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Abstract
Frataxin is a mitochondrial protein with a central role in iron homeostasis. Defects in frataxin
function lead to Friedreich’s ataxia, a progressive neurodegenerative disease with childhood onset.
The function of frataxin has been shown to be closely associated with its ability to form
oligomeric species; however, the factors controlling oligomerization and the types of oligomers
present in solution is a matter of debate. Using small-angle X-ray scattering (SAXS), we found
that Co2+, glycerol and a single amino acid substitution at the N-terminus, Y73A, facilitate
oligomerization of yeast frataxin, resulting in a dynamic equilibrium between monomers, dimers,
trimers, hexamers, and higher order oligomers. Using X-ray crystallography, we found that Co2+

binds inside the channel at the 3-fold axis of the trimer, which suggests that the metal has an
oligomer-stabilizing role. The results reveal the types of oligomers present in solution and support
our earlier suggestions that the trimer is the main building block of yeast frataxin oligomers. They
also indicate that different mechanisms may control oligomer stability and oligomerization in vivo.
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Introduction
Iron is one of the most abundant elements on earth and it is essential for most living
organisms, despite the toxic effects associated with it. Thus, in an O2-containing
environment and at physiological pH, Fe2+ (6 H20) is readily oxidized to the acidic Fe3+

form, which rapidly produces insoluble Fe(OH)3. In addition, the one-electron oxidation of
iron by oxygen produces superoxide that can in turn react to form hydrogen peroxide.
Reaction of hydrogen peroxide with Fe2+ produces the highly reactive and toxic hydroxyl
radical through the Fenton reaction. Thus, unligated iron carries a potential danger for cells
and may have implication in a number of human diseases, which explains the need for a
tight control of iron chemistry in organisms 12. Two proteins, ferritin and frataxin, are
known to be central to the storage and detoxification of iron in cells. The importance of
frataxin was first shown by the discovery that the autosomal recessive disease Friedreich’s
ataxia (FRDA) is linked to the presence of expanded GAA repeats in the first intron of the
frataxin-encoding gene, and also to mutations in the gene sequence coding for the protein 3.
FRDA affects approximately one in 40,000 individuals, with early onset—often before the
age of 15. Frataxin deficiency results in aberrations of cellular iron homeostasis and high
production of reactive oxygen species (ROS), leading to a progressive neurodegenerative
disease that is also characterized by cardiomyopathy and diabetes mellitus 4; 5; 6.

Both ferritin and frataxin and their homologs have been implicated in the control of iron
detoxification, which these proteins achieve by catalyzing the oxidation of ferrous iron to
the ferric form and by storing it as a ferrihydrite biomineral within oligomeric
species 7; 8; 9; 10; 11. In addition, the role of frataxin in iron homeostasis also includes iron
delivery for iron-sulfur cluster synthesis, heme biosynthesis, and aconitase repair 12; 13; 14.
Frataxin species from humans and Saccharomyces cerevisiae (Yfh1) have been studied most
extensively. They are expressed in the cytoplasm as 210-residue and 174-residue precursor
polypeptides with N-terminal mitochondrial-targeting sequences. Proteolytic cleavage by
mitochondrial processing peptidase results in the 52–174 mature form of yeast frataxin,
while the human protein appears to exist as several variants with N-termini of different
lengths (see below) 15; 16; 17; 18.

The function of ferritin and frataxin has been strongly linked to their ability to form
oligomeric species. In the case of ferritin, these oligomers are spontaneously assembled in
cells, while for frataxin and its homologs there appears to be variation in the propensity of
the proteins from different sources to form oligomers and in the type of oligomers
formed 19; 20; 21. In the presence of ferrous iron and oxygen, yeast frataxin has been shown
to undergo stepwise assembly from monomers to larger oligomers that can contain up to 24
subunits, and even larger complexes 19. Higher-order oligomers can store up to ~50–75 iron
atoms per subunit in 1–2-nm cores 11; 19; 22. The oligomeric species of yeast frataxin can be
easily dissolved into monomers, for example by the addition of reducing agents 19,
suggesting that iron plays an active role in oligomer stabilization. In humans, at least 4
variants of frataxin have been isolated. The variants with the longer N-termini (56–210 and
42–210) can often assemble into larger structures in vivo and during expression in E.
coli 16; 18. The large oligomers can be disassembled irreversibly into stable monomers by the
addition of SDS 20. However, in contrast to the yeast Yfh1 protein, purified monomers of
human frataxin do not appear to form oligomers in vitro, even in the presence of iron 16.
This may indicate that assembly of the human protein requires additional assistance of some
kind. Indeed, it has been shown that the Hsp70-type protein SSQ1 is required for Yfh1 to
function in S. cerevisiae 23; 24. The two other known variants of human frataxin, 81–210 and
78–210, have been found to be unable to adopt higher-order oligomeric states 18; 25,
indicating that residues 56–77 at the N-terminus of the protein are essential for
oligomerization.
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X-ray crystallographic studies of a variant of yeast frataxin in which amino acid Y73 was
replaced by an alanine (Y73A) showed that this protein crystallized as a trimer, apparently
stabilized by extensive interactions between the monomers around the threefold axis as well
as by the N-terminus, which bridged the monomers by forming additional interactions
between them 26. Size exclusion chromatography also showed that in contrast to wild-type
Yfh1, which requires iron for assembly, the Y73A variant spontaneously assembled into
larger oligomeric species that contained up to 24 monomers 26. In addition, single-particle
reconstruction studies of both iron-loaded and iron-free 24-meric particles clearly
demonstrated that they were built up of trimeric units 22; 26, suggesting that the trimer might
be the main building block of larger frataxin oligomers. Interestingly, the arrangement of the
functional features found in this structure, such as the position of the ferroxidation and iron
mineralization sites and charge distribution inside and around the channel at the threefold
axis, has striking similarities to the arrangement of the corresponding features in ferritin,
despite the absence of any evolutionary relationships at the amino acid sequence level or at
the three-dimensional structural level 26.

Given these data, the type of frataxin oligomers that exist in solution and the role of the
different factors that control oligomer stability, is poorly understood. In the current work,
using a combination of small-angle X-ray scattering, dynamic light scattering and X-ray
crystallography, we studied the oligomeric states of yeast frataxin in solution and the effects
of glycerol, Co2+ and amino acid substitution at the N-termini on these states. X-ray
crystallography was used to reveal the cobalt binding site and its potential role in oligomer
stabilization.

Results
Structure of yeast frataxin in solution

To gain some insight into the solution structure of wild type yeast frataxin (Yfh1wt; residues
52–174) under different conditions, we used SAXS. The advantages of using SAXS lie in
the ability of this method to provide structural information for samples directly in solution.
The method tolerates a wide variety range of protein or protein complex sizes 27 and has
successfully been used for modeling of proteins with rather short flexible parts, e.g. hinge
regions in multidomain proteins 28, as well as natively unfolded proteins 29; 30. The results
of the SAXS experimental measurements, solution structure modeling (using the available
X-ray and NMR model coordinates of yeast frataxin) and model fitting to the experimental
data are summarized in Figure 1a and Table 2. Since no concentration effects were observed
in the experiments with glycerol, data with the highest concentration were used for analysis
and structural modeling (Figure 1a, iv–vi). The radius of gyration (Rg), estimated using
Guinier approximation, was 1.80 ± 0.1 and 2.25 ± 0.1 nm for Yfh1wt and Yfh1wt + glycerol,
respectively. Given that the ratio Vp/MW (Vp is the Porod volume, MW is the molecular
weight) is expected to be approximately 1:1.7, the volume in the absence of glycerol is
consistent with the molecular weight of the frataxin monomer (13.7 kDa). In the presence of
glycerol, the volume is significantly greater, indicating the presence of higher-order
oligomers. Theoretical scattering calculated for the X-ray structure of the Y73A variant of
yeast frataxin yielded an Rg value of 2.07 nm (the new X-ray model, see below), while for
the NMR structure of Yfh1wt (2GA5.PDB) the different conformers yielded Rg values in the
range 1.54–1.72 nm. Although these values are close to the Rg estimated from the SAXS
data for the protein without glycerol, as seen in Figure 1a (i–ii, Yfh1wt), and (iv–v, Yfh1wt +
glycerol) neither the X-ray model nor any of the NMR models provided satisfactory fit to
the experimental SAXS data (the corresponding discrepancies χ are shown in Table 2). We
also estimated the maximum dimensions (Dmax, see Table 2) and the interatomic distance
distribution function p(r) of Yfh1wt in the presence and absence of glycerol using GNOM 31.
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The p(r) for Yfh1wt + glycerol showed shoulders at larger distances and increase in Dmax
value (Table 2), as compared to Yfh1wt. These features are typical of dynamic systems 32.

For the interpretation of the SAXS data we subsequently performed ab initio modelling
using the DAMMIN software. Ten ab initio models independently generated using
DAMMIN had a mean normalized spatial discrepancy (NSD), as calculated by DAMAVER,
in the range 0.54–0.59 and 0.52–0.58 for Yfh1wt data and the Yfh1wt + glycerol data,
respectively. The best ab initio model had a fit to the experimental scattering of χ = 1.16
(Table 2). At the next step higher resolution ab initio models were generated using
GASBOR. Twenty GASBOR models had NSD in the range 0.9–0.96, which illustrates that
all shapes were essentially similar and that a unique solution had been identified. The best
GASBOR model was selected for rigid body superposition with the model of the molecule
(Figure 1b).

The NMR model and the X-ray structure suggest that yeast frataxin monomer has a highly
flexible N-terminus, which may explain the above mentioned poor agreement of the Xray
and NMR models (PDB entry 2GA5) with the experimental scattering data. To fit the NMR
and X-ray models to the SAXS data, a combination of ab initio and rigid body modeling
approaches was employed to re-model the N-terminus, using the program BUNCH. During
this process, the interatomic distances and angles between ‘dummy’ atoms of the ab initio
model were constrained to mimic the Cα peptide chain. Ten BUNCH models were generated
for the different data sets. The models showed good agreement with the Yfh1wt scattering
data (s range from 0.020 to 2.50 nm−1) with χ in the range 1.04–1.40, but rather poor
agreement with the Yfh1wt + glycerol data, with χ in the range 1.4–2.4 (compare Figure 1a
(ii) and (v), red curve). Furthermore, assuming that different frataxin conformations exist in
solution in equilibrium with each other, we used OLIGOMER to calculate the volume
fractions of the separate NMR conformers contributing to the scattering profile. The results
showed that only two conformers, # 8 and 16 (PDB entry 2GA5), contributed 32% and 68%
volume fractions, respectively, to the scattering. This further improved the discrepancy of
the fitting to the Yfh1wt data, as compared to the lowest-energy NMR conformer or the X-
ray structure, but not for the case of the data in the presence of glycerol. This can be seen
from the comparison of the discrepancy values in Table 2 and is also shown in Figure 1a for
the data in the absence and presence of glycerol (pink curves, Figure 1a (iii) and (vi),
respectively). In the latter case the poor fit of the model to the data is clearly visible in the
low-resolution range. We also compared the reference ab initio model generated by
GASBOR to the rigid body model with the lowest discrepancy generated by BUNCH (see
Figure 1b). The superposition showed very good agreement, indicating that both
reconstructions converged to a similar solution. It is noteworthy, that both ab initio and rigid
body models are likely to represent an average over a set of conformations in solution and
that the good agreement between them suggests validity of such models.

To improve the fit for the case of Yfh1wt + glycerol and quantitatively characterize the
ensemble properties of Yfhwt and Yfh1wt + glycerol in solution, the ensemble optimization
method (EOM) was applied to the measured data sets. The EOM analysis allowed us to
further improve the fit to the experimental data sets (see Figure 1a (iii, vi), green curves, and
Table 2 (χf)). As seen from Figure 1c, Rg distributions corresponding to Yfh1wt and Yfh1wt
+ glycerol ensembles show considerable differences. Thus, in the case of Yfh1wt, only a
negligible fraction of dimers was selected. If a random pool only contained monomers, the
discrepancy did not change as compared to the mixed full pool. On the other hand, the
Yfh1wt + glycerol data could only be fitted with more extended monomers and a larger
fraction of dimers, as compared to Yfh1wt. The data could not be fitted if a random pool
only contained monomers. On the other hand, if only three curves per ensemble were
allowed to be selected, dimers were always present in the ensemble and the discrepancy was
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in the range 1.06–1.07. The average radius of gyration of the EOM ensemble, as seen from
Figure 1c, was found to be close to the Rg calculated by Guinier approximation (1.80 ± 0.1
and 2.25 ± 0.1 nm for Yfh1wt and Yfh1wt + glycerol, respectively, see above).

The results clearly show that Yfh1wt in solution exists in different conformations, and that
the primary source of the conformational heterogeneity is the high flexibility of the N-
terminus. Furthermore, while experimental SAXS data for Yfh1wt can be described with an
ensemble model, mainly consisting of monomers, a dynamic monomer-dimer equilibrium
exists in the case of Yfh1wt + glycerol. Hence, the addition of glycerol apparently results in
the formation of dimers, which presumable could be considered as the first stage in the
oligomerization process of frataxin.

Characterization of the Yfh1 Y73A variant oligomers using SAXS
Gel filtration studies have shown that the Yfh1 Y73A variant is eluted as two major
fractions, one of lower molecular weight, suggested to represent a trimer, and the second of
higher molecular weight, suggested to be a 24-mer. As noted above, the low molecular
weight fraction was crystallized and revealed the trimeric frataxin structure, while the high
molecular weight fraction was studied by single-particle EM reconstruction and revealed a
24-meric particle built up of 8 trimers 22; 26. For a better understanding of the role of the
Y73A replacement on the oligomerization propensity of the protein, we studied the low
molecular weight fraction using DLS (Figure 2a) and SAXS (Figure 2b and Table 3). The
DLS measurements, analysis of the SAXS data and structural models generated to fit the
data (see methods section) indeed reveal the presence of several oligomeric species in
solution. As seen from Table 3, while the major part of the protein in solution is in
monomeric form (around 60%), there is also a proportion of trimers, hexamers, and
dodecamers (9%, 20%, and 11%, respectively). Two different models (based on NMR
conformers and kinematic loop modeling) were needed to model the monomers, which
confirm the high flexible nature of the monomeric species. With this pool of monomers and
oligomers, the generated models could fit the SAXS data with χ2 = 0.44, as estimated by the
program OLIGOMER. There were no signs of protein aggregation, as shown by the analysis
of the Guinier region of the data (Figure S1a). These results clearly showed that Y73A
modification of yeast frataxin results in a higher propensity to form higher-order oligomers,
independently of the presence of metals, perhaps as a result of reduced flexibility of the N-
terminal region of the protein. During crystallization, the trimeric form is presumably
selected as the most stable in the formation of the crystal lattice.

Dynamic light scattering studies of cobalt-induced oligomerization of yeast frataxin
To further investigate the influence of various factors on the oligomerization of yeast
frataxin, we used DLS to study the effects of Mg2+, Zn2+ and Co2+. The choice of divalent
metals was dictated by the available biochemical data, which indicated that ferrous iron
induces formation of Yfh1 oligomers. While Mg2+ did not show any visible effects in our
experiments, the addition of Zn2+ resulted in aggregation and precipitation of the sample
(data not shown). On the other hand, Co2+ appeared to be the most useful metal and induced
the formation of higher order oligomers in a concentration-dependent fashion. It appears that
at least in this respect, Yfh1 and its bacterial homologue CyaY behave similarly in response
to metal binding 33. Other advantages of using cobalt include its stability, which allows
avoiding the formation of metal oxidation products, and an ionic radius, which is similar to
that of Fe2+.

The protein-to-metal ratios (Yfh1:CoCl2) in the experiments were optimized to 1:10, 1:20,
and 1:50, and the protein concentration was 3 mg/ml. As controls, we also used the Y73A
Yfh1 variant, which, as shown above, is prone to the formation of higher-order oligomers,
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and the wild-type Yfh1wt without metal. For each concentration of CoCl2, light scattering
and the respective polydispersity indices were measured several times over a period of 30
min. After approximately 30 min, the polydispersity index was stable, indicating that
equilibrium had been reached (Figure 2a, inset). This incubation time was also used later in
our SAXS measurements.

As shown in Figure 2a, at a Yfh1wt:CoCl2 ratio of 1:10, no substantial changes in the DLS
profile could be observed, as compared to the protein solution without added metal.
Increasing the ratio to 1:20 resulted in tailing of the peak, with a particle size distribution
around 2.3 nm. At a Yfh1wt:CoCl2 ratio of 1:50, three separate peaks with particle size
distributions of around 3.5 nm, 15 nm, and 125 nm could be observed. This clearly
demonstrates that in a concentration-dependent fashion, Co2+ induces oligomerization of
yeast frataxin into larger particles. In the experiments we found the presence of 100 mM
NaCl, which was required for optimal protein stabilization and for preventing aggregation.
The presence of salt has previously been reported as monomer-stabilizing 34. However, in
our experiments this did not prevent oligomer formation in the presence of Co2+.

Characterization of cobalt-induced yeast frataxin oligomers using SAXS
To further determine the type of oligomers induced by the addition of Co2+, we used SAXS
to examine the solutions with the same protein-to-metal ratios, as in the DLS experiments
(1:10, 1:20, and 1:50). Analysis of the Guinier region (Figure S1a) confirmed that addition
of Co2+ to the samples at these concentrations did not induce aggregation, although the
sample with 1:50 ratio was showing signs of polymerization, given the high average Rg
value of 5.45 nm (around 1.8 nm for the monomeric protein, as described above). A
comparison of the calculated average molecular weights, using excluded volume and
lysozyme as a standard, revealed an increase with higher concentrations of Co2+. Figure 2b
and Table 3 show that the data for the 1:10, 1:20, and 1:50 ratios could be fitted with χ2

values of 0.55, 0.55, and 0.67, respectively, given the input we provided from our pool of
oligomers, and using the program OLIGOMER. Analysis of the volume distributions of
oligomer fitting to the respective SAXS profiles showed that as Co2+ concentration
increased, so did the volume fraction of frataxin trimer. In other words, Co2+ strongly
supports the formation of trimers.

Analysis of the Co2+-induced oligomeric states (Table 3) clearly showed a gradual increase
in the percentage of trimers and hexamers and a concomitant decrease in the percentage of
monomers, from 67% at a protein-to-metal ratio of 1:10 to 26% at 1:50. It was also evident
that at the 1:50 ratio, oligomers of considerably higher order were formed. Interestingly,
while the percentage of trimers increases from 24% to 57% when the protein-to-metal ratio
changes from 1:10 to 1:50, the number of hexameric species only reaches 9%. This is
different from the oligomerization behavior of the Y73A variant, which shows higher
percentage of hexameirc species, compared to trimers (20% and 9%, respectively, (Table
3)). These results show that the oligomerization behavior of frataxin can be changed
relatively easily and that the presence of Co2+ specifically stabilizes the trimers, supporting
earlier biochemical data on metal-induced oligomerization of yeast frataxin 35.

X-ray crystallographic characterization of cobalt binding to yeast frataxin
The crystals of the Y73A variant of Yfh1, which were produced from the modified
crystallization conditions, belonged to space group I213 with one monomer in the
asymmetric subunit and diffracted to 2.9 Å resolution (Table 1). As discussed previously 26,
the monomers are involved in extensive interactions around the channel at the 3-fold axis.
Their N-termini form a bridge between the monomers, which adds to the stability of the
trimeric structure. The new data allowed the electron density for the complete N-terminal
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part of the structure to be traced, adding nine residues (V52–V60) to the new model. In the
present conformation of the N-terminus, the side chains of E64 and E112 are within
hydrogen bonding distance (3.1 Å) from each-other, while the newly added part of the N-
terminus seems to be stabilized primarily by van der Waals contacts between side chains
within the region V52-S54 and residues from the loop between β -strands β4- β5 (H106 is
shown on Figure 3a).

Analysis of the packing and interactions within the crystal lattice is of interest for our
understanding of the interactions that stabilize high-order oligomers. The previous model of
frataxin (2FQL.PDB) showed that the trimers within the crystal lattice were packed against
each other with the N-termini from neighboring trimers building an intersection (involving
amino acid residues P69, L70, E71, and K72). In the new model, due to the extension of the
N-terminal part, we could observe an additional intersection involving amino acid residues
Q59, V60, and V61 (Figure 3b; only V60 is shown). This part of the N-terminus contributes
to the stabilization of the interactions between trimers within the crystal lattice (Figure 3c)
and could also stabilize transient monomer-monomer interactions in solution, thus driving
the oligomerization towards higher-order oligomers. Upon hexamer formation, as suggested
by the models used to fit the SAXS data, this type of interaction between the N-termini is
preserved (Figure 3d). However, in this case the interacting N-termini have to be in a
slightly different conformation in order to avoid a steric clash with neighboring trimers
(further discussed in the Discussion section).

To assess the ability of cobalt to bind to frataxin, we first soaked the crystals of frataxin
trimers with CoCl2. X-ray data were collected and the presence of bound metal in the
structure was validated by the examination of the Fo-Fc and the anomalous Fourier
difference maps. Our previous crystallographic work showed that the three-dimensional
structure of frataxin trimers pre-loaded with iron contained a metal bound in the channel at
the threefold axis of the trimer 26, although the resolution of that structure was only 3.5 Å.
With the current higher resolution data, soaking with cobalt clearly showed a peak both in
the Fo-Fc and anomalous difference density maps at levels of up to 6 σ and 5 σ,
respectively. At the occupancy of 0.33 there was no residual density in the Fo-Fc maps and
the B-factor of the metal refined to a value similar to that of the surrounding protein groups.
Figure 4a shows three metal ions bound within the channel between the monomers. This
mode of binding is different from that which was observed for iron binding in iron-
preloaded trimers and suggests that one cobalt ion is shared by the three monomers in the
trimer. This also suggests that the affinity of Co2+ to the binding site is lower than that of
iron. While the electron density around the bound iron clearly suggested that the metal was
hydrated 26, the low occupancy of the cobalt and the resolution of the structure would
prevent the density of the solvent to be observed. However, the position of the metal at
about 5 Å from the invariant D143 close to the wider opening of the channel suggests that
some solvent molecules may be bound to the metal. It should be noted that even in the case
of the iron-loaded trimer structure the metal did not show direct interactions with the
invariant D143 26.

Discussion
In this work, we have studied the effect of three different factors on the oligomerization
properties of yeast frataxin Yfh1, and have shown that, depending on the conditions, it may
exist in different oligomeric states in solution. Thus, the presence of glycerol facilitated the
dimerization of the protein, resulting in dynamic monomer-dimer equilibrium. Glycerol is
generally known to contribute to protein stability, by inducing protein compaction and by
reducing flexibility 36. Taking into account the much higher viscosity of the native
environment of proteins, and due to various crowding effects 37; 38, it would be logical to
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suggest that the monomeric form of yeast frataxin is rare in vivo. It may also be that in
solution the dimer structure serves as a seed for the growth of higher-order oligomers, since
the intertwined interaction between the monomers may be already formed at this stage.

The data obtained from both the Yfh1WT and Y73A variant show that the N-terminus is
highly flexible and that the conformation seen in the X-ray structure of the Y73A trimer is
presumably a result of stabilization of the N-terminus by interactions with neighboring
monomers as well as by crystal packing interactions. This is in contrast to solution data,
which show smaller relative percentage of Y73A trimers in solution, as compared to
hexamers (9% and 20%, respectively, Table 3). This suggests that in solution the
interactions between trimers within higher order oligomers may contribute to trimer-, as well
as higher order oligomer stabilization. The modeling of the hexamer model to fit the SAXS
data required some modifications in the conformation of the N-terminal part of the protein,
as compared to the conformation in the X-ray structure. One possible hydrogen bond
involving the side chains of Y73 and D76 may contribute to the stabilization of this
conformation (Figure 5). Interestingly, in this conformation W131 appears to be more
exposed, than in the X-ray structure of the trimer (compare the conformation of the N-
terminus in Figure 3a and Figure 5). This residue has been implicated in interactions with
Isu1, the scaffold protein on which iron-sulfur clusters are assembled 39, suggesting that
higher order oligomers may be required for the assembly of the Fe-S cluster synthesis
machinery 40.

In the presence of Co2+ the trimeric form appears to be dominating. Higher metal
concentrations lead to the formation of hexamers and higher-order oligomers. In contrast to
the Y73A variant, which preferentially exists in hexameric and higher order oligomeric
forms in solution, the presence of metal appears to be sufficient for the stabilization of the
trimeric structure. However, from the present data it would be difficult to determine whether
the higher-order oligomers are directly stabilized by the metal or whether their formation is
merely a result of the increasing number of trimers, which may spontaneously assemble into
higher-order structures. It is however known, that at least in the case of iron, the metal
stabilizes higher-order oligomers, while the addition of reducing agents dissolves these
complexes 19. In the case of the frataxin homolog CyaY from E. coli, it is also known that
Fe2+, when added anaerobically, stimulates the formation of tetramers, while larger
oligomers are formed in the presence of atmospheric oxygen 21; 41. It should be noted that
the part of the N-terminus, which is involved in trimer stabilization in yeast frataxin, is
absent in CyaY. This suggests that a different type of interactions may be involved in the
stabilization of the oligomers in this case. Indeed, when co-crystallized with Co2+, no CyaY
trimers can be observed in the crystals (space group P3221), although one of the metal ions
in the structure was coordinated to H58, which belongs to the loop between strands 3 and 4
of the β-sheet 33. As shown in Figure 4b, the structurally homologous loop in the crystal
structure of the Y73A trimer is located at the channel around the 3-fold axis 26. This position
is at approximately 14 Å from the position of the cobalt atom observed in the current study.
Earlier reports have indicated that iron binds to the acidic patch at helix 1 and strand 1 of the
β-sheet of frataxin 42; 43; 44; 45. However, in the present study no metal density was found
within this area.

The present data also demonstrate that the oligomerization behavior of frataxin depends on
the amino acid composition of the N-terminus. Thus, the higher propensity of the Y73A
variant to form oligomers shows that by a single amino acid replacement in this part of the
protein, its properties shift to becoming more like human frataxin. This result, together with
the known poor conservation of the amino acid sequence and the length of the N-terminus
within the frataxin family, suggests that the oligomerization properties of the protein are
different in different species. This may in turn contribute to the variations found in the
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function of the protein, which could occur even within a single organism. This may have
interesting implications for the human protein, which is known to exist in at least four
different forms, 78–210, 81–210, 56–210, and 42–210. It cannot be excluded that these
forms may oligomerize differently depending on iron and external conditions. It should be
noted that when we refer to “oligomerization” we distinguish it from the term “aggregation”,
which is often used in the literature as a synonymous of “oligomerization”. In structural
terms an oligomer (homo-oligomer or hetero-oligomer) is a structurally defined complex
between two or more polypeptide units, with defined (and often conserved) interaction
areas 46. On the other hand, a protein aggregate usually cannot be easily defined in structural
terms since different aggregates do not necessarily have the same structure or number of
subunits. Also the interactions between the subunits within the aggregate are not necessarily
the same and may be difficult to describe in detail.

Materials and methods
Protein expression and purification

The Y73A frataxin variant from S. cerevisiae (residues 52–174 of the yeast frataxin
sequence, corresponding to the mature form of the protein 47) was recombinantly expressed
in E. coli and purified as described previsously 26. The wild-type protein was purified as
described previsously 10. Protein concentration was determined from 280 nm light
absorbance with the extinction coefficient, ε280 nm, of 20 000 M−1 cm−1.

Dynamic light scattering
Dynamic light scattering measurements were made on a Zetasizer Nano S (Malvern
Instruments Ltd.) using a scattering angle of 173° and a laser working at 633 nm. A
ZEN2112 quartz cuvette was used, with 20 µl reaction mixture, for each measurement. For
the study of metal-induced oligomerization, wild-type yeast frataxin at a concentration of 3
mg/ml was mixed with a buffer containing CoCl2 to give the final protein:metal molar ratios
1:10, 1:20, and 1:50. In the absence of metal Yfh1WT and the Y73A variant were measured
at 2 mg/ml. All solutions were centrifuged at 14,000 rpm for 10 min prior to the
measurements.

SAXS measurements and modeling
Data collection and reduction—SAXS data were collected at beamline I711, MAX-
Lab synchrotron and at the EMBL X33 beamline on the storage ring DORIS III (DESY) 48.
Protein buffer consisted of 10 mM HEPES-NaOH and 100 mM NaCl. In separate
measurements, 5% glycerol or 2.2–22 mM CoCl2 was added to the buffer. Yeast frataxin
without glycerol and CoCl2 was measured at a concentration of 10 mg/ml. The data were
recorded using a Titan CCD (Oxford Diffraction) detector at a sample-detector distance of
1.5 m and a wavelength of 1.1 Å, covering the range of momentum transfer 0.007 < s < 0.3
Å −1. Yeast frataxin samples in glycerol buffer were measured at 15 °C at a concentration
range of 1.3–9.9 mg/ml. The data were recorded using a 1 M PILATUS detector
(DECTRIS) at a sample-detector distance of 2.7 m and a wavelength of 1.5 Å, covering the
range of momentum transfer 0.012 < s < 0.6 Å−1. No measurable radiation damage was
detected on comparison of four successive time frames with 30 s exposures. The data were
averaged after normalization to the intensity of the transmitted beam and the scattering of
the buffer was subtracted using PRIMUS 49.

Forward scattering I(0) and the radius of gyration Rg were evaluated using the Guinier
approximation 50. These parameters were also computed from the entire scattering patterns
using the program GNOM 31, which provides the distance distribution functions p(r) and the
maximum particle dimensions Dmax. Molecular weight estimates were made using

Söderberg et al. Page 9

J Mol Biol. Author manuscript; available in PMC 2012 December 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



lysozyme as a standard, or from the excluded volume of the hydrated particle (the Porod
volume Vp), computed as reported by Porod 51.

Evaluation of the theoretical scattering curves from high-resolution X-ray and NMR
structures of frataxin (PDB ID: 2FQL and 2GA5, respectively) and fitting to the
experimental scattering data was performed using CRYSOL 52. Form factors corresponding
to individual NMR conformers and X-ray structure were calculated using the “/nmr” option
in the FFMAKER tool from the Atsas package 53. For fitting of the observed scattering
curves with weighted combinations of form factors, the program OLIGOMER 49 was used.

Ab initio modeling—Low-resolution ab initio models were generated with DAMMIN 54,
which represents a protein by an assembly of densely packed beads. Simulated annealing
was used to build a compact interconnected configuration of beads that fitted the
experimental data I(s) to minimize discrepancy:

where N is the number of experimental points; c is a scaling factor; and Iexp(s), Icalc(s), and
σ(sj) are the experimental intensity, the calculated intensity, and the experimental error at the
momentum transfer Sj, respectively. An alternative higher-resolution ab initio model, which
models the particle in solution as a protein-like assembly of dummy residues, was
constructed using GASBOR 55. This program represents the internal structure of the
molecule more accurately than DAMMIN. Multiple DAMMIN and GASBOR calculations
were performed to assess the stability of resulting solutions. Ten to 20 independent
reconstructions were performed and the models were averaged with the program
DAMAVER 56. The mean normalized spatial discrepancy (NSD) between models was in the
range 0.537–0.590 and 0.897–0.962 for the DAMMIN and GASBOR models, respectively.
Low NSD values for the DAMMIN and GASBOR models illustrated that all independently
generated shapes were very similar and that a unique solution had been identified.

Combined ab initio and rigid body modeling—The N-terminus of frataxin would be
expected to be flexible in solution. The X-ray structure lacks the first 9 residues of the N-
terminus. NMR structure determination has shown different conformations for
approximately the first 20 amino acids and for the C-proximal loop (residues 93–106). Thus,
these regions were remodeled using the program BUNCH 57. The starting model generated
with PRE_BUNCH consisted of two rigid bodies taken from the lowest-energy NMR
conformer (model #1 in 2GA5.PDB), residues 21–92 and 107–123. The positions of rigid
bodies were fixed as in the NMR structure. Ten BUNCH models were generated and the
model with the lowest discrepancy was superposed with the ab initio model using
SUPCOMB13 58.

Flexibility assessment—Independently, the SAXS data were analyzed using the
ensemble optimization method (EOM)59 consisting of two separate programs: Random
Chain (RANCH) and Genetic Algorithm Judging Optimization of Ensembles (GAJOE). The
EOM assumes coexistence of a number of conformations in solution for a given construct in
order to fit the experimental SAXS data, providing a quantitative characterization of
flexibility and analysis of the size distribution of possible conformers. The X-ray model of
frataxin (see below) showed trimers within the crystal lattice, and in addition, the structure
of 24-meric oligomers, which was determined from EM clearly demonstrated, that the
particles were built up by trimers 22. The presented in this work data (see below) also
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suggest that in the presence of glycerol, a large pool of dimmers exists in solution. Thus, it
would be expected that the smallest oligomerization unit would consist of interacting
dimmers, which might serve as a nucleus for the formation of trimers, which in turn will
form higher-order oligomers. In order to create a pool of random models, we used
independently generated BUNCH models. Three starting models were created with
PRE_BUNCH, which consisted of one rigid body from the lowest- energy NMR conformer
in 2GA5.PDB, residues 21–123. Each starting model corresponded to one of the monomers
in the trimer structure of frataxin and was used to independently generate (with different
random seed number) 13 BUNCH models. These monomers were then combined with each
other model into trimers, using an in-house script in the Perl programming language,
resulting in 2,197 trimer models with asymmetric N-termini. A similar procedure was used
to generate 2,000 dimers. In addition, 2,000 monomer models were generated using
RANCH with one rigid body (model #1 in 2GA5.PDB, residues 21–123). The final random
pool consisted of 6,000 models, containing equal fractions of monomers, dimers, and
trimers. Theoretical scattering curves were then calculated for each model in the pool using
CRYSOL. An intensities master file was generated using the program ONEFILE2 from the
EOM package. A Size_list file was created using GAJOE. After generation of the pool and
additional files required for EOM, GAJOE was used to select subsets of protein models
(~20). The average experimental scattering was calculated for each subset and fitted to
experimental SAXS data. Subsets were selected many times in order to minimize the
discrepancy. Multiple runs of GAJOE were performed (10 independent runs; for each
GAJOE run, the genetic algorithm process was repeated 50 times using the default
parameters of the genetic algorithm, i.e. 1,000 generations, 50 ensembles of theoretical
curves, 20 curves per ensemble, 10 mutations per ensemble, and 20 crossings per
generation).

Co2+-dependent oligomerization—For the study of metal-dependent oligomerization
of yeast frataxin, three different Yfh1:CoCl2 ratios (1:10, 1:20, and 1:50) were prepared in a
buffer consisting of 10 mM HEPES-NaOH and 100 mM NaCl, using a protein concentration
of 3 mg/ml. The SAXS data were recorded at beamline I711 60 at the MAX-Lab
synchrotron, using the same set-up and procedure as described above. For fitting of the
coordinates of the frataxin model to the SAXS data, a pool of yeast frataxin oligomers was
created. It consisted of (1) all monomeric NMR conformers (20 models) from 2GA5.PDB;
(2) 10 variants of the Y73A asymmetric unit (a monomer) where residues 52–73 were
remodeled using the kinematic loop modeling protocol 61 of the Rosetta 3.2 software suite 62

to account for its flexibility; and (3) eight Y73A crystallographic trimers that were first
docked into the single-particle EM reconstruction of the 24-mer 26. Subsequently, the
resulting 24-mer particle was stripped of trimers in stepwise fashion, creating 21-, 18-, 15-,
12-, 9-, 6-, and 3- subunit oligomers. In addition, the flexible N-terminus was remodeled,
using the conformers from kinematic loop modeling above (2) and all steric clashes with the
protein core of neighboring subunits were eliminated. We also created 42–78 subunit
oligomers by combining 18- and 21-subunit oligomers as building blocks. Particles of this
type have been observed on negatively stained EM micrographs of the Yfh1 Y73A variant
(unpublished data), human frataxin, and horse spleen ferritin 16. Subsequently, chains A and
B of the crystallographic trimer were used as input to the symmetric docking protocol 63 of
Rosetta 3.2 in the “local refine” mode, allowing a maximum of 3 Å translation and 8°
rotation in the creation of 2,000 dimer models. Similarly, chains A, B, and C of the
crystallographic trimer were used for the creation of 2,000 trimer models. CRYSOL was
used to calculate all the scattering patterns and OLIGOMER was used to calculate the
volume fractions of the components that best fitted the observed scattering curves.
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Oligomerization of yeast frataxin Y73A variant—For the study of oligomerization
induced by replacement of tyrosine residue 73 with an alanine, we used the same methods as
described for metal-dependent oligomerization above, at a concentration of 4 mg/ml for the
low molecular weight fraction.

X-ray crystallography
Initial crystallization conditions were found at the MAX-Lab protein crystallization facility
with the JCSG-plus screen (Molecular Dimensions Ltd.) set-up in Greiner low-profile 96-
well plates using the Mosquito robot (TTP Labtech, UK). Well and drop solution volumes of
80 µl and 200 nl (100 nl protein and 100 nl well solution), respectively, were used at 20 °C.
Crystals were found in the screen solution containing 1.26 M (NH4)2SO4, 0.2 M Li2SO4,
and 0.1 M Tris, pH 8.5. Optimization of these conditions yielded crystals between 0.2 and
0.5 mm in size, which grew after two weeks at 15 °C. The crystallization drops were
prepared by mixing 2 µl well solution containing 1.7 M (NH4)2 SO4, 0.2 M Li2SO4, 4% γ-
butyrolactone, 0.1 M Tris HCl, pH 8.5, and 2 µl of protein solution containing 9.2 mg/ml
Y73A Yfh1p in 10 mM HEPES, pH 7.3. These conditions are different from the earlier
published crystallization conditions (0.1 M Bis-Tris, pH 5.5, 2.0 M (NH4)2 SO4 and 4% (v/
v) γ-butyrolactone).

X-ray data to 2.9 Å resolution were collected at the MAX-Lab synchrotron, beamlines
I911-2 and I911-3. Prior to data collection, the crystals were flash-frozen in a cryo-solution
containing 2 M (NH4)2 SO4, 4% γ-butyrolactone, 20% glycerol, and 0.1 M Tris HCl, pH
8.5. Due to low-resolution diffraction overloads, data collection was divided into long and
short exposure sets, with exposure times per image of 30 s and 10 s, respectively. Both
sessions covered 90° rotation with 0.5° per image. For metal ion soaking, prior to flash-
freezing, 4 mM CoCl2 was added to the cryo-solution and the crystals were incubated in this
solution for 30 min. XDS software 64 was used for indexing, integration, scaling, and
merging. PHASER software 65 was used for molecular replacement using the previously
determined crystal structure of the Y73A variant of Yfh1 26 (PDB: 2FQL). Refinement was
carried out using alternate runs of the program REFMAC5 66 (CCP4 6.0.2 suite 67) each
followed by inspection and manual rebuilding of the model using COOT 0.4.1 68. For TLS
refinement, the whole monomeric unit (residues 52–172) was considered as one TLS group.
Splitting the structure into two (52–60 & 61–172) or three groups (52–60, 61–75 & 76–172)
did not result in any improvement of map quality or model geometry. Omit maps 69 were
used to localize the missing N-terminal residues (52–60), which were subsequently
manually built into the density. The mean value for the B-factors for the cobalt free structure
refined to 73 Å2 and for the Co2+ complex to 96 Å2. For the localization of metal positions,
anomalous Fourier maps were calculated using the Bijvoet differences (F+ - F−) as
coefficients. The metal density peaks were clearly visible both in the Fo-Fc and anomalous
difference density maps at levels of up to 6 σ and 5 σ, respectively. The occupancy of the
metal was determined by assigning different values to the occupancy followed by inspection
of the difference electron density. At the occupancy value of 0.33 no residual electron
density was present. At this occupancy the B-factor of the metal refined to a value similar to
that of the neighboring protein groups (79 Å2+), which indicates the correctness of the
chosen occupancy value. A summary of data collection and refinement statistics is presented
in Table 1.

Highlights

Co2+ and glycerol facilitate dynamic equilibrium between oligomeric states of frataxin

Co2+ binds inside the channel at the 3-fold axis of the trimer

Tentative models of yeast frataxin hexamers and dodecamers are presented
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Flexibility of the yeast frataxin N-terminus is essential for oligomer formation

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SAXS measurements of yeast frataxin
(a) Experimental SAXS profiles (experimental data shown as black circles) for wild-type
Yfh1wt (i–iii) and Yfh1wt + glycerol (iv–vi) were appropriately displaced along the
logarithmic axis for better visualization and overlaid on the corresponding fits of the X-ray
structure (i, iv), ab initio model (ii, v), lowest-energy NMR conformer (denoted NMR model
on the figure, PDB ID: 2GA5), rigid body model from OLIGOMER (denoted oligomer fit)
and the EOM ensemble (denoted Ensemble fit, iii, vi). Experimental SAXS data are shown
to a maximal momentum transfer of s = 2.5 nm−1. See also Figure S1b for plots of the
Guinier region.
(b) Superposition of the reference ab initio model on the rigid body model. Transparent gray
beads represent the reference ab initio model generated by GASBOR. The view on the right
has been rotated by 90° about the horizontal axis. The cartoon representation is used for the
BUNCH model of frataxin (see text). The blue part corresponds to the modeled N-terminus,
and green to the available high-resolution structure used for modeling. The figures were
prepared using the CHIMERA molecular graphics system 70. The insert shows the distance
distribution function p(r) used for ab initio modeling.
(c) Flexibility of frataxin in solution. Rg distribution for the random pool (6,000 models)
containing equal fractions of monomers, dimers, and trimers is shown by the area filled with
gray. Rg distribution of optimized ensemble corresponding to wild-type Yfh1 (red dashed
line) and wild-type Yfh1 + glycerol (blue dashed line).
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Figure 2.
Oligomerization of yeast frataxin homolog. (a) Sample size distribution (hydrodynamic
radius) observed using DLS. Wild-type Yfh1 and the Y73A variant are shown in gray;
Yfh1:CoCl2 ratios (1:10, 1:20, and 1:50) are shown in black, green, and blue, respectively.
The insert shows the time-dependence of the polydispersity index after addition of CoCl2.
(b) Experimental SAXS profiles (with experimental data shown as black circles) for the
Y73A variant of Yfh1 and wild-type Yfh1 in the presence of different amounts of metal, as
shown in the figure. The corresponding fit curve is overlaid on each profile (red) (see Table
3 for details). The data are shown to a maximum momentum transfer of s = 2.5 nm−1. See
also Figure S1a for plots of the Guinier region.
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Figure 3.
The X-ray structure of the Y73A frataxin variant. (a) The interaction of the N-terminal
region of one of the subunits with the neighboring subunit. Amino acid side chains are
shown as sticks and a possible hydrogen bond between E64-E112 as a dashed line. (b) The
intersection of the N-termini of two monomers belonging to two different trimers within the
crystal lattice. (c) Packing of Y73A frataxin trimers, with each trimer colored uniquely. One
of the monomers is shown in surface representation for clarity. The N-terminal residues 52–
60 are colored orange and brown. (d) Packing of the Y73A variant into hexamers, as
suggested by the models of the hexamers used to fit the SAXS scattering data. (see Methods
section).
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Figure 4.
a) The 2Fo-Fc electron density map contoured at 1.0 σ for the cobalt. Three cobalt atoms are
located around the threefold axis, with 30% occupancy each. b) Superposition of the
structures of yeast frataxin (green) and its bacterial homologue CyaY (cyan, PDB code
2EFF) showing the positions of the cobalt ions (sphere) in CyaY.
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Figure 5.
The conformation of the N-terminal part within the trimer.
The trimer was generated as described in the methods section, to fit the SAXS data has a
different conformation of the N-terminal part, as compared to the X-ray structure. In this
conformation W131 is exposed to solvent, which could be used in the interaction with Isu1.
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Table 1

X-ray data collection and refinement statistics for the crystal structure of the Y73A variant of Yfh1 with and
without Co2+.

Data collection Y73A Co(II)-soak

Beamline I911-2 I911-3

Space group I213 I213

Wavelength (Å) 1.038 1.605

Cell dimensions, a = b = c (Å) 121.36 121.20

Resolution range (Å) 2.96 (3.03–2.96) 3.2 (3.28–3.2)

Completeness (%) 99.0 (99.1) 99.8 (99.9)

I/σ(I) (%) 22.6 (2.5) 25.4 (3.1)

No. of unique reflections 12,005 (929) 9,507 (705)

Ra
merge

5.6 (65.3) 4.6 (49.3)

Refinement

Rb
cryst (Rfree) 0.266 (0.292) 0.204 (0.256)

R.m.s.d. bond (Å) 0.014 0.014

R.m.s.d. angles (°) 1.71 1.83

a
Rmerge = Σ|Ii - <I>|/ΣI, where Ii is an individual intensity measurement and <I> is the average intensity for this reflection.

b
RCryst = Σ|Fobs - Fcalc|/ΣFobs, where Fobs and Fcalc are the observed and calculated structure factor amplitudes, respectively. Rfree is the

same as Rcryst but calculated on 5% of the data excluded from refinement.
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