refinement resolution range (A)  31.97-1.45
Rwork (%) 18.84

Rfree (%) 20.05

No. of reflections for refinement 31,285
Model used for MR 1EW4
RMSDponds (A) 0.0063
RMSDangies (°) 1.127
Protein atoms 2032
Water molecules 275
Ramachandran plot favored (%) 98
Ramachandran plot allowed(%) 1
Ramachandran plot outliers (%) 1

3 nm for both monochromators. The percentual contribution of fluores-
cence at each wavelength (%F,), for each condition assayed, was calcu-
lated as:

Fx

total

BFN =

% 100. (1)

Quenching experiments were carried out using acrylamide
(Sigma) and Nal (Carlo Erba). lonic strength among samples was
maintained constant by the addition of NaCl up to 0.2 M. Moreover,
the reducing agent Na,S,03 was added to avoid I, production. Excita-
tion was at 295 nm and emission spectra were acquired in the range
of 305 to 430 nm. Results were analyzed according to the Stern-
Volmer equation:

Fo/F =1+Ky x [Q] )

where Fy and F are the fluorescence intensities in the absence and
presence of quencher, respectively; Q is the quencher concentration
and K, is the collisional quenching constant.

2.4. Circular dichroism spectroscopy

Ellipticity of protein samples was evaluated using a Jasco 810
spectropolarimeter calibrated with (+) 10-camphorsulphonic acid.
Far-UV CD spectra were recorded in the range between 200 and
250 nm, protein concentration was 10.0 uM, and a cell of 0.1 cm
path-length was used. For near-UV CD spectra, the wavelength range
was 250-340 nm, protein concentration was 20 pM, and the path
length was 1.0 cm. In all cases, data was acquired at a scan speed of
20 nm min~—! and at least 3 scans were averaged for each sample.
Blank scans were subtracted from the spectra and values of ellipticity
were expressed in units of deg cm?dmol ~!, unless expressed other-
wise in the text.

2.5. Protein unfolding experiments

Isothermal unfolding experiments were carried out incubating the
pFXN with 0-6.0 M urea in a buffer solution (20 mM phosphate,
100 mM NacCl, 1 mM EDTA) at pHs 6.0, 7.0, and 8.0 for 2 h at room
temperature. All measurements were performed at 25 °C. The process
was followed by far-UV CD and tryptophan fluorescence measure-
ments. In order to calculate thermodynamic parameters, a two-state
unfolding mechanism was assumed, where only native (N) and un-
folded (U) conformations exist at equilibrium. Data processing was
performed according to Santoro and Bolen [35,36].

Thermal unfolding was monitored by changes in the fluorescence sig-
nal of SYPRO orange dye by heating the holder from 4 to 95 °C at a rate of
1 °C min~ . The experiment was performed in a real time PCR system
(Biorad). The excitation and emission ranges were 470-500 and
540-700 nm, respectively. Protein concentration was 0.16 mg mL™'
and buffer was 20 mM sodium phosphate, whereas the pH range moni-
tored was between 6.0 and 8.0. It is believed that the fluorescence signal
is quenched in the aqueous environment but becomes unquenched
when binding the apolar core of the protein upon unfolding.

In addition, unfolding transitions as a function of temperature
were monitored by the CD signal at 220 nm. Experiments were car-
ried out in 20 mM sodium phosphate, 100 mM NacCl at pHs 6.0, 7.0,
and 8.0. Protein concentration was 7.0 pM, and a 1.0 cm cell path
length was used. Temperature varied from 10 to 80 °C, at a rate of
1 °C min~ ', and the melting curves were sampled at 1 °C intervals.
To extract the thermodynamic parameters the following model was
fitted to the data:

AGyy = —RT1In fu) _ AHT + ACp(T—Tp)—T AHTy, +ACpIn I
N Tm Tm

S=fn <50.N + lNT) +fu (SO‘U + lUT) (4)

where fy and fy are the unfolded and folded fractions at equilibrium,
respectively; Ty, is the temperature at which fy =fy; S is the observed
CD signal; Son and Soy are the intrinsic CD signals for the native and
unfolded states, respectively; Iy and Iy are the slopes of the pre- and
post-transition regions, respectively, assuming a linear dependence
of Sy and Sy with temperature.

2.6. Molecular dynamics simulations. simulation details

2.6.1. Explicit-solvent all atom simulations

To investigate conformational dynamics in the picosecond-
nanosecond time scale, we carried out simulations with GROMACS
455 and GROMOS 53a6 force field [37]. In all cases, the initial struc-
tures were generated from the coordinates of the crystallographic struc-
ture obtained in this work. The structure of each protein was embedded
in a dodecahedral periodic cell with a minimum distance of 0.9 nm
between the protein atoms and the cell limits. Both structures were sol-
vated with simple point charge (SPC) water molecules [38]. Sodium and
chloride ions were added to shield charges up to 150 mM salt concen-
tration. One thousand steps of energy minimization were performed.
After that, 10 ps of protein position restrained simulations were carried
out to equilibrate water molecules. A canonical ensemble simulation
(N.V.T.) using Berendsen thermostat of 120 ps was performed at
300 K and tau=0.1 ps—!. Later, microcanonical (N.P.T.) simulation
using Berendsen thermostat [39] of 120 ps at 300 K and tau=1 ps !
was performed [39]. Finally, 500 ps of simulation was performed apply-
ing a restraint to alpha carbons (25 k] mol~!). The resulting structures
were the starting points for production simulations (100 ns). For re-
strained and non-restrained production simulations a Nose-Hoover
thermostat was used for temperature coupling, whereas a Parrinello-
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Rahman thermostat was used for pressure coupling. In all cases,
long-range interactions were computed according to the particle
mesh Ewald method.

3. Results
3.1. Protein expression

The pFXN protein was purified from inclusion bodies in unfolded
conditions and refolded from 6.0 M urea by dialysis at 4 °C. The mo-
lecular mass obtained by MALDI mass spectrometry (12,284 4 2) dif-
fers in less than 2 Da in comparison with the expected mass deduced
from the pFXN amino acid sequence. The purified protein conserves
its N-terminal methionine residue. After refolding, the conformation
of pFXN protein was studied using spectroscopic and biophysical
techniques, including crystallization and X-ray diffraction.

3.2. The crystal structure of Pfxn

To obtain an atomistic description of pFXN structure, crystallization
and X-ray diffraction experiments were performed (Table 1 and
Fig. 1). The structure of pFXN was solved at 1.45 A (PDB ID 4HS5).
Two protein chains (A and B) occupy the asymmetric unit. Although
chains A and B slightly differ in some structural details, including
side-chain rotamers, intramolecular interactions [40] (Table 2 and
Fig. 1), and B factor values, both chains share the same global topology
(backbone RMSD = 1.05 A). Solving pFXN structure allowed us to accu-
rately explore computationally its flexibility and local stability proper-
ties (see below). In Fig. 1A, a structural alignment of FXN homologs
that include pEXN, eFXN, and hFXN is shown. FXN structures are almost
fully superimposable. It is noteworthy that the psychrophilic variant has
a deletion of two residues in loop 1 and a one-residue extension in its
C-terminal region (CTR) with respect to eFXN. It should be noted that
the pFXN protein has two tryptophan residues (Fig. 1B): one located
in the B-sheet region (Trp59), the other (Trp76) in the context of the
protein core, interacting with both N- and C-terminal o-helices. In

Table 2
Residue interactions within protein chain.

PFXN 4HS5  pFXN 4HS5  eFXN

(chain A) (chain B) 1EW4
Hydrophobic interactions within 5 A 85 87 85
Hydrogen bonds (main chain-main-chain) 132 143 129
Hydrogen bonds (main chain-side-chain) 43 33 33
Hydrogen bonds (side chain-side-chain) 55 56 50
Hydrogen bonds (total) 230 232 212
Tonic interactions within 6 A 9 7 8
Aromatic-aromatic with in 4.5 A 4 4 6
Aromatic-sulfur with in 5.5 A 0 0 1
Cation-pi within 6 A 3 1 3

Interactions were calculated using the server PIC (protein interactions calculator),
Molecular Biophysics Unit, Indian Institute of Science, Bangalore [40].

Fig. 1C sequence alignment and the correspondence between the
amino acid numbering of different frataxin sequences is shown.

3.3. Spectroscopic characterization

3.3.1. Native state signatures

To evaluate whether pFXN protein acquires a native structure in
aqueous solution, CD spectroscopy was used. Circular dichroism spec-
trum in the far UV region (far-UV CD) provided information on the sec-
ondary structure content of a protein. The spectrum of pFXN at 25 °C
showed the classical signatures of a well folded protein (Fig. 2A).
Major contributions occurred at 208 and 220 nm. This result indicates
that N- and C-terminal a-helices are consolidated. To study the tertiary
structure of this protein, ellipticity in the near-UV region, at 25 °C, was
also evaluated. Near-UV CD spectrum showed signatures of a properly-
folded protein (Fig. 2B). The region involving aromatic residues be-
tween 280 and 295 nm had strong differential absorption, which
showed that the contributing amino acid residues are well packed.
Also, the fourth derivative of the UV-absorption spectra showed that
aromatic amino acid residues are preponderantly located in a hydro-
phobic environment, which is compatible with tryptophan in a buried

¢ wso
hFXN 90 LDETTYERLA EETLDSLAEF FEDLADKPYT FEDYDVSFGS GVLTVKLGGD GTYVINKQTP 149
eFXN 1l MNDSEFHRLA DQLWLTIEER LDDWD----G DSDIDCEING GVLTITFENG SKIIINRQEP 56
PFXN 1 MNDSEFIQLA DQLYQKIEEK IEESG---—-- -ADVDYDQNG SLLTLEFENH TKLIINRQQP 54
hFXN 150 NKQIWLSSPS SGPKRYDWTG KNWVYSHDGV SLHELLAAEL TKALKTKLDL SSLAYSGK 208
eFXN 57 LHQVWLATKQ G-GYHFDLKG DEWICDRSGE TFWDLLEQAA TQQAGETVSF R-=------ 106
pPFXN 55 LHQVWLATLE N-GHHYDYNN GKWIDDRSGD EFLTFLSAAI FKQSKETVDF TE------ 105

Fig. 1. The structure of pFXN. A) Structural alignment of FXN homologs that include pFXN (green), eFXN (red), and hFXN (blue) is shown in ribbon representation. B) Two Trp res-
idues of pFXN: Trp59 is located in the 3-sheet region and Trp76 is in the core of the protein. C) Sequence alignment and correspondence between amino acid numbering in different

frataxin sequences.
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Fig. 2. Circular dichroism and UV-absorption signals from native conformations of pFXN. A)
Molar ellipticity of pFXN between 250 nm and 200 nm is plotted at pH 6.0 (black line),
pH 7.0 (red line), and pH 8.0 (green line). B) Molar ellipticity of pFXN between 340 nm
and 250 nm is plotted at pH 6.0 (black line), pH 7.0 (red line), and pH 8.0 (green line).
C) Fourth-derivative of the UV spectra of pFXN protein. Ultraviolet absorption in the region
between 250 nm and 320 nm was collected and the average spectrum was derived four
times with respect to the wavelength. In black is shown the fourth derivative of the absorp-
tion spectrum of N-acetyl tryptophan amide as a reference of the absorption from polar en-
vironments, and in red is shown the fourth derivative of the absorption of the pFXN.

conformation (inaccessible to the solvent) and a compact native struc-
ture (Fig. 2C). Thus, the refolded protein has a native-like structure.
To gain more insight into the tertiary structure of pFXN, we mea-
sured its tryptophan fluorescence. The spectrum of the native protein
has a center of spectral mass of ~337 nm at pH 7.0 (Figs. 3A and S1).
This value is in agreement with emissions from an apolar environment.
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0.00 0.05 0.10 015 0.20
[Nall (M)

Fig. 3. Effect of pH on native Trp fluorescence of pFXN. A) Fluorescence at 350 nm
(black symbols) and the center of spectral mass of Trp emission (red symbols) were
plotted as a function of pH. The solid line represents the fitting of equation
Liny= (Leuayx [H ]+ Lia—)xKa) /(Ko 4+ [HT]) to the data [57]. Ly is the total fluo-
rescence signal at pH=H, L) and Ly— are the fluorescence signals correspond-
ing to the protonated and deprotonated forms at pH=H, Ka referrers to the
apparent constant for the transition observed, and [H"] is the proton concentration.
Stern-Volmer plots for the quenching of Trp fluorescence by acrylamide (B) and sodium
iodide (C), both at pH 6.0 and pH 8.0 (black and green symbols, respectively). The Trp
fluorescence Stern-Volmer constants for acrylamide were Ksy pnso=1.56+0.09 and
Ksy—prg.o="7.96£0.19 M~ ", while for sodium iodide were Ky prso=0.72+0.06 and
Ksy—prs.o=1.4040.08 M~ Tryptophan fluorescence was measured by excitation at
295 nm and emission was collected between 305 nm and 430 nm.

3.3.2. Effect of pH on native state signatures
As Trp59 is interacting with His68 (see below, Fig. 7B and E), we
thought that the nature of this interaction may be modulating protein



E.A. Roman et al. / Biochimica et Biophysica Acta 1834 (2013) 1168-1180

e220nm(mDEg)

554

50 1

45 -

T,.(°C)

40

35 1

30 - -
6.0 6.5 7.0
pH

7.5

AG(keal mol-1)
w

1173

_5B

Bzzonm(mDEQ)

AG{keal mol-1)

70 75

pH

6.0 6.5 8.0

Fig. 4. Unfolding of pFXN followed by circular dichroism. A) pFXN was heated from 10 °C up to 80 °C at a rate of 1 °C min~!, at pH 8.0 (green symbols), pH 7.4 (blue symbols), pH
7.0 (red symbols), pH 6.4 (yellow symbols), and pH 6.0 (black symbols). Ellipticity at 220 nm was collected and plotted as a function of temperature. B) pFXN was incubated for two
hours (25 °C) at different urea concentrations, in buffer at pH 8.0 (green symbols), pH 7.0 (red symbols), or pH 6.0 (black symbols). The ellipticity at 220 nm was plotted as a func-
tion of urea concentration. C) Melting temperature was extracted from Fig. 3A and plotted as a function of pH in square symbols. D) Free energy of unfolding at 25 °C as a function of
pH. Black symbols represent AGyy calculated in urea-unfolding experiments, while red points are AGyy at 25 °C calculated from temperature unfolding experiments. In all cases
vertical bars represent experimental values+ SD, whereas the black line represents their tendency. The inset shows AGyy as a function of temperature, at different pH values

(solid line: pH 8.0, dashed line: pH 6.0). Symbols in the inset represent AGyy at 25 °C.

conformation by modifying the Trp59 environment. Therefore, pro-
tonation state of His68 might have a role in pFXN structure consolida-
tion. As a consequence, we decided to study spectroscopic signatures
in the range of pH around the pKa of histidine, which is around most
common physiological pHs. Dependence of ellipticity between pH 6.0
and 8.0 was studied. Both far- and near-UV CD spectra do not vary
their overall values within this range, at 25 °C (Fig. 2A and B). This
fact evidences that there are no major structural changes in the native
state upon pH shift.

Next, the effect of pH in tryptophan fluorescence (Fig. 3A) was
measured. We found that as it increases from 6.0 to 8.0, the center
of spectral mass of Trp fluorescence shifts from ~337 to ~341 nm
(Fig. 3A), and also fluorescence intensity increased in a cooperative
fashion (Fig. 3A). This is in agreement with crystallographic data
which showed that His68 could be a good quencher of Trp59 since
these residues are at ~3.5 A at an optimal geometry for a m—cation in-
teraction. This interaction seems to have the ability to shift between
m—m and m-cation (when histidine side-chain is positively charged),
depending on the pH of the media. It is worthy of note that at
pH 8.0, the quenching efficiency is significantly decreased. In the
same fashion, it was previously reported that neutral His residues
are less efficient as quenchers compared to positively charged ones
[41]. On the other hand, the second tryptophan residue, Trp76 has

two potential quenchers, Tyr69 and Tyr71, but they are more than
4 A away. In addition, these residues do not seem to be in a good ge-
ometry to interact with Trp76. Furthermore, a close look at the crystal
structure shows three water molecules at ~3 A of Trp76 which can
explain the poor contribution of this residue to native fluorescence
(Fig. S1). Consequently, our analysis suggests that the changes in fluo-
rescence intensity and wavelength shift upon increasing the pH from
6.0 to 8.0 would more likely come from an alteration of the local
chemical environment of Trp59.

Remarkably, quenching of Trp fluorescence by acrylamide is en-
hanced at pH 8.0 (Fig. 3B). More likely, this is due to the presence
of a less stable and more dynamic protein structure in this condition.
It is worth noting that acrylamide is a neutral molecule that is more
able to access to the core of the protein and quench buried Trp resi-
dues. A different picture is observed using sodium iodide (Fig. 3C), a
polar quencher with less penetration capability. Although quenching
by iodide is also observed in the range of pH 6 to pH 8 (Fig. 3C), at
pH 8.0 the Stern-Volmer constant for iodide is significantly lower
than acrylamide, probably, at least in part, due to the charged nature
of this ion, in addition to its size. Even taking into account that effi-
ciency is different for each of the quenchers [42], accessibility of
acrylamide and iodide at pH 8.0 is still considerably different. Thus,
these results show that Trp residues are more accessible at this pH.
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Fig. 5. Melting temperature of pFXN monitored by SYPRO orange probe. A) Effect of pH
on the Ty, at different NaCl concentrations: 20 mM (white triangles), 100 mM (white
diamonds), 250 mM (black triangles), 500 mM (white hexagons), and 1000 mM
(black circles). B) Effect of NaCl concentrations on melting Ty, at different pH values:
6.0 (black circles), 6.4 (white triangles), 7.0 (black squares), 7.6 (white diamonds),
and 8.0 (black triangles).

However, these amino acids are still moderately buried since iodide is
not able to fully quench Trp residues (in agreement with the maxi-
mum emission wavelength observed, see Fig. 3).

3.3.3. Effect of the pH and ionic strength in pFXN stability

3.3.3.1. Thermal unfolding. Thermal unfolding experiments were
performed to study the thermodynamic stability of pFXN. In Fig. 4A
we show the reversible change in ellipticity at 220 nm upon heating
PEXN protein at 1.0 °C min~'. As can be seen, melting temperature
(Ty) is strongly dependent on pH. At pH 6.0, T, reaches a value of
55 °C. However, as the buffer becomes more alkaline, the T,, value
shifts to 32 °C (at pH 8.0). This substantial difference in Ty, (~20 °C)
indicates that at pH 8.0 the protein is considerably less stable com-
pared with pH 6.0 (Fig. 4A). As the transition was >90% reversible
at all pHs assayed, thermodynamic characterization of the unfolding
reaction was performed (Table 3). At pH 6.0, the pFXN protein is
~5 kcal/mol more stable compared to pH 8.0. This suggests that,
within this range of pH, the charge and protonation state of the pro-
tein might be modulating its global stability (Fig. 4). The free-
energy dependence on temperature was also calculated from thermal
denaturation experiments and plotted (Fig. 4C, inset and Table 3). As
the protein became more stable, the cold-unfolding temperature (Tc)
also shifted to lower values. Further experiments using DSC should be
performed to gain specific information.

(s /Faa) X 100
(Fso/Foie) X 100

Urea (M)

Fig. 6. Fluorescence change at 335 nm and 350 nm relative to total tryptophan fluores-
cence emission. Solid lines account for a change in emission at 335 nm, while dashed
lines show a change in emission at 350 nm. Black symbols are the values obtained at
pH 6.0, red symbols are the ones obtained at pH 7.0, and green symbols are the ones
obtained at pH 8.0.

In addition, we tested the effect of pH on fluorescence of SYPRO
orange, which is a fluorescent probe that binds to the unfolded state
of proteins [43-45]. Hence, unfolding can be studied by following
the abrupt increase in fluorescence when the protein reaches its Ty,.
In accordance to CD experiments, where unfolding is followed by a
reduction in the CD band (220 nm), a decrease from pH 8.0 to 6.0
yielded a shift of the transition to higher temperatures, an indication
of protein stabilization (Figs. 5 and S2). Moreover, the effect of NaCl
concentration was also assessed. Previous results for the human,
yeast and E. coli variants showed that the addition of salts increased
the stability of the FXN. To evaluate whether this characteristic is
shared by pFXN, we monitored the effect of ionic strength on protein
stability by measuring the dependence of the T, on NaCl concentra-
tion (Fig. 5). The incubation of pFXN with NaCl in the range of zero
to 1.0 M yields an increase in the T,,. The same tendency was ob-
served at all tested pHs (Fig. 5). The result suggests that salt- and
pH-induced stabilization effects are independent. This might be a
consequence of local stabilization in different regions of the protein:
we hypothesize that ionic strength may stabilize the Asp/Glu rich re-
gions, as in the case of E. coli and the human variants [25], whereas a
decrease in pHs from 8.0 to 6.0 would exert its influence by modula-
tion of the protonation state of histidine residues and their involve-
ment in an interaction network. Therefore, a fine balance between
both pH and salt concentrations could tune function and stability of
pEXN. Further comments will be made in the Discussion section.

3.3.3.2. Chemical unfolding. To further investigate the effect of pH on
thermodynamic stability we performed urea-unfolding experiments,
following changes in protein conformation by both CD at 220 nm
and tryptophan fluorescence. In Fig. 6, the contribution of fluorescence
at 335 and 350 nm at each urea concentration is plotted. At every pH,
the contribution of 335 nm decreases as urea concentration increases;
the opposite occurs for 350 nm. This indicates that when denaturant
concentration increases, the tryptophan residues are less quenched
(increase in fluorescence intensity) and in a more polar environment
(shift towards N3s0), comparing with the native state (Fig. S1).
When unfolding was followed by CD signal at 220 nm, a similar
tendency was observed for each pH value (Fig. 4B). The denaturation
transition observed superimposes with the one observed by Trp fluo-
rescence ratio 335/350 nm (Fig. S3). Thus, the change in fluorescence
upon unfolding is accompanied by a change in secondary structure
content. Values of AG°\y 1,0 for urea unfolding are plotted in Fig. 4D
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Fig. 7. Interactions involving histidine residues in pFXN structure. Chains A (panels A, B, and C) and B (panels D, E, and F) of the crystallographic unit cell are represented. A and
D) Electrostatic network formed between residues D99, E27, E42, and H44. B and E) Tryptophan residues in pFXN. W59 interacts with H68, while W76 interacts with three
water molecules at less than 3.5 A. C and F) Histidine 67 and 68 interactions. H67 forms ionic interaction with D78, while H68 forms m—cation interaction with W59.

and summarized in Table 4. Briefly, the dependence of stability is
AG°Ny H,0 ph6 > AG Ny H,0 pH7 >AG’ny H,0 pH8-

We think that the strength of some interactions present in the na-
tive state could be coupled to the pH shift, modulating not only the
stability of the protein but also the conformational heterogeneity of
the native ensemble.

3.3.4. Computational analysis of pFXN structure

3.3.4.1. Local stability. To analyze pFXN structure in terms of local sta-
bilities, we performed COREX calculations [46,47]. In Fig. 8A and B,

Table 3
Temperature unfolding of pFXN followed by far-UV CD at 220 nm.

Two state model fitting (N — U). Temperature unfolding

Circular dichroism

PFXN AHny T AGyy at 25 °C
(kcal mol~1) (°C) (kcal mol~1)

pH 6.0 85.7+10 55.0+0.4 55409

pH 6.4 71.3+6 522+03 4.0+0.5

pH 7.0 541+6 44.040.5 23404

pH 7.4 50.2+3 39.2403 1.74+03

pH 8.0 39.8+6 33.1+1.0 09+0.3

the relative stability is plotted as a function of the residue number.
It can be seen that for both pFXN and E. coli variant (eFXN) there
are differences between their stability profiles. In the case of eFXN,
the loops between strands 32/33 and [35/(36 are the less stable ones.
However, residues 60-70 in pFXN (the loop between 34/B5) show a
major probability of experiencing local unfolding. It is important to
remark that for residues 62-66 (chain B), B-factors are the highest
in pFXN and eFXN crystal structures. This result points to this region
as being highly flexible.

In addition, to evaluate energy contribution per residue to global
stability we performed FOLDX calculations for both variants [48]. In
particular, we performed the alanine scan protocol to uncover resi-
dues contributing to destabilization of the native protein, comparing
them with their corresponding alanine point mutant (Fig. S4A).
Among these residues, Asp11, Glu18, Glul9, Glu23, Asp27, Asp29,
Asp31, Glu42, Asp70, Asp78, Asp79, Asp83, Glu99 and Glu105 have
acidic side-chains. It is noteworthy that 14 out of the 21 Glu/Asp res-
idues of the pFXN protein are destabilizing. In the same fashion,

Table 4
Chemical unfolding of pFXN followed by far-UV CD at 220 nm.

Two state model fitting (N — U). Urea unfolding

Circular dichroism

It should be noted that the difference in heat capacity between native and unfolded
states (ACp nuy) was considered unchanged (ACp nuy=1.68 kcal mol~! K~!) upon
changes in pH, since native and denatured signals were similar in CD experiments.
Its value was fixed taking into account the empirical relation between the length of
the protein and the difference of the solvent accessible surface area between native
and unfolded states (AASAnu) [59].

PEXN  AG°nu (1,0) MmNy Cin NU SN %

(kcal mol~') (kcal mol=' M~") (M) (mdeg) (mdeg)
pH6.0 57+£05 1.574+0.2 36+£06 —262402 —-6.64+4
pH7.0 26+03 142401 18402 —244404 —4940.2
pH80 13+05 1.62+0.2 08+03 —23.0+0.7 —81+0.6
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Fig. 8. Computational calculations using pFXN-solved structure. Folding constant per
residue as calculated by COREX online software (left axis), and the pKa values of resi-
dues as calculated by Bluues Server (red dots, right axis) for A) pFXN and B) eFXN.

Correia et al. [49] documented in detail the stabilizing effect produced
by mutation of acidic side-chains in the acidic ridge region. In this
case, the multiple mutant DS86A/E90A/E93A/D101A/E103A of yeast
EXN (yEXN) is stabilized at ~3 kcal compared to wild-type protein.

In addition, Lys20, GIn32, Ser35, Thr62, and Gly66, Asn72, Ser90,
Gly93, Phe94 and Lys98 are also destabilizing. The same procedure
was performed for the crystal structure of E. coli variant (PDB ID:
1EW4). The alanine substitution energy profile was similar. However,
when we analyzed the differences at each position in the sequence
alignment, the destabilization effect of point mutation was greater
for eFXN (Fig. S4B).

3.3.4.2. Distribution of predicted pKa values in the protein. As the stabil-
ity of pFXN is modulated by pHs between 6.0 and 8.0, and given that this
does not occur for eFXN, the pKa value of the ionizable residues would
aid in the understanding of the mechanism involved in protein stabiliza-
tion. To evaluate which residues may contribute, we calculated pKa
values by using the crystal structures of E. coli (PDB ID: 1TEW4) and
P. ingrahamii variants (PDB ID 4HS5). Calculations were made with the
Bluues server from Silvio Tosatto's laboratory (http://biocomp.bio.
unipd.it/bluues) [50]. Fig. 8A and B shows the residues with a predicted
pKa value between pH 6.0 and pH 8.0. It can be seen that only two res-
idues are included within this range for the eFXN (in the N-terminal).
However, there are nine candidates (Glul8, Glu19, Glu23, His44,
His56, His67, His68, Glu99, Asp102) in pFXN. Most of these residues
are located in regions of reduced local stability, as predicted by COREX.
It is worth noting that pKa values strongly depend on fine details of

side-chain packing, protein-solvent interactions, and molecular dynam-
ics; thus, our calculations are indicative predictions of putative regions
that might be related to the dependence of stability on pH. However,
altogether, these results suggest that the electrostatic network formed
by some of these residues in pFXN may play an important role in local
stability modulation.

3.3.5. Flexibility distribution in the protein

3.3.5.1. B-factor analysis and molecular dynamics simulations. Protein
regions that exhibit high mobility due to thermal motions usually
show a broadening in the electron density map, which is called temper-
ature factors or B-factors. In Fig. 9 a comparison between relative
B-factors of chains A and B of pFXN (1.45 A) and the single chain of
eFXN (1.40 A) is shown. Although global features in the localization of
high B-factor values are shared in both proteins, patches corresponding
to the highest values differ between homologs. This may indicate that
the distribution of flexibility in the protein chain is also different.

More importantly, in pFXN, residues 62-66 (the turn between
strand P4 and strand P5) in chain B show the highest relative
B-factor values observed in both structures. In fact, in the structure
solved at 1.75 A, the electron density corresponding to this stretch
is inexistent (data not shown). This observation points to a crucial
difference in flexibility when comparing pFXN to E. coli homolog.
However, eFXN structure has delimited patches (Arg20-Ser28 and
Leu73-Asp76) of high B-factors compared with pFXN. Remarkably,
NMR structure of the E. coli variant (PDB ID: 1SOY) shows a high
RMSD between models in region Arg20 to Ser28, more likely indicat-
ing an increased flexibility within these stretches. Although relative
B-factors observed for strand 31/loop1 for pFXN are lower than
values for eFXN, this region is included in an extensive segment
with intermediate values of B factors, in particular, in chain A (resi-
dues Lys20-Leu36), also suggesting smooth differences in which flex-
ibility maps throughout the protein chain.

In addition, the C-terminal region (CTR) involving residues
GIn96-Asp102 (including GIlu99) shows significantly higher values
in the case of pFXN (chains A and B) than in E. coli homolog. Mobility
in this region might be associated to both local and global dynamics,
since this region is implicated in the thermodynamic stabilization of
FXN fold [51].

To evaluate the mobility of the chain for both homologs at the
atomic level, we performed all-atom MDS (Figs. 9 and S5). After
100 ns of computational simulation, both proteins have similar root
mean square deviations (RMSD, Fig. S5). Remarkably, there is a gen-
eral superimposition between regions with high B-factors and higher
root mean square fluctuations (RMSF, Fig. 9), indicating a correlation
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Fig. 9. Flexibility of pFXN structure: a comparison between crystallographic B-factor
values and root mean square fluctuations (RMSF) calculated by MDS. In black and
white dots, the B-factors of chains A and B of pFXN are represented, respectively. The
red line accounts for the B-factors in the E. coli structure. The green line represents
the RMSF as calculated from 100 ns by molecular dynamics simulations of pFXN
(right axis). The relative B-factor was calculated as a ratio of the B-factor at each posi-
tion divided by the sum of the whole B-factor values.
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between experimental and in silico results. Curiously, the main differ-
ence between both variants occurs at the CTR, which has higher RMSF

values in the case of pFXN.

3.3.5.2. Analysis of specific motions in pFXN. To see whether the pro-
tonation state of histidine residues is involved in pFXN motions we
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performed two extra MDS runs where His44 or His67 were in their
protonated form. Both RMSD and RMSF are described in Fig. 10A
and B. In both cases, it can be seen that the individual protonation
of these residues reduced the mobility of segments 20-30 and
90-100, suggesting that the fluctuations of these regions are

correlated.
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Fig. 10. Molecular dynamics simulations of pFXN. A) Black lines represent the root mean square deviations (RMSD) of pFXN with histidine residues uncharged. Red and green lines
represent pFXN with protonated His67 and protonated His44, respectively. B) Black lines represent RMSF of pFXN with histidine residues uncharged. Red and green lines account
for pFXN with protonated His67 and protonated His44, respectively. C), D), and E) Distances between Asp27 and Glu99, Glu42 and Asp27, and His44 and Glu42 were represented,
for the three variants simulated, respectively.
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As mentioned before, residues Asp27, His44, Glu42 and Glu99
establish tertiary contacts between loop1 and the CTR. For this rea-
son, and given the high RMSF for these residues, we searched for cor-
relations between motions involved in the interaction network
formed by these amino acids (Fig. 10C, D and E). We observed that
the C-extreme of helix a1, including Glu23, unfolds locally and
refolds. Noteworthy, when His44 or His67 are protonated, both loop
1 (encompassing residues 25-30) and the C-terminal become closer
to each other.

Altogether, we think that the electrostatic network formed be-
tween acidic residues connecting N- and C-extremes, including
water molecules, may be modulating stability and dynamics. Binding
of metal ions might further affect the flexibility of this region.

4. Discussion

In cold environments, macromolecular motions involved in en-
zyme catalysis, binding interactions, and cellular homeostasis need
to occur under conditions where kinetic energy is lower compared
to warm and hot environments. In particular, FXN seems to be in-
volved in a multiplicity of processes [52-56]. The most explored of
which correspond to iron binding and metal ion exchange, as well as
those that situate FXN as a key regulator component in iron/sulfur
center synthesis. Both kinds of processes take place via metal
protein-ion/protein-protein interactions. Thus, adaptation mecha-
nisms may be identifiable and used, for example, in protein and drug
designs.

The X-ray diffraction results included here show that pFXN shares
the same structural topology with other members of the CyaY protein
family. In particular, the FXN homolog from E. coli has been an inter-
esting study case [25]. Both pFXN and eFXN share ~51% of their se-
quence identity. However, differences at specific positions exist and
could act as modulators of stability or/and flexibility. In this sense,
although they share the acidic ridge region, content and distribution
of glutamate, aspartate, asparagine, and glutamine slightly differ be-
tween both variants. It is noteworthy that the content of Asn and
GIn in proteins from organisms adapted to cold environments in-
creases since the likelihood of deamidation is lower at these temper-
atures [26]. For the case of Gln and Asn (15 in pEXN versus 11 in
eFXN), pFXN has four of these residues along its N-terminal a-helix,
whereas eFXN has only two. Moreover, eFXN has three of these in
the C-terminal a-helix, while pFXN has only one in this region. We
cannot rule out that GIn and Asn might play a role in metal binding
within the acidic ridge region. In the case of acidic side-chains,
which are crucial for biological function, there are 21 in pFXN versus
22 in eFXN. Yet, pEXN Glu and Asp content in the N-terminal a-helix
is five and two, respectively, (Glu to Asp ratio of 2.5), whereas for
eFXN Glu content is three and Asp content is five (Glu to Asp ratio
of 0.6). The increase in the side-chain length might play a role in
the coupling between local flexibility and function.

Recently, we have shown a key role of the CTR in determining the
global stability of the human variant [51]. In the present case, pFXN
and eFXN share almost the same CTR length (7 and 8 residues,
respectively) being shorter than the human variant (16 residues).
However, the CTR of eFXN and pFXN differ significantly in sequence.
In fact, pFXN has multiple acidic side-chains that may be implicated
in metal ion binding (Glu99, Asp102 and Glu105) whereas eFXN has
only one (Glu101). Results from our laboratory are in agreement
with this possibility as seen in preliminary X-ray structures where
metal ions are coordinated by Asp102 and Glu105 (data not
shown). On the other hand, both proteins have hydrophobic residues
in the CTR that anchor this region to the rest of the protein (Val101
and Phe103 from pFXN superimposes to Val103 and Phe105 from
eFXN).

Regarding thermodynamic analysis of chemical and temperature
unfolding experiments, pFXN is much less stable than eFXN, and its

stability is highly modulated by pH in the range of 6.0-8.0. The
unfolding at pH 7.0 for pFXN in comparison to eFXN [25] yields a
lower T, value (AT;,~10 °C). However, when pH is shifted to
pH 8.0, T, of pFXN experiences a larger decrease (AT;,~20 °C). On
the other hand, the acidification of buffer to pH 6.0 increases the Ty,
(Table 3) to similar values as the ones observed for eFXN [25]. Notably,
our spectroscopic results demonstrate that, although global confor-
mational features of the native ensemble do not change along the
range of pH tested (Figs. 2 and 3), some local variations, such as a
shift in side-chain rotamers, strength in ionic interactions, or relative
positions of loops, may take place. Thus, pFXN protein is able to shift
between thermodynamically different native-like states: in the ex-
tremes, an unstable (pH 8.0) and a stable one (pH 6.0), with an appar-
ent pKa=7.34 (Fig. 3A). The narrow range of pH at which this high
degree of stability modulation is observed leads us to think that histi-
dine side-chains might be playing an important role, given that the
pKa of this residue is usually between 5 and 8 in proteins [57].
Although FXN structures from yeast, human, E. coli, and P. ingrahamii
are almost superimposable, available thermodynamic data indicates
that protein stability among homologs in the CyaY family can vary
within a wide range. Illustrating this fact, unfolding free energy values
are 5.6-7 [58] and 1.4 kcal mol~' [49] for hFXN and yFXN variants, re-
spectively. In addition, T, values are 40.4 [49], 66.3-70 °C [58], for
yEXN, hEXN, respectively, while pFXN T, values vary from 35 to
53 °C (pH 8.0 and pH 6.0, respectively).

Regarding protein flexibility, a closer look at the protein structure
shows that His44 and His67 residues, which are not conserved in the
E. coli variant, are located in suggestive positions. As His44, Glu42,
and Asp27 (the latter a residue of the acidic ridge) might establish
an electrostatic network, and His67 is forming an ion pair with the
buried Asp78 (5% of solvent exposed surface) we further investigated
protein motions.

Analysis of MDS shows that the protonation state of His67 highly
influences mobility of residues spanning positions 70-80. Further ex-
periments are needed to determine whether these residues are mod-
ulators of protein flexibility and function in pFXN. Looking at the
protein structure, one could reason that the protonation state of
His67 might modulate the strength of interaction with Asp78, and
thus, this interaction might tune the mobility in a pH dependent
manner.

His44 interacts with Glu42 in the crystal structure. At a first
glance, these residues do not seem to be participating in major tertia-
ry interactions. However, His44 is structurally close to a1, 1 and
loop1 (distance between vy carbons of Glu42 and Glu40 is 4.6 A in
the X-ray structure). The latter has been shown to be correlated to
CTR fluctuations [51]. In addition, for the mesophilic variant eFXN,
the NMR ensemble shows that the region concerning this loop and
the CTR are highly correlated in their mobility (PDB ID: 1SOY). More-
over, truncation of this region leads to a protein that is highly sensi-
tive in the region of loop 1 [51]. Thus, His44 might be involved
in protein motions relevant for function. Our simulation results
show that when Asp27 and Glu99 are close to each other (probably
mediated by water interactions), residues Glu42 and His44 are close
to each other as well.

Contrarily, when Asp27 is far from Glu99, the former interacts
with Glu42, which is also far from His44. Moreover, Asp27 is included
in the already mentioned acidic ridge involved in metal binding.
Therefore, it is likely that metal ions might play a role in protein flex-
ibility, by altering the electrostatic network.

The analysis of the RMSF calculated from our simulations shows
that the highest values are found for residues 95 to 99 and 20 to 30
when neutral histidine tautomers are used. However, protonation of
His44 or His67 decreases the mobility of these regions. Altogether,
these results reinforce the idea of an interconnected electrostatic net-
work that might be playing important roles in stability and mobility
modulation, and perhaps, in pFXN function. Remarkably, the CTR of
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pFXN, which contains a cluster of negatively charged residues, dis-
plays significantly higher B-factor values in the case of pFXN than in
E. coli homolog. As FXN iron binding sites occur within clusters
of Glu/Asp residues, we propose that the CTR might alter the biologi-
cal function dynamics through flexibility and stability modulations
based on ligand binding. This is reinforced by MDS results which
point to a correlation between motions of residues in the CTR, and
residues of a1, 31 and loop1.

5. Conclusion

In our work, we give structural information about P. ingrahamii
frataxin variant stability. We found that it is highly modulated by
pH, in contrast with other variants previously reported. The analysis
of the pFXN structure suggests that an electrostatic network of inter-
actions might participate in the modulation of global stability and
local mobility. In silico results showed that histidine residues are lo-
cated in highly mobile regions of the protein. Moreover, we have
shown that pEXN flexibility may be significantly altered by the mod-
ulation of the protonation state at specific sites. Further NMR analysis
accompanied by simplified simulations at different pH values, taking
into account electrostatic contribution, may aid in the analysis of
the relations between flexibility and stability.
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